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Abstract: In the present work, a coating was prepared on an Al alloy substrate by plasma electrolytic
oxidation (PEO). To seal the micro defects in the oxide scale, a siloxane layer was prepared on the
PEO coating by sol gel method. The polymer sealant was synthesized from Tetraethoxy silane (TEOS)
and methacryloxy propyl trimethoxyl silane (MPTES). The chemical structure of the polymer was
studied by Fourier transform infrared spectroscopy (FTIR). The morphologies and microstructure
of the PEO coating and siloxane coating were investigated by scanning electron microscopy (SEM).
The results showed that siloxane formed a continuous layer on the surface and effectively sealed the
micro defects. The corrosion behavior of the coatings in three different corrosion solutions (NaCl,
HCl, and NaOH) was examined by electrochemical impedance spectroscopy and potentiodynamic
polarization. The corrosion resistance of the sealed coatings was superior to that of the PEO coating
because it prevented the penetration of corrosive solutions. The corrosion resistance of the sealed
coatings was found to decrease with increasing electrolyte concentration. The work demonstrated
that siloxane sealing may greatly enhance the corrosion resistance of Al-based PEO coating in acidic,
neutral, and alkaline environments.
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1. Introduction

Aluminum alloys are widely used in many engineering applications due to their superior
performance. But in corrosive environments such as humid, acidic, and alkaline environments,
aluminum alloys are prone to corrosion [1–4]. To protect or mitigate corrosion processes, protective
coatings are typically applied to metal surfaces. Plasma electrolytic oxidation (PEO) is considered to be
an environmentally friendly coating process mainly focused on the improvement of wear [5,6] and
corrosion resistance [7,8].

PEO is a complex process that combines the diffusion of elements in electrolyte with electrophoresis,
ion transport in discharge channels, and electrochemical oxidation at the metal surface [9–11]. In this
process, there are inevitable phenomena such as the discharging process, the solidification process,
mechanical stresses, and gas evolution. All of these cause micro defects (pores or cracks) in the structure
of PEO coatings. Through these defects, corrosive media can easily penetrate the substrate and reduce
the corrosion resistance of the coating system. To prevent the infiltration of the corrosion media and
enhance the corrosion resistance of the PEO coating, sealing treatment is required.

The most conventional sealing methods are dichromate, nickel acetate, boiling water, and cold
nickel fluoride. However, hot water sealing requires high energy consumption, nickel fluoride sealing
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is expensive, and Cr (VI) used for dichromate sealing is recognized as toxic [12–14]. Recently, many
green sealing methods have been proposed. A.C. Bouali et al. [15] proposed a novel approach of
achieving active corrosion protection by means of layered double hydroxide (LDH) conversion sealing
for PEO coatings. Nguyen Van Phuong [16] reported that sealing treatments of the PEO coating on
AZ31 Mg alloy in either cerium or phosphate solution can decrease corrosion current density and
delay corrosion initiation during the immersion test in 0.5 M NaCl solution. S.V. Gnedenkov et al. [17]
showed that using superdispersed polytetrafluoroethylene (PTFE) powder to seal the porous part of the
PEO coating significantly improves the anticorrosion properties of magnesium implant in physiological
solution. Siloxane based sol-gel sealing on an anodized aluminum coating was also studied to improve
the corrosion resistance. Whelan et al. [18] formed a silane-based sol-gel sealing layer on anodized
aluminum and indicated that the sol-gel sealer prepared from organically modified silane showed
significantly better corrosion performance than the purely inorganic systems. Wojciechowski et al. [19]
found that Al–O–Si covalent bonds were created due to the condensation reaction between the anodized
aluminum and silane compounds, and the silane coating showed the best anti-corrosion properties.
However, the corrosion resistance of the siloxane sealed PEO coatings in different corrosion solution
has not been reported yet.

In the present work, the PEO coatings were prepared in electrolyte of silicate systems on the
MAO240H-IV AC power equipment and sealed with siloxane polymer. The siloxane polymer had been
synthesized from Tetraethoxysiloxane (TEOS) and methacryloxy propyl trimethoxyl siloxane (MPTES).
Using sol-gel technique, siloxane polymer was coated on the PEO coating to form a composite coating
on an Al-based alloy. The influence of the siloxane layer on the corrosion behavior of this coating in
various environments (acidic, neutral, and alkaline solutions) was investigated by electrochemical
experiments. Sealing treatment can effectively improve the corrosion resistance of PEO coatings in
different corrosion solutions, thus verifying the effectiveness of siloxane sealants in different corrosion
solutions and expanding its application scope.

