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Abstract 

Coatings with long-term corrosion protection capabilities have attracted considerable attention 

for enhancing the surface performance of magnesium (Mg) alloys in industrial applications. In 

this study, plasma electrolytic oxidation (PEO) coatings were further sealed using cerium (Ce) 

via hydrothermal treatment, followed by the application of a silane layer containing 8-

hydroxyquinoline (8HQ). The results demonstrate a synergistic corrosion-inhibiting effect 

between Ce and 8HQ, resulting in nearly a 100-fold enhancement in corrosion resistance after 

16 days of immersion in 3.5% NaCl. Additionally, the H2 evolution rate was decreased by 80% 

compared to the unsealed PEO coating after 30 days of immersion. 
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1. Introduction 

The impaired resistance of Mg and its alloys to degradation is a significant limitation, despite 

their excellent mechanical properties 1,2. Thermodynamically, Mg exhibits a low standard 

potential, making it highly reactive and this inherent property makes Mg susceptible to 

corrosion in aqueous environments or even when exposed to air 3. Recently, organic-inorganic 

hybrid coatings have attracted considerable attention due to their effective combination of 

beneficial properties from both organic and inorganic components, offering a promising 

approach to enhance the corrosion resistance of Mg alloys 4,5. 

Various coatings have been applied to Mg and its alloys to improve their corrosion resistance, 

including proteins 6, PEO 7, anodization 8, and layered double hydroxide (LDH) 9,10 which 

effectively create oxide layers on Mg substrates. The latter coatings offer significant protective 

benefits, enhancing the durability and performance of Mg-based materials in corrosive 

environments. Among the available techniques, the surface preparation of Mg alloys using the 

PEO process has proven highly effective for coating systems 11,12. The micropores and 

microcracks formed during the PEO process create an ideal surface morphology for mechanical 

interlocking, significantly enhancing the adhesion strength of organic coatings to Mg substrates 

13. Additionally, various corrosion inhibitors, such as Ce 14 and lanthanum (La) 15, can be 

infused into these pores to provide active corrosion protection. Likewise, PEO has been widely 

used to fabricate superhydrophobic coatings by incorporating polymeric and silane-based 

materials with ceramic oxides, enhancing wettability and corrosion resistance 16. Moreover, 

recent research on post-PEO hydrothermal (HT) treatment has gained attention for its 

effectiveness in sealing cracks and pores using corrosion inhibitors 17,18. Zhang et al. 19,20 

investigated the HT treatment of PEO-coated Mg alloy AZ31, focusing on the synthesis of 

layered double hydroxides (LDHs). They found that HT treatment with Al3+ solutions 



significantly improved the corrosion resistance of phosphate- and silicate-based PEO coatings, 

with superior corrosion protection and self-healing ability attributed to the synergy between Ce 

species and phosphate. 

Another approach is the functionalization of surfaces to improve the corrosion resistance of 

metal substrates and enhance the adhesion of top coatings such as functional or epoxy 21. 

Several studies have shown that silane films can strengthen the bond between organic coatings 

and Mg substrates 22,23. This method has been proven to significantly enhance the protective 

properties of the coatings. For instance, silane treatment greatly enhances the performance of 

Mg-rich primer applied to AZ91D alloy 24. The silane layer modifies the surface and enhances 

the compatibility between the metal substrate and the polymer layers. This is accomplished by 

forming strong covalent bonds between the hydrolysable silicate groups and the substrate 25. 

This process not only strengthens the adhesion of the organic layer but also improves its 

protective qualities 26. Marcoen et al. 27 demonstrated that aminopropyl triethoxysilane 

enhances adhesion to low-carbon steel by forming hydrogen bonds, which convert into 

covalent Si–O–Fe bonds during curing at 50–75 °C, leading to improved coating performance. 

On the other hand, recent studies have focused on designing tailor-made silane mixtures with 

specific chemical properties and optimizing them by incorporating various additives and 

corrosion inhibitors to provide active corrosion protection or self-healing properties 13,28. For 

instance, Su et al. 29 showed that combining tetraethyl orthosilicate (TEOS) with γ-

glycidoxypropyltrimethoxysilane (GPTMS) effectively prevents crack formation and improves 

adhesion. Furthermore, adding Ce ions as a corrosion inhibitor enhances the corrosion 

resistance and self-healing properties of hot-dip galvanized steel. 

This study aims to develop and evaluate advanced hybrid coatings by integrating different 

coating systems to create a PEO/HT/Silane coating with effective corrosion protection. Due to 



their porous morphology, surface roughness, and free surface energy, PEO coatings have a 

strong potential for active corrosion properties through sealing with corrosion inhibitors 23,30. 

Based on previous studies of Ce as a corrosion inhibitor for Mg-based materials, we selected it 

as the main component of the HT solution to seal the cracks and pores of the PEO coating 31–

33. By combining APTES and TEOS silanes, we aim to leverage the amine group for strong 

bonding while forming an inorganic network to enhance the barrier properties of the silane 

layer not only to improve corrosion protection but also to minimize the release of Ce from the 

sealed PEO. Besides investigating corrosion resistance, this study also evaluates the self-

repairing ability after applying an epoxy topcoat in the presence of an artificial defect on PEO. 

2. Materials and Methodes 

2.1.  Formation of PEO and HT coatings 

To perform the PEO process, Mg AZ31 alloy samples with dimensions of 10 × 10 × 2.5 mm 

and a composition of Mg 96 wt%, Al 3 wt%, and Zn 1 wt% were surface polished using water 

abrasive sandpapers ranging from P800 to P4000 grit. The samples were then thoroughly 

cleaned by sonication in acetone and ethanol, followed by drying under a nitrogen stream. The 

PEO process was carried out in a setup with stainless steel as the cathode and Mg alloy as the 

anode, using a DC power source (600V, 10A), and an electrolyte composition of KOH (8 g/l), 

Na2SiO3 (6 g/l), and Na3PO4 (4 g/l) at a temperature of 15 °C with continuous stirring. The 

coating was formed under a constant 400V for 10 min. 