2. Experimental Procedures

2.1. Materials

An Al–Zn–Mg–Cu alloy was used in this study. The composition of this alloy is listed in Table 1.
The samples were shaped as a plate with dimensions of 50 mm × 50 mm × 2 mm. The surface of the
samples was ground with up to 1200 grit SiC abrasive papers, cleaned with distil water and methanol,
and then dried with flowing hot air prior to PEO treatment.

Table 1. Chemical composition of investigated alloys (mass fraction, %).

Zn Mg Cu Cr Fe Si Al

6.28 2.19 1.6 0.15 0.4–0.6 0.4–0.6 Bal.

2.2. Preparation of the PEO Coating

The PEO coatings were prepared in 10 g/L Na2SiO3, 7.5 g/L Na3PO4 and 6 g/L NaOH solution
in the MAO240H-IV AC power. The parameters were as follows: Voltage, 560 V; frequency, 650 Hz;
duty cycle, 17%; and pulse width, 307 µs. The current varied with oxidizing duration during the
PEO process. The electrolyte temperature was maintained below 35 ◦C by a cooling water circulation
system. The treatment time was 15 min.

2.3. Sealing Treatment

The following process was used for sealing the PEO coating in this paper. First, 40 mL of
tetraethoxy silane (TEOS) solution in 60 mL of ethanol was stirred at 25 ◦C for 10 min. Then, 12 mL of
methacryloxy propyl trimethoxyl silane (MPTES) and nitric acid (the mass fraction was about 68%,
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analytically pure) were added to obtain the desired PH value (3.5). The mixture solution was stirred at
25 ◦C for 45 min. Lastly, 10 mL of distilled water was added; the mixture was stirred at 25 ◦C for 24 h
and aged above 72 h before use. The PEO samples were put into the obtained mixtures for 1 min and
cured in an oven in a vertical position at 80 ◦C for 40 min. (All of the solutions were purchased from
Aladdin Industrial Corporation (Shanghai, China) and were used without further modification.)

2.4. Characterization Analysis of the Coatings

The surface and cross-section morphologies of the specimens were observed by SEM (Serion 200
and Quanta-200, Thermo Fisher Scientific, Waltham, MA, USA) with an accelerating voltage of 20 kV.
The distribution of chemical elements on the coating was analyzed by the accessory EDS analysis
of SEM.

Siemens X-ray diffract meter D5000 (Cu kα radiation) was used to identify the phase constitution
of the PEO coating. The X-ray generator settings were 36 kV and 30 mA with a scan speed of 4◦/min
and a scan range from 20◦ to 80◦ (in 2θ).

The chemical structure of the siloxane layer was studied by Fourier transform infrared spectroscopy
(FTIR). FTIR spectra were collected on a Nicolet 6700 spectrometer (Thermo Fisher Scientific). For
carrying out this test, samples were ground and amalgamated with dry IR-grade KBr in a mortar to
form pellets.

2.5. Electrochemical Measurements

The electrochemical experiments were performed in HCl, NaCl, and NaOH solution at 25 ◦C. A
MULTI AUTOLAB M204 electrochemical workstation (Metrohm, Herisau, Switzerland) was used to
collect the potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS)
spectra. The electrochemical test consisted of a three-electrode electrochemical cell; the coated samples
were used as the working electrode, the counter electrode was a platinum plate, and the reference
electrode was a saturated calomel electrode (SCE). The area of the working electrode was 1 cm2. Before
starting all electrochemical measurements, all samples were immersed for 30 min to keep the open
circuit potential almost constant.

A scanning rate of 0.2 mv/s was applied for potentiodynamic polarisation measurements to study
the corrosion potential and corrosion current density. The EIS measurements were carried out over
a frequency of 105–10−2 Hz, and the applied sinusoidal signal amplitude was 10 mV. Three parallel
experiments were prepared for each coating, and the middle one among the three obtained curves
was selected.

3. Results and Discussion

3.1. Formation Mechanism of Siloxane Layer

According to the hydrolysis and condensation reaction, MPTES and TEOS could form a continuous
siloxane layer on the surface of the PEO coating by sol-gel treatment. The hydrolysis and condensation
processes are indicated in Scheme 1 [20,21]. Under the promotion of nitric acid, Si–OH bonds were
formed in the hydrolysis reaction between alkoxy groups (Si–O–CH2CH3) and water molecules. After
hydrolysis, a network of siloxane (Si–O–Si) bonds formed in the subsequent condensation reaction
between Si–OH or between the Si–OH and Si–O–R [22,23].
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Scheme 1. Hydrolysis - condensation reactions of MPTES and TEOS.

Figure 1 depicts the FTIR spectra of the siloxane layer. The peak of the OH group in the vicinity of
3400 cm−1 indicated that MPTES and TEOS had a hydrolysis reaction [24,25]. The subsequent peaks
at 2960 and 2929 cm−1 could be assigned to –CH3 (asymmetric stretching) and CH2– (asymmetric
stretching) groups [25]. In the low-frequency region, the peaks at 1739.5 and 1701 cm−1 could be
attributed to the –COO stretching vibration and symmetrically stretched vibration, respectively, and
the peak at 1637.58 cm−1 could be the C=C-stretching vibration from MPTES [26,27]. Additionally,
the characteristic absorption bands for Si–O–Si appeared at 1058 and 787 cm−1, indicating that the
condensation reaction occurred between MPTES and TEOS [25,28]. The peak at 937 cm−1 showed that
there were a few Si–O–CH2CH3 groups that remained [22,29].
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Figure 1. FTIR spectra of the sealing layer.

3.2. Morphologies of the Coatings

Figure 2 shows XRD spectra of the PEO coating. It shows that the coating on the sample was
mainly composed of γ-Al2O3 phases; no peaks of α-Al2O3 were found in the coating. The appearance
of strong peaks of aluminum are attributed to the penetration of X-rays into the substrate due to the
porous structure of the PEO coating. Figure 3a shows the SEM surface image of the PEO coating. Many
micro pores could be observed on the coating surface. From the cross-section morphology in Figure 3c,
there was a porous region at the substrate/coating interface, thus the corrosive mediums could easily
penetrate into the substrate/coating interface.

Figure 3b shows the surface of the PEO sample with siloxane sealing. The micro defects were
sealed by the siloxane layer completely. According to the cross-sectional morphology (as shown in
Figure 3d), the siloxane coating was tightly bonded to the PEO coating. The thickness of the siloxane
coating was about 5 µm. After the siloxane layer was removed, the silicon elements filled to the micro
pores, as shown in Figure 4, indicating that the siloxane coating had a good sealing effect on the
PEO coating.
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3.3. Electrochemical Corrosion Behaviour

The corrosion resistance of the PEO samples with and without siloxane sealing in different
corrosion solution was studied by potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) plots.

3.3.1. Potentiodynamic Polarization Analysis

Figure 5 represents the potentiodynamic polarization curves of the PEO samples with and without
siloxane sealing in three corrosion solutions. The corrosion potential (Ecorr), current densities (icorr),
anodic/cathodic Tafel slopes (βα and βc), polarization resistance (Rp), and corrosion rate (νcorr) were
calculated using the special analysis software of Metrohm Autolab Nova electrochemical work station.
The test results are listed in Table 2.

According to Figure 5 and Table 2, in the same corrosion solution, the icorr of the PEO coating
with siloxane sealing were lower than the unsealed one. It was about two orders lower in the 1 M HCl
solution, three orders lower in the 0.3 M NaCl solution, and nearly two orders lower in the 0.05 M
NaOH solution. Meanwhile, the Ecorr of the PEO coating with siloxane sealing were more positive,
and the Rp were greater. The reason for this change is that the micro defects of the PEO coating were
sealed by siloxane polymer sealant, which greatly reduced the current density of the sealing coating.
Figure 6 displays the surface morphologies of the coatings after a potentiodynamic polarization test
in 1 M HCl solution. As shown in Figure 6a,b, the coating without sealing was obviously corroded
after the dynamic polarization measurement, and obvious corrosion pits appeared on the surface of
some large micro pores, as indicated by the arrow in Figure 6a. For the siloxane sealing PEO coating,
only some micro cracks appeared on the siloxane layer, and the coating remained intact, as shown in
Figure 6c,d. This suggests that the siloxane sealing PEO coating provided better corrosion resistance,
especially in acid and alkaline solutions; the corrosion rate decreased about 100 times.