Thereafter, the PEO-coated samples underwent HT treatment to seal the pores and cracks with 

Ce-containing oxide as a corrosion inhibitor. For this purpose, the samples were placed in an 

autoclave containing 100 mL of 0.1 mol/L CeCl3 for a hydrothermal reaction at 120 °C for 75 

min. Subsequently, the samples were rinsed with deionized water and dried to get the PEO/Ce 

sample. 



 

 

2.2.  Silan layer and 8-HQ 

To coat the PEO/Ce samples with a silane layer, we used two types of silane: (3-aminopropyl) 

triethoxysilane (APTES) and tetraethoxysilane (TEOS), both from Sigma-Aldrich Co. We 

mixed them in a 50:50 ratio using water/ethanol (80:20) solvent system, with a silane/solution 

ratio of 30:70. To form organic complexes with metal alkoxides and improve the stability of 

the sol, the pH of the silane solution was adjusted to 5 by the dropwise addition of acetic acid 

34. To complete hydrolysis, the solution was kept overnight under continuous stirring. Then, 

the PEO/Ce samples were immersed in the solution and placed under vacuum for 2 min to 

assist to the sealing process. After removal from the silane solution, the samples were remained 

at room temperature for 24 h, the samples were annealed at 150°C for 3 h to complete curing 

and obtain PEO/Ce/Silane. To apply a silane layer containing the organic corrosion inhibitor, 

the same procedure was repeated, with the addition of 3g/L 8-HQ to the solution a few seconds 

after adjusting the pH, resulting in PEO/HT/Silane+8HQ. Figure 1 shows the schematic 

illustration of the preparation process of PEO/HT/Silane+8HQ composite coating. 



 
Figure 1: Schematic illustration of the preparation process of PEO/HT/Silane+8HQ composite coating. 

 

2.3.  Electrochemical Measurements 

To investigate the effects of different coating systems on the corrosion characteristics of Mg-

AZ31, Electrochemical Impedance Spectroscopy (EIS) was conducted using a BioLogic SP-

200 electrochemical device. Impedance spectra were measured by applying a 10 mV AC signal 

over a frequency range of 100 kHz to 10 mHz at open circuit potential (OCP). A standard three-

electrode glass cell was used, which incorporated an Ag/AgCl/saturated KCl reference 

electrode (0.197 V vs. SHE), a platinum foil as the auxiliary electrode, and coated samples as 

the working electrodes. The electrolyte used for characterization was 3.5% NaCl during 45 

days. All experiments were carried out at laboratory temperature (⁓ 25 ºC). To calculate the 

standard deviation of the results and to assess their repeatability, all the corrosion tests were 

repeated three times. The impedance data were analyzed using Bode plots, which illustrate the 

logarithm of the impedance magnitude (|Z|) versus the logarithm of frequency (f), and the 

logarithm of frequency (f) against the phase angle (θ). The EIS spectra were then fitted using 

EC-Lab software. 



2.4.  Characterization 

To assess the surface morphology, secondary electron microscopy (SEM; Quanta FEG 250, 

FEI) fitted with an EDX analyzer, FESEM Zeiss 55, were employed. The water contact angle 

was measured to investigate the wettability of different samples. Measurements were 

performed using a goniometer (model L2004A, Ossila) equipped with a digital camera. A 

distilled water droplet (~3 μL) was carefully deposited onto the sample surface at room 

temperature, and the droplet image was recorded after a few seconds of stabilization for further 

analysis. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were 

conducted using a ToF-SIMS 4 system (IONTOF, Germany), which was equipped with a 25 

keV Bi+ liquid metal ion source, and X-ray photoelectron spectroscopy (XPS; SSX-100 S-

probe, Surfaces Science Instruments, Mountain View, CA) with 200 W of Al Kα X-ray 

radiation (8.33 Å) was used to characterize the chemical composition of the surfaces, and the 

core level binding energies were calibrated using the reference C 1s peak located at 284.8 eV. 

The hydrogen evolution rate was determined using a gas chromatograph (SRI, Model 8610C, 

TCD detector) at 1, 3, 5, 8, 14, 24, 36, 55, and 80 h intervals 8,35. 

3. Result and discussion 

3.1.  Microstructure 

The morphology of PEO, PEO/HT, PEO/HT/Silane, PEO/HT/Silane+8HQ coatings (SEM) is 

presented in Figure 2a, b, c, and d respectively. Pores and cracks observed in the oxide structure 

of PEO coating in Figure 2a are mainly due to the application of high voltage, which leads to 

microchannel formation for electrical discharges 36, localized melting and solidification 37,  gas 

evolution 38, and thermal stresses 39 during the oxidation reaction (Figure S1). The EDS results 

showed the presence of Mg, Al, and O with 36.12, 53.57, and 1.28 at%, respectively, as well 

as Si (6.41 at%) and P (2.62 at%) from the electrolyte. Figure 2b shows after HT treatment the 



pores and cracks in the PEO layer are sealed with Ce salt (Ce+3/Ce+4) conversion coating and 

Ce containing particles (Figure S2). The EDS results showed that the coating is primarily 

composed of Ce, Mg, P, Si, and O elements. 