In addition, due to changes in pH and Cl− ion concentration in the corrosion solution [3,4], the
icorr of the siloxane sealing PEO coating increased, and the Ecorr and Rp decreased, as the concentration
of the solution increased. The reason for this change is that the corrosion solution passed through the
micro defects of the siloxane layer, causing the layer to crack. The corrosive medium diffused to the
interior of the crack, increasing the corrosion current density. As shown in Figure 7, in HCl solution,
the number of cracks increased with the corrosion concentration increase, and staggered cracks even
appeared, which shows that, as the concentration of the HCl solution increased, the corrosion damage
became more serious. A similar situation also occurred in the other two corrosion solutions.

The corrosion performance of the siloxane sealing PEO coating in different corrosion solutions
was found to decrease in the following order:

NaOH > HCl > NaCl
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Table 2. Corrosion dynamics parameters of samples in different solutions.

Sample Corrosion
Solution

Ecorr
(Vvs SCE) icorr (A/cm2)

βα

(mV/decade)
βc

(mV/decade) Rp (Ω) νcorr
(mm/year)

In HCl

Unsealed coating 1 M −0.70 1.36 × 10−4 0.07 0.42 130 2.32
Sealed coating 1 M −0.68 6.30 × 10−6 0.11 0.42 5996 0.073
Sealed coating 2 M −0.72 6.27 × 10−5 0.43 0.52 1636 0.72
Sealed coating 3 M −0.75 2.60 × 10−4 0.83 0.23 304 3.02

In NaCl

Unsealed coating 0.3 M −0.66 8.33 × 10−8 0.04 1.1 2.7 × 105 9.7 × 10−4

Sealed coating 0.3 M −0.45 4.54 × 10−11 0.01 0.33 1.1 × 106 2.4 × 10−5

Sealed coating 0.6 M −0.71 8.41 × 10−10 0.02 0.45 9.7 × 106 3.2 × 10−5

Sealed coating 0.9 M −0.66 2.73 × 10−9 0.002 0.44 3.4 × 105 4.4 × 10−5

In NaOH

Unsealed coating 0.05 M −1.45 3.08 × 10−4 0.25 0.14 125 3.58
Sealed coating 0.05 M −1.36 2.83 × 10−6 0.26 0.13 1.3×104 0.033
Sealed coating 0.1 M −1.38 1.45 × 10−4 0.30 0.17 306 1.78
Sealed coating 0.25 M −1.40 4.35 × 10−3 0.75 0.26 34 28.5
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3.3.2. Electrochemical Impedance Spectroscopy (EIS) Analysis

The EIS spectra of the PEO coating with and without siloxane sealing in different corrosion
solution are displaed in Figure 8.

In the same corrosion solution, the capacitive loop radius and low frequency impedance (Zlf)
values (as shown in the Nyquist and Bode plots in Figure 8) of the siloxane sealing coating were
much larger than those of the unsealed one. Zlf can be employed to directly evaluate the corrosion
performance of coated samples [30–32]. Zlf of samples in different corrosion solutions are listed in
Table 3. The Zlf value of the PEO coating with siloxane sealing increased from 1113 to 22,000 Ω·cm2 in
the 1M HCl solution, 3.4× 106 to 1.9× 107 Ω·cm2 in the 0.3 M NaCl solution, and 851 to 1.74× 105 Ω·cm2

in the 0.05 M NaOH solution. For the siloxane sealing PEO coatings, the impedance spectra were
similar in the same corrosion solution, as shown in Figure 8. However, with the change of pH and
Cl ions concentration, the radius of the capacitive loop in the Nyquist diagram was reduced, the Zlf

decreased, and the phase angle also decreased as the concentration of the solution increased.

Table 3. The low-frequency impedance (Zlf, at 0.1 Hz) of samples in different solution.