Figure 2c and 2d show the silane layer with and without 8-HQ applied on the PEO/HT surface, 

covering the entire surface and providing improved sealing. It was observed that the silane 

coatings exhibited cracks. The addition of 8-HQ to the silane solution resulted in a higher 

number of cracks, but the coating covered the surface more uniformly (Figure S3). After the 

application of silane, hydrolysis and condensation take place between certain silanol and 

hydroxyl (OH) groups on the surface. Covalent Mg–O–Si bonds are created upon drying, 

establishing connections between the surface and the silane layer 40,41. Hydrogen bonding also 

may occur between the amino group in APTES and the hydroxyl groups of the PEO coating 42. 

TEOS, with its functional groups, can enhance the formation of Si–O–Si bonds 43. The 8HQ 

not only has no adverse effect on the sol gel 44, but it has been shown to enhance the uniformity 

and density of the coating 45. The EDS results indicate that the Si content increased with the 

addition of 8HQ. 



 
Figure 2: Surface morphologies of (a) PEO, (b) PEO/HT, (c) PEO/HT/Silane, and (d) 

PEO/HT/Silane+8HQ. 

 

The cross-sectional images of the PEO coatings after the HT process, silane, and silane+8HQ 

applications are shown in Figure 3. The PEO, PEO/HT, PEO/HT/Silane, and 

PEO/HT/Silane+8HQ structures exhibited thickness values of 28.8 ± 11.6, 32.2 ± 3.3, 

34.4 ± 4.3, and 33.7 ± 4.1 µm, respectively. Figure 3a shows the PEO coating is firmly bonded 

to the substrate. The layer closest to the Mg alloy matrix is relatively dense, while the outer 

part of the coating is more porous. Throughout the coating, there are holes and cracks of various 

sizes, which aligns with the characteristics shown in Figure 2a. After the hydrothermal 

treatment, the surface was covered by a thin layer of Ce, and the standard deviation of the 

thickness decreased due to the sealing of holes and cracks by Ce (Figure 3b). Applying silane 



(Figure 3c) and silane+8HQ (Figure 3d) layers increased the coating thickness by 

approximately 2–3 µm. The silane layer enhanced surface sealing, and the silane+8HQ coating 

demonstrated a more uniform surface. The effective sealing ability of this type of silane coating 

precursor has also been reported in previous studies 13. 

 
Figure 3: Cross-section morphologies of (a) PEO, (b) PEO/HT, (c) PEO/HT/Silane, and (d) 

PEO/HT/Silane+8HQ. Red line shows the Ce layer; green line shows the Silane layer. 

 

Morphology and chemical composition of the PEO, HT, and silane layers can change the 

surface properties, which can be measured by static water contact angle investigation 46,47. As 

shown in Figure S4, the uncoated AZ31 exhibits an average contact angle of ~20.6°. After PEO 

treatment, the contact angle increases (~67.7°) due to the formation of a porous oxide structure, 

followed by a slight increase after the HT process (~73.1°). In contrast, the silane layer 

decreases the contact angle to ~52.7°, while the addition of 8HQ leads to a slight increase 



(~58.4°). The presence of terminal –NH2 groups in the silane layer promotes hydrogen bonding 

with water molecules, resulting in increased wettability 48. The surface free energy (γₛᵥ) and 

work of adhesion (Wₐ) were calculated using the Neumann 49 and Young 50 equations. Figure 

S5 shows that the PEO/HT sample has the lowest values of Wₐ and γₛᵥ, while the silane layer 

increases both parameters, indicating higher wettability. 

XPS was used to identify the phases of the coatings following the sealing treatments, aiming 

to understand the principles behind the formation of various morphologies on different 

surfaces. Figure 4a presents XPS survey spectra for Ref (MgAZ31), PEO, PEO/HT, 

PEO/HT/Silane, and PEO/HT/Silane+8HQ. The results indicate that the PEO coating contains 

Si, which originates from the electrolyte composition. The shape of the spectra suggests that 

the majority of the oxide layer has formed as an amorphous structure 51. After the HT process, 

the appearance of Ce 4d peaks indicates the presence of Ce in the composition, which was 

deposited and helped seal the pores and cracks in the PEO/HT sample. In the silane layer, the 

Si 2p peak corresponds to Si-O-Si bonds, and with the addition of 8HQ, an N 1s peak also 

appears. The high-resolution spectra of Si 2p for different samples in Figure 4b show that the 

Si-O-Si peak in the silane+8HQ sample is stronger than in the others. Although 8HQ does not 

contain Si, its functional groups can interact with the surface and modify its chemistry, which 

may promote the adsorption and condensation of silane precursors (APTES/TEOS), resulting 

in a stronger Si–O–Si signal 52. In the PEO sample, the Si signal originates from the electrolyte 

composition, which disappears after the HT treatment. Therefore, the Si detected in the silane 

and silane+8HQ samples is attributed to the silane layer on the surface. The high-resolution 

XPS spectra of O 1s and Mg 2p in Figure 4c and f reveal that the O 1s signal is higher in the 

silane layers compared to others, due to the presence of both oxygen and silicon in their 

composition and the Mg 2p signal (substrate signal) decreases after the PEO coating. Figure 

4d presents the deconvoluted high-resolution Ce 3d spectra for PEO/HT, PEO/HT/Silane, and 



PEO/HT/Silane+8HQ samples, showing the characteristic Ce 3d5/2 and Ce 3d3/2 spin–orbit 

doublets and corresponding satellites. The spectra confirm the coexistence of both Ce3+ and 

Ce4+ oxidation states within the coating. Peaks at approximately 879.5 ± 1 eV and 886 eV 

correspond to the Ce3+ 3d5/2 component of the spin–orbit doublet, and those at 896 ± 1 eV and 

906 ± 1 eV correspond to the Ce3+ 3d3/2 component. Ce4+ species are indicated by peaks at 

around 882.5 eV and 899 ± 1 eV for 3d5/2, and at 902.5 ± 1 eV and 915.5 ± 1 eV for 3d3/2, which 

are typical for Ce-based compounds. The atomic percentages of Ce calculated from XPS are 

6.8% for PEO/HT, 2.1% for PEO/HT/Silane, and 1.0% for PEO/HT/Silane+8HQ, confirming 

the SEM observations in Figure 2. The addition of 8HQ led to a more uniform silane layer, 

covering the underlying layers more efficiently. 

The deconvoluted high-resolution Si 2p spectra in Figure 4e display peaks at 100.1, 101.7, and 

103.3 eV, corresponding to Si–O, silane (Si–O–Si), and fully oxidized SiO2 states in the 

PEO/HT/Silane sample, respectively. In contrast, the Si 2p spectrum of the 

PEO/HT/Silane+8HQ sample shows peaks at 100.1 and 102.3 eV, attributed to Si–O and silane 

(Si–O–Si), respectively. The broader Si–O–Si peak and the absence of the fully oxidized SiO2 

signal can be attributed to the addition of HQ, which likely promotes the formation of other Si-

based species such as Si–O–C and modified Si–O–Si structures. The atomic percentages of Si 

calculated from XPS are 4.9% for PEO/HT/Silane and 6.4% for PEO/HT/Silane+8HQ. The 

oxide composition formed during the PEO process may include Mg2SiO4 and MgHPO4 53 while 

in the PEO/HT coating, compounds such as CeO2, Ce2O3, Ce(OH)4, and Ce(OH)3 can be 

present 32. Figure 4g shows the high-resolution spectra of N 1s for the different coating systems. 

As shown, no N peak appears for the PEO/HT sample, while the N 1s signal is stronger in the 

PEO/HT/Silane+8HQ sample. This is attributed to the presence of N in the aromatic structure 

of 8HQ 54, in addition to the NH2 group from the molecular structure of APTS 55. The N 1s 

peak appears at 399.24 eV, while the N 1s peak corresponding to C–N=C bonds typically 



appears at around 398.9 eV 56. The positive shift in binding energy indicates that the chemical 

environment of N in the aromatic structure of 8HQ has changed after adsorption, confirming 

that chemical interaction occurred between the PEO/HT surface and the Silane+8HQ layer. The 

heat of adsorption of 8HQ on metallic surfaces is approximately 49.5 kJ/mol, which is 

sufficient to support a chemical reaction and confirms the occurrence of chemisorption on the 

metallic surfaces 57. The chemisorption between Mg2+ and 8HQ leads to the formation of a 

stable Mg(HQ)2 complex on the surface or within the coating structure 58. 

 
Figure 4: (a) XPS full survey spectra; high-resolution spectra of (b) Si 2p, (c) O 1s, and (d) Ce 3d for 

PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ, (e) Si 2p for PEO/HT/Silane and 

PEO/HT/Silane+8HQ, (f) Mg 2p, and (g) N 1s for PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ. 

 



ToF-SIMS is widely used to investigate surface functionalization and confirm the presence of 

organic overlayers on oxide surfaces through characteristic molecular fragments 6. To evaluate 

the distribution of surface species on Mg AZ31, ToF-SIMS combined with principal component 

analysis (PCA) was performed, with emphasis on verifying cerium incorporation and the 

formation of a hybrid silane-8-hydroxyquinoline layer on the PEO coating. The positive ion 

spectra for the Ref (MgAZ31), PEO/HT, and PEO/HT/Silane+8HQ samples are presented in 

Figure 5a-c. The Mg+ fragment exhibits the highest intensity for the reference sample (Figure 

5a). In contrast, a significant decrease is observed for the coated samples, indicating effective 

surface coverage of the Mg AZ31 substrate. As shown in Figure S6 a, the Mg+ signal is higher 

for the PEO/HT coating than for the PEO/HT/silane+8HQ sample, further confirming a 

reduction of the substrate signal after formation of the hybrid overlayer. 

The PEO/HT coating is characterized by strong cerium-related fragments, with a prominent 

signal at m/z 155.9 corresponding to CeO+ in Figure 5b, confirming the presence of Ce-based 

sealing species. Since ToF-SIMS is a surface-sensitive technique, the lower CeO+ intensity 

observed in the hybrid coating indicates a decrease in the cerium signal due to the formation 

of an overlying hybrid silane-organic layer. In contrast, the PEO/HT/Silane+8HQ sample 

shows fragments associated with silane and organic species, including Si-containing fragments 

at m/z 73 (SiC2H5O+, Figure 5c) and nitrogen-containing ions shown in Figure S4, such as m/z 

59 (C2H5NO+), m/z 147 (C9H9NO+/ SiC5H13NO2
+), and m/z 207 (SiO2C9H9NO+), confirming 

the presence of both silane-derived species and 8-hydroxyquinoline-related fragments within 

the hybrid matrix. The PCA score plot (Figure 5d) shows a clear separation between the 

PEO/HT and PEO/HT/silane+8HQ samples, indicating differences in their surface chemistry. 

The loading plot in Figure 5e supports this separation, which highlights the mass fragments 

responsible for distinguishing the two sample groups. The corresponding fragment assignments 

are summarized in Table S 1. The observed differences indicate that incorporation of silane and 



8-hydroxyquinoline modifies the surface chemistry of the coating. The PEO/HT sample is 

mainly characterized by cerium-related fragments, while the hybrid coating exhibits a higher 

contribution from silicon- and nitrogen-containing species. To evaluate these changes, two 

fragment ratios were used as semi-quantitative surface chemical indices. The SiC2H5O+/CeO+ 

ratio (1.08 ± 0.53 for PEO/HT and 362.35 ± 3.00 for PEO/HT/silane+8HQ) reflects the relative 

surface abundance of silane species compared to cerium-related signals, where higher values 

indicate an increased contribution of the silane network at the outer surface. The 

C2H5NO+/CeO+ ratio (0.083 ± 0.032 for PEO/HT and 74.32 ± 4.06 for PEO/HT/silane+8HQ) 

represents the relative surface contribution of nitrogen-containing organic species associated 

with APTES and 8-hydroxyquinoline. The higher ratios for the PEO/HT/silane+8HQ coating 

indicate the formation of a silane-8HQ-enriched surface layer, which modifies the outermost 

surface chemistry and results in a lower relative contribution of cerium-related signals. 