Samples Corrosion Solution |Zlf0.1Hz| (Ω·cm2)

In HCl

Unsealed coating 1 M 1113
Sealed coating 1 M 2.2 × 105

Sealed coating 2 M 2488
Sealed coating 3 M 1041

In NaCl

Unsealed coating 0.3 M 3.4 × 106

Sealed coating 0.3 M 1.9 × 107

Sealed coating 0.6 M 6.2 × 107

Sealed coating 0.9 M 4.24 × 107

In NaOH

Unsealed coating 0.05 M 851
Sealed coating 0.05 M 1.74 × 105

Sealed coating 0.1M 2348
Sealed coating 0.25 M 810

To further analyze the impedance data, the EIS plots were analyzed by Zview software (Zview
version: 3.1). Due to surface heterogeneity, roughness, current, and potential distributions associated
with electrode geometry, constant phase elements (CPEs) were used to substitute for the capacitances
in the equivalent circuit fitting procedure. Based on goodness of fit (the relative standard error within
10% (error % < 10%), or the sum of the squares of the residuals is in the order of 10−3), three typical
equivalent circuits were proposed, as shown in Figure 9. Here, Rs, Rc, Rt, and Rdiff represent solution
resistance, electrolyte resistance in the coatings, charge transfer resistance, and diffusion resistance,
respectively. CPEc, CPEt, and CPEdiff stand for coating capacitance, double-layer capacitance, and
diffusion capacitance, respectively. RL and L represent the inductive elements corresponding to the
inductive loop. The impedance of CPE is defined as [33,34]:

ZCPE =
1

Y0( jω)n (1)

where “Y0” is the CPE constant, “ω” is the angular frequency, “j” is the imaginary number, and
“n” is the CPE power. The values of capacitances, Cc and Ct, were calculated from the following
equations [35]:
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Cc =
Y

1
n
0

( 1
Rs

+ 1
Rc
)
(n−1)

n

(2)

Cdl =
Y

1
n
0

( 1
Rs

+ 1
Rt
)
(n−1)

n

(3)

As shown in Figure 8a–c, the EIS of the unsealed PEO coating in HCl solution consists of three
loops; (i) a first capacitive loop at high frequencies (HFs), (ii) a second capacitive loop at intermediate
frequencies (IFs), and (iii) an inductive loop at low frequencies (LFs). The appearance of two capacitive
loops indicated that the corrosive medium passed through the surface of the coating. The micro defects
in the coating were a relatively “occlusion” region, and the mass transfer process became difficult
when the active ions in the solution diffused to the defects in the coating. Therefore, the EIS showed a
capacitive loop at IFs. For the large inductive loop at LFs, it originated from the disturbance induced by
the redissolution of the oxide layer [36,37]. Model A in Figure 9 could well fit the EIS. In the equivalent
circuits, for the sealed PEO coatings, the EIS also consisted of three loops in the HCl solution. Taking
account of the sealing effect of the siloxane layer, the first capacitive loop at HFs belongs to the siloxane
layer. Model A also could well fit the EIS.
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CPEdiff stand for coating capacitance, double-layer capacitance, and diffusion capacitance, respectively).

In the NaCl solution, Model A could well fit the EIS of the unsealed PEO coating, as shown
in Figure 7d,e,f. However, the EIS of the siloxane sealing coating changed a lot; the inductive loop
disappeared. Model B was introduced to fit the experiment data. Owing to the strong blocking effect of
the saline coating, the capacitive arc could not be observed in the Nyquist plots, as shown in Figure 8d.

In NaOH solution, Model C with nine circuit element was proposed to fit the data. An inductive
loop caused by dissolution of alumina appears at an intermediate frequency, suggesting that the
corrosion ions had reached the PEO coating/substrate interface, and a corrosion reaction had taken
place, leading to the foaming and falling off of the siloxane layer and PEO coating. The other two
capacitive loops belong to the siloxane layer and the PEO coating, respectively.