 
Figure 5: (a-c) Positive ToF-SIMS ion images of molecular fragments: (a) Mg+, (b) CeO+, and (c) 

SiC2H5O+ for Ref (Mg AZ31), PEO/HT, and PEO/HT/silane+8HQ samples. (d-e) PCA analysis of ToF-

SIMS data for PEO/HT and PEO/HT/silane+8HQ samples: (d) score plot of positive ion spectra and (e) 

corresponding loading plot, where signals are labeled with their mass-to-charge ratios and assigned 

fragments. The dotted lines in the score plot represent the 95% confidence limits. (f) ToF-SIMS peak 

intensity ratios used as semi-quantitative surface chemical indices for PEO/HT and 



PEO/HT/silane+8HQ samples. All ratios were normalized to total ion intensity, and error bars represent 

standard deviations (n = 3). 

3.2.  Corrosion Behavior 

To evaluate the effectiveness of various coating systems, a 45-day EIS test was performed in a 

3.5% NaCl corrosive solution. Nyquist, Bode modulus, and Bode phase plots for the PEO 

single-layer, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ coated samples are shown 

at different immersion times (1-1100 h) in Figure 6, Figure 7, Figure 8, and Figure 9. The Nyquist 

plots display semi-elliptical arcs, indicating a standard passive state characterized by high 

impedance values and a capacitive response. The asymmetric shape of these semicircles 

indicates a frequency dispersion attributed to physical phenomena such as surface roughness 

due to PEO structure, and the distribution of surface-active sites, for which constant phase 

elements (CPE) are preferably used instead of ideal capacitors in the equivalent circuit models 

of the electrodes to fit the experimental data 8. Therefore, equivalent circuits (EC) considered 

with Q as a CPE where a capacitor usually exists between each interface to compensate for 

system inhomogeneity caused by the rough or porous surface of the sample, with two time 

constants in the presence or absence of the inductor, were employed to fit the EIS data, as 

shown in Figure 10. Rs refers to the uncompensated solution resistance, which is the impedance 

between the counter electrode and the working electrode. Qc and Rc at higher frequencies, 

representing the coating CPE and coating resistance, respectively. Similarly, Qdl and Rct 

correspond to the electron double-layer capacitance and charge transfer resistance of the Mg 

substrate at the bottom of the PEO coating. The resistance and capacitance associated with the 

dense inner layer of the PEO coating are reflected in the Rct and Qdl values 59. RL represents 

the resistance to localized corrosion, which includes inductance (L). In addition, the data 

obtained from fitting the impedance spectra using the appropriate EC is presented in Table 1. 



Figure 6a, b, c shows the Nyquist and Bode diagrams of samples after 1, 8, and 24 h immersion 

in 3.5% NaCl solution at OCP and room temperature, respectively. According to the results, 

the Ref sample exhibits inductive behavior, which is often attributed to the adsorption of 

chloride ions (Cl⁻), initiating localized corrosion, such as pitting. Additionally, it may be related 

to the high concentration of Mg ions in relatively film-free areas, or intermediate steps in the 

corrosion process involving adsorbed species on the surface, such as Mg(OH)+, Mg(OH)2, and 

Mg2+. These species reflect dynamic surface reactions that contribute to the overall corrosion 

mechanism 60. The corrosion resistance of the PEO sample remained almost stable after 24 h. 

While the PEO/HT and PEO/HT/Silane coatings showed similar performance at the initial 

immersion times, the PEO/HT/Silane coating exhibited improved corrosion resistance after 24 

h. Notably, the PEO/HT/Silane+8HQ coating demonstrated superior corrosion resistance 

throughout the entire immersion times. 

 
Figure 6: Nyquist and Bode plots of Ref, PEO, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ 

after (a) 1, (b) 8, and (c) 24 h immersion in 3.5% NaCl solution at room temperature. 



Figure 7a, b, c shows the EIS results after 72, 168, and 264 h, respectively. An increase in 

impedance values, along with low phase angle dispersion at low frequencies, is observed and 

is typically associated with reduced corrosion of all the samples. For the Ref sample, the 

inductive loop disappears after 168 hours, likely due to the formation of a Mg(OH)2 or MgO 

layer on the surface, which disrupts charge transfer at the Mg/electrolyte interface. Similar 

layers can also form more adherently on the PEO sample due to the composition of the PEO 

layer, which contains silicate and phosphate species (Figure 2a). These compounds contribute 

to sealing the pores and cracks in the PEO coating, thereby enhancing its barrier properties. 

For the PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ coatings, this effect is more 

pronounced due to the additional sealing by Ce-based hydrothermal treatment and silane layers, 

with or without 8HQ. This explains why their corrosion resistance remained significantly 

higher over time, as the sealing treatments effectively prevent the penetration of corrosive 

species such as Cl- ions, oxygen molecules, and water into the PEO coating, primarily through 

its pores, which otherwise act as diffusion pathways for these agents 61.  



 
Figure 7: Nyquist and Bode plates of Ref, PEO, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ 

after (a) 72, (b) 168, and (c) 264 h immersion in 3.5% NaCl solution at room temperature. 

An interesting phenomenon was observed for the PEO/HT, PEO/HT/Silane, and 

PEO/HT/Silane+8HQ samples after 168 and 264 h (Figure 7b and c), and at 384 h (Figure 8a) 

immersion in 3.5% NaCl. Their electrochemical behavior changed noticeably, as indicated by 

the emergence of a second time constant in the EIS results. This transition was accompanied 

by a notable increase in impedance and a decrease in phase angle, particularly for the 

PEO/HT/Silane+8HQ sample. In addition, the phase angle in the intermediate frequency range 

becomes broader, while the phase angles at low and high frequencies become less distinct. 

Therefore, it can be concluded that the inhibitory effects of Ce and chelating capabilities of 

8HQ were activated, helping the coatings maintain good corrosion resistance during long-term 

exposure to the corrosive solution, whereas the impedance of the PEO sample began to decline 

after 264 h of immersion 62,63. 



Figure 8b shows that after 432 h of immersion, the coatings appear to lose their protective 

effectiveness due to the penetration of corrosive ions, leading to a sharp drop in impedance for 

all coated samples. This decreasing trend continued after 600 h, as shown in Figure 8c. Ce and 

8HQ no longer revealed considerable inhibitory effects, likely due to their gradual consumption 

with prolonged exposure to the corrosive 3.5% NaCl. Figure 9a and b also depict the results 

after 840 and 1100 h, respectively, where an inductive loop reappeared in the PEO sample, 

indicating that it had lost its protective functionality. 

 
Figure 8: Nyquist and Bode plates of Ref, PEO, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ 

after (a) 384, (b) 432, and (c) 600 h immersion in 3.5% NaCl solution at room temperature. 

 



 
Figure 9: Nyquist and Bode plates of Ref, PEO, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ 

after (a) 840, and (b) 1100 h immersion in 3.5% NaCl solution at room temperature. 

 

 
Figure 10: Equivalent circuit models for EIS fitting (a) untreated (b) and (c) coated samples. 

Table 1 and Figure 11 present the corrosion resistance, represented by the total faradic resistance 

RT (Rct+Rc), for each sample at different immersion times, as calculated from the fitted EIS 

data. The overall faradaic resistance correlates with the diameter of the depressed capacitive 

semicircle seen in the Nyquist plots. After 24 h of immersion, the Rt of the Ref sample 

increased from 0.21 to 1.20 kΩ.cm2 (compared to 1 h), then fluctuated between 0.4–0.9 

kΩ.cm2, indicating a progressive corrosion rate and the formation of unstable corrosion 

products on the surface. The PEO sample exhibited an RT of 3.61 kΩ.cm2 after 1 h of 

immersion, which increased to 24.55 kΩ·cm2 at 168 h due to the formation of Si- and P-rich 

corrosion products that temporarily acted as a barrier to corrosive ion penetration, but after 264 

h the RT dropped sharply to 8.81 kΩ.cm2 as aggressive ions diffused through pores and cracks 

in the PEO layer, destabilizing the barrier, and by 840 h inductive behavior was observed, 

leading the onset of localized corrosion on the surface (see Figure 13). 



Table 1: Fitted parameters for EIS spectrum depicted in Figures 5-8. 

Sample 
Time 
(h) 

Rs [Ω 
cm2] 

Rc 
[k.Ω 
cm2] 

Qc [S sn 
cm-2] n 

Rct 
[k.Ω 
cm2] 

Qct [S sn 
cm-2] n 

RL [Ω 
cm2] 

L [H] χ2 
RT 

[k.Ω 
cm2] 

Ref 

1 91.03    0.21 1.62E-5 0.89 65.98 57.12 0.03 0.21 
8 89.23    0.88 7.99E-6 0.82 612.30 177.60 0.02 0.88 

24 96.84    1.20 1.03E-5 0.81 666.30 325.60 0.06 1.20 
72 89.88    0.92 8.89E-6 0.83 242.30 28.00 0.01 0.92 

168     0.83 9.36E-6 0.94 151.20 138.9 0.03 0.83 
264 90.91    0.45 1.24E-5 0.91 233.60 125.50 0.04 0.45 
384 86.13    0.55 9.84E-6 0.81 293.70 70.39 0.02 0.55 
432 98.20    0.86 7.81E-6 0.83 437.60 66.27 0.02 0.86 
600 92.67    0.42 1.11E-5 0.85 220.30 49.47 0.02 0.42 
840 99.30    0.78 4.37E-5 0.77 366.60 35.59 0.01 0.78 
1100 96.72    0.49 1.81E-5 0.83 201.60 26.99 0.003 0.49 

PEO 

1 105.37 0.29 5.96E-7 0.72 3.31 1.64E-6 0.78   0.02 3.61 
8 99.71 0.12 6.68E-7 0.83 4.22 1.54E-6 0.83   0.01 4.34 

24 107.30 0.20 7.72E-7 0.79 4.34 1.27E-6 0.81   0.01 4.59 
72 117.90 0.75 5.26E-6 0.54 14.54 3.61E-7 0.85   0.01 15.28 

168 113.94 2.04 3.49E-6 0.49 22.51 1.17E-6 0.77   0.01 24.55 
264 107.10 0.77 2.25E-7 0.81 8.04 2.39E-6 0.80   0.02 8.81 
384 123.00 2.26 2.41E-6 0.59 4.43 9.14E-7 0.83   0.01 6.67 
432 94.33 0.56 1.75E-6 0.81 5.46 2.83E-6 0.89   0.02 6.01 
600 130.60 0.58 1.87E-6 0.75 4.59 9.47E-6 0.80   0.09 5.17 
840 94.90 0.15 1.29E-6 0.68 4.79 7.73E-7 0.98 1.91 538.60 0.01 4.94 
1100 93.21 0.22 6.04E-6 0.79 1.10 1.38E-5 0.81 1.79 789.56 0.02 1.32 