All the fitted EIS spectra based on the equivalent circuits are shown in Figure 8 as the solid lines.
The fitted results for typical electrical parameters are listed in Table 4. Cc is considered to be related to
the water resistance of the coatings and Rc represents the total resistance of the electrolyte in the micro
pores or capillary channels [30]. Rt and Ct measure the total number of active sites for electrochemical
corrosion reactions at the metal/electrolyte interface, reflecting the development of a double-layer at
the metal/electrolyte interface and the progress of the corrosion reaction [35]. Lower Cc, Ct and higher
Rc, Rt values indicate the better corrosion resistance of the coating.

According to Table 4, compared with PEO coating, the Cc, Ct values of the siloxane sealing PEO
coating decreased, and Rc, Rt increased significantly. For the siloxane sealing PEO coating, with the
increase of the concentration of the corrosive solution, the values of Cc, Ct decreased significantly, and
the values of Rc, Rt increased, especially in the NaOH solution.

It can be concluded that the corrosion resistance of the siloxane sealing PEO coating was superior
to that of the PEO coating, and the corrosion resistance of the siloxane sealing PEO coatings decreased
with increasing concentration of the corrosion medium. These results agreed well with the previous
results of the potentiodynamic polarization test.
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Table 4. The fitted results of EIS data simulations for samples in HCL solution.

Samples Corrosion Solution Rc (Ω·cm2) Cc (F·cm−2) Rt (Ω·cm2) Ct (F·cm−2)

In HCl

Unsealed coating 1 M 270 6.3 × 10−8 1449 9.6 × 10−5

Sealed coating 1 M 1.16 × 104 9.4 × 10−10 1.36 × 104 1.6 × 10−7

Sealed coating 2 M 967 2.9 × 10−9 2118 5.4 × 10−7

Sealed coating 3 M 561 5.5 × 10−8 587.6 2.8 × 10−6

In NaCl

Unsealed coating 0.3 M 8.3 × 104 6.8 × 10−9 3.6 × 106 1.4 × 10−10

Sealed coating 0.3 M 4.1 × 106 1.2 × 10−9 2.4 × 108 8.8 × 10−12

Sealed coating 0.6 M 2.1 × 106 2.4 × 10−9 1.9 × 108 2.7 × 10−10

Sealed coating 0.9 M 4.4 × 105 8.4 × 10−9 5.4 × 107 1.32 × 10−9

In NaOH

Unsealed coating 0.05 M 2.3 × 104 6.6 × 10−6 401 1.7 × 10−5

Sealed coating 0.05 M 3.4 × 105 9.2 × 10−9 3.1 × 104 5.3 × 10−8

Sealed coating 0.1 M 2468 1.9 × 10−8 1004 7.9 × 10−7

Sealed coating 0. 25 M 1175 3.4 × 10−7 105 2.7 × 10−6

4. Conclusions

(1) The PEO coating formed on an Al–Zn–Mg–Cu alloy had many micro defects, such as pores and
cracks. The coating was easily permeated by electrolyte and reduced corrosion resistance.

(2) A silane polymer sealant was synthesized from MPTES and TEOS, effectively filling these micro
defects and forming a continuous siloxane layer on the PEO coating by sol-gel technology.

(3) Compared to the unsealed PEO coating, the corrosion resistance of the PEO coating sealed with
siloxane was significantly improved in acidic, neutral, and alkaline environments due to the
sealing effect of the siloxane layer. The corrosion resistance of the sealed coatings was found to
decrease with increasing electrolyte concentration.

Author Contributions: Conceptualization, D.Z. and Z.L.; Data Curation, D.Z. and J.W.; Formal Analysis, D.Z.;
Funding Acquisition, Z.L.; Investigation, D.Z.; Methodology, D.Z.; Project Administration, Z.L. and S.B.; Software,
D.Z. and J.W.; Supervision, D.Z.; Validation, D.Z.; Writing–Original Draft, D.Z.; Writing–Review and Editing, D.Z.,
Z.L. and S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of China
(2016YFB0300900), the National Key Fundamental Research Project of China (2012CB619506–3), the Natural
Science Foundation of China (51171209), and the 2011 Program of Ministry of Education of China.

Acknowledgments: The authors are grateful for financial support from the National Key Research and
Development Program of China (2016YFB0300900), the National Key Fundamental Research Project of China
(2012CB619506–3), Natural Science Foundation of China (51171209), 2011 Program of Ministry of Education
of China.

Conflicts of Interest: There are no conflicts of interest to declare.

References
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