PEO/ 
HT 

1 101.04 0.12 3.87E-7 0.80 7.18 1.43E-6 0.75   0.03 7.31 
8 118.70 0.85 2.13E-6 0.59 7.22 2.31E-7 0.97   0.03 8.07 

24 167.24 0.47 1.48E-6 0.69 6.47 3.59E-7 0.87   0.04 6.94 
72 114.40 0.42 2.39E-6 0.61 11.38 6.14E-7 0.88   0.04 11.79 

168 189.67 10.41 2.2E-8 0.77 58.15 2.89E-6 0.50   0.007 68.56 
264 201.98 68.24 2.05E-8 0.73 388.95 1.05E-6 0.48   0.07 457.19 
384 289.25 114.95 3.16E-9 0.85 822.28 5.13E-7 0.52   0.07 937.23 
432 118.30 0.56 1.99E-7 0.84 19.13 3.38E-6 0.83   0.02 19.69 
600 112.70 0.12 5.32E-7 0.74 18.44 2.75E-6 0.83   0.01 18.57 
840 89.02 0.20 1.63E-6 0.63 7.68 1.16E-6 0.85   0.08 7.88 
1100 146.50 4.25 1.93E-6 0.80 3.17 1.32E-11 0.69 1.31 1003 0.09 7.41 

PEO/ 
HT/ 

Silane 

1 109.30 0.11 8.58E-7 0.81 7.12 9.21E-7 0.86   0.03 7.23 
8 180.70 0.27 4.48E-7 0.77 8.12 1.19E-6 0.79   0.04 8.47 

24 193.20 1.10 1.22E-6 0.64 8.24 4.89E-7 0.86   0.03 9.34 
72 133.30 0.28 3.08E-7 0.73 28.98 1.85E-6 0.79   0.02 29.26 

168 98.25 10.49 2.44E-8 0.77 59.46 2.17E-6 0.57   0.01 69.95 
264 114.01 69.79 1.34E-8 0.76 284.12 8.10E-7 0.46   0.07 353.99 
384 255.10 82.57 1.35E-9 0.91 663.89 6.56E-7 0.40   0.02 746.46 
432 84.32 0.57 1.27E-7 0.80 24.49 3.20E-6 0.81   0.01 25.06 
600 162.50 0.63 8.95E-7 0.72 24.24 4.72E-6 0.84   0.02 24.87 
840 139.00 0.31 3.58E-7 0.81 17.10 1.58E-6 0.80   0.03 17.41 
1100 129.80 0.59 3.37E-7 0.80 7.25 1.97E-6 0.82   0.01 7.83 

PEO/ 
HT/ 

Silane 
+8HQ 

1 135.10 0.62 6.10E-7 0.85 10.77 1.20E-6 0.85   0.03 11.39 
8 137.70 0.38 1.49 0.69 11.50 3.27E-7 0.87   0.01 11.87 

24 83.74 1.36 6.70E-8 0.77 12.21 1.855E-6 0.64   0.02 13.57 
72 63.79 0.28 2.09E-7 0.72 42.36 2.31E-6 0.73   0.03 42.64 

168 321.25 8.78 1.85E-8 0.79 77.38 3.13E-6 0.48   0.01 86.15 
264 201.89 82.21 2.10E-9 0.89 412.16 1.10E-6 0.28   0.01 494.37 
384 398.29 115.15 1.66E-9 0.90 1,087.5 5.17E-6 0.42   0.04 1,202.6 
432 127.80 0.54 1.13E-7 0.91 32.59 6.36E-6 0.84   0.03 33.14 
600 124.30 0.62 1.01E-6 0.69 28.00 3.27E-6 0.84   0.03 28.63 
840 147.9 0.61 3.91E-7 0.79 21.36 2.00E-6 0.80   0.01 21.97 
1100 130.30 0.58 4.49E-7 0.80 12.36 2.65E-6 0.83   0.01 12.94 

The standard deviation range for Rs, Rc, Rct, and RL values is between 2.8% and 4.9%. 
The standard deviation range for Qc, Qdl, values is between 1.7% and 4.5%. 



After 384 h of immersion the RT values were 937.23 and 746.46 kΩ.cm2 for the PEO/HT and 

PEO/HT/Silane samples, respectively. Although the PEO/HT sample showed the higher value, 

the PEO/HT/Silane sample exhibited a better average protective performance throughout the 

1100 h immersion period. This can be attributed to the controlled release kinetics of Ce+3/Ce+4 

ions, which can be further modulated by applying a secondary coating layer 32. By adding 8HQ 

to the silane coating, the RT increases significantly from 11.39 to 1200 kΩ.cm2 over the 1 to 

384 h period, and then decreases to 12.94 kΩ.cm2 after 1100 hours. The PEO/HT/Silane+8HQ 

system demonstrates superior corrosion resistance after 16 days of immersion in 3.5% NaCl. 

This improvement can be due to the formation of an additional protective layer on the Mg 

surface, containing 8HQ(Mg) formation, which leads to a significant increase in impedance 

modulus in the high-frequency range 64. 

 
Figure 11: total  faradic resistance RT (Rct+Rc) of different samples at various immersion times. Inset 

shows a higher magnification of lower signals. 

Figure 12 shows the H2 evolution rates of different coating systems after 30 days of immersion 

in 3.5% NaCl, measured over 80 h. In the case of Mg in aqueous solutions, the primary anodic 

reaction (Eq. 1) accompanied with cathodic reaction (Eq. 2) is typically the reduction of water, 

since H2 evolution dominates due to the low standard electrode potential of Mg. 



𝑀𝑔 → 𝑀𝑔2++2݁-                                   (1) 22݁+2ܱܪ- → 2ܪ ↑  (2)                 -ܪ2ܱ+
This reaction represents the hydrogen evolution reaction (HER), which occurs during corrosion 

of Mg in neutral or alkaline aqueous environments 8. The uncoated sample consistently exhibits 

the highest corrosion rate, while the PEO/HT/Silane+8HQ coating shows significantly lower 

corrosion compared to the other samples. The H2 evolution rates for Ref, PEO, PEO/HT, 

PEO/HT/Silane, and PEO/HT/Silane+8HQ were 270±26, 174±15, 80±12, 65±14, and 38±9 µL 

cm-2, respectively. The H2 evolution results corroborate the EIS findings, demonstrating that 

Ce and 8HQ provide excellent synergistic inhibitory performance, which significantly 

enhances corrosion protection. 

 
Figure 12: H2 evolution rates for Ref, PEO, PEO/HT, PEO/HT/Silane, and PEO/HT/Silane+8HQ after 

30 days of immersion in 3.5% NaCl, measured at 1, 3, 5, 8, 14, 24, 36, 55, and 80 h intervals. 

Figure 13 presents the surface morphologies (Photographs) of the Ref, PEO, PEO/HT, 

PEO/HT/Silane, and PEO/HT/Silane+8HQ samples at various immersion times. It is evident 

that a portion of the PEO coating delaminated from the surface after 264 h of immersion due 

to corrosion. In contrast, the sealed samples, particularly PEO/HT/Silane+8HQ remained intact 

with no visible signs of corrosion up to this point. Corrosion signs began to appear after 432 h, 

which corresponded with a sharp decrease in impedance.  
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Figure 13: Optical images of samples after different times of immersion in 3.5% NaCl solution. (all 

squares have a side length ≈10 mm). 



After 1100 h of immersion, the PEO/HT/Silane+8HQ coating remained well adhered to the 

surface without serious degradation. In contrast, the Ref and PEO samples exhibited severe 

localized (pitting) corrosion, whereas the sealed samples showed only minor pitting or 

localized corrosion in isolated areas. Based on the results discussed above, a possible corrosion 

protection mechanism is proposed to explain the excellent corrosion resistance of the hybrid 

coating. Figure 15 schematically illustrates the corrosion and inhibition mechanisms of the 

different samples in NaCl solution. On one hand, the PEO coating with high porosity is sealed 

with Ce based particles trough the HT reaction in the Ce salt solution. The silane layer forms 

strong Mg–O–Si/Ce bonds with the PEO surface through hydrolysis and condensation 

reactions, while unreacted silanol groups create a dense Si–O–Si network 43. Functional groups 

in TEOS and APTES enhance bonding and enable control over Ce release, improving long-

term corrosion resistance. As confirmed by XPS results, indicating the presence of Ce3+ and 

Ce4+ on the surface, Ce ions are gradually released during the corrosion process and react with 

OH⁻ ions 65. These Ce ions outcompete other cations such as Mg2+ to form insoluble 

precipitates, which accumulate at active sites, plugging cracks and pores 14,65. By adding 8HQ 

into the silane layer, the inhibitory effect of 8HQ on Mg alloys is notably enhanced, thereby 

improving the protective performance. As illustrated in Figure 14, 8HQ can form a highly 

insoluble Mg-chelate complex (Mg(HQ)2) at anodic sites 58,64. This effect, combined with the 

Ce-containing product layer, results in a synergistic mechanism that merges the physical barrier 

of the coating with the formation of a dense, protective layer.  

 

Figure 14: The complexation of 8HQ with Mg, forming a highly insoluble Mg-chelate complex. 



As corrosion of the substrate progresses, corrosion products begin to accumulate at the 

PEO/substrate interface, increasing mechanical stress on the upper layers. Simultaneously, Ce 

ions and 8HQ are locally consumed through the formation of Ce-containing precipitates and 

Mg(8HQ)2 complexes. By extending time, the accumulation of corrosion products and the 

generation of hydrogen bubbles induce pitting and cracking in the protective top layer, allowing 

greater diffusion of aggressive Cl⁻ ions toward the substrate. This deterioration is evidenced by 

the sharp decline in impedance values after 18 days (432 h) of immersion. 

 

Figure 15: Schematic illustration of the corrosion protection mechanisms provided by Ce and 8HQ in 

the PEO/HT and PEO/HT/Silane+8HQ coatings, in comparison with the Ref and PEO samples. 

 

4. Conclusion 

In this study a hydride PEO/HT/Silane+8HQ coating with long term corrosion resistance 

successfully prepared on Mg AZ31 alloy through combining PEO, hydrothermal and sol-gel 

methods. Its anti-corrosion nature is derived from not only the innate physical barrier but also 

the additional anti-corrosion behavior of Ce and 8HQ synergistically. The Ce on the surface of 

the coating are continuously dissolved to fill the cracks, so that the coating can still maintain 

high corrosion resistance in the case of long-time immersion. The addition of 8HQ further 

improved protection by forming insoluble chelates and contributing to the formation of a dense 



silane layer. EIS results confirmed active corrosion inhibition, with the present of Ce–8HQ 

showing up to a 100-fold improvement in resistance. Surface analyses revealed early 

delamination in unsealed coatings, while PEO/HT/Silane+8HQ remained largely intact up to 

432 h. H2 evolution tests supported these findings, showing the lowest gas release 

(38 ± 9 µL cm-2) for the PEO/HT/Silane+8HQ coating after 30 days, highlighting its superior 

long-term performance. 
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