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Abstract 

 
This work reports a novel approach for growing layered double hydroxide (LDH) films on 

any plasma electrolytic oxidation (PEO) coated AA2024 independently of the nature of the 

PEO coating. The specific PEO coating chosen to carry out this work is considered to be not 

suitable for direct LDH growth because of phase composition and morphological features. In 

this paper, we describe a new methodology that consists of covering the PEO coating with a 

thin layer of aluminum oxide based xerogel as the source of aluminate ions for subsequent in-

situ LDH growth. X-ray diffraction (XRD) and scanning electron microscope (SEM) images 

showed a successful formation of LDHs on the surface. An improvement in terms of active 

corrosion protection was also demonstrated by electrochemical impedance spectroscopy (EIS) 

and scanning vibrating electrode technique (SVET).  
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1. Introduction 

Plasma electrolytic oxidation is a green anodizing process using micro-discharges to produce 

hard and dense ceramic-like coatings with a good wear and corrosion resistance [1-3]. 

However, the discharges are also responsible for creating defects and pores that can lead to a 

decrease of the barrier properties provided by the coatings and their failure in long-term 

corrosion protection. Different methods such as optimization of the process parameters 

(variation of voltage/current magnitude, mode, frequency and duty cycle) [4-6] on one hand 

and the addition of various particles into the electrolyte on the other hand, have been 

investigated to overcome the problem [8]. Yet, this optimization do not entirely prevent the 

presence of the porosity, besides it could significantly affect the PEO process (voltage 

breakdown, discharge intensity and density) which in turn can influence the final 

microstructure of the PEO coating [7-8].  

Several approaches based on non-toxic post-treatments to seal the pores of PEO coated Mg 

and Al alloys were developed. Among these approaches is the conventional hydrothermal 

treatment, where anodized substrates are immersed in hot (96°C -100°C) deionized water to 

induce the formation of a hydrated oxide and close the pores [9-10]. Narayanan et al. relied 

on a similar process but improved the post-treatment by decreasing the temperature to 60°C 

and using an alkaline solution. The process helped to seal the smaller pores, to reduce the size 

of the bigger sized pores, and to provide a better homogeneity to the coating [11]. Along with 

these methods, sealing by means of an organic top-coat such as epoxy resins and hybrid sol-

gel layers has been also disclosed in a number of works [12-16]. Although the described 

methods can seal the pores efficiently, they fail to maintain a long-term anti-corrosion 

performance when subjected to damages or degradation and become permeable to corrosive 

species.  

In this respect, other authors resorted to the use of active anti-corrosion agents to reinforce the 

corrosion protection of PEO coatings. Sun et al. have recently discussed the utilization of 

cerium nitrate and benzotriazole in an immersion post-treatment of PEO coated commercially 

pure Mg. The results revealed an enhanced corrosion protection owed to the sealing of the 

pores by Ce(NO3)3 whereas the benzotriazole has not shown any positive outcome [17]. Post-

treatment relying on the use of rare earth metals such as cerium [18-19] for sealing purposes 

have been previously tested and proven to be effective. However, the method remains 

unsustainable since in most cases the corrosion inhibitors absorbed into the pores can be 
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easily detached or react with the environment even in absence of corrosion activity, hence 

leading to the loss of the corrosion inhibiting capacity of the PEO coating. 

In this respect, a growing interest has been accorded to smart delivery systems that can act as 

reservoirs for corrosion inhibitors and release them when triggered by relevant changes in the 

environment such as the presence of corrosive species, changes in pH or even mechanical 

damage. Layered double hydroxide (LDH) are promising nanocontainers that belong to the 

class of anionic-exchangers which structure is that of brucite Mg(OH)2. Part of the divalent 

metal cations are replaced by trivalent ions giving positively charged layers that are balanced 

by the intercalation of anions in the hydrated interlamellar region [20]. Their aptitude to be 

loaded with corrosion inhibitors and promote effective active corrosion protection for bare 

[21-23] and anodized/PEO coated metals [24-27] have been intensively exploited especially 

for aluminum alloys. 

Nonetheless, it was found that in the case of PEO coated aluminum alloys the direct LDH 

growth is highly contingent on the nature of the PEO coating. Two important criteria were 

reported to determine the LDH growth on PEO coated AA2024: i) the γ-Al2O3 and α-Al2O3 

crystalline phases of the PEO coating cannot be dissolved, hence used as source for LDH 

formation [28] and ii) the LDH growth depends on the tortuosity of the PEO coating and the 

accessibility of Al(OH)4
-
  anions through the PEO pores. For instance, a thicker and more 

compact PEO coating obtained at higher voltages (~ 400-500V) has proven to be challenging 

or even unsuitable for LDH formation [28].  

In this paper, a solution to enable the growth of LDH independently on the nature and 

thickness of the PEO coating is presented. An additional sol-gel based post-processing was 

applied in order to create an aluminum oxide based xerogel layer [29-30] offering a new 

source of Al(OH)4
-
 anions for the formation of LDH nanocontainers.  

In this respect, the concept of combining high barrier properties of a thicker PEO coating and 

active corrosion protection provided by the LDH loaded with corrosion inhibitors (vanadate 

was used in frame of this work as a model corrosion inhibitor) should be achieved. 

 

2. Material and methods 

2.1.Chemicals.  

The materials used in frame of this work are listed as following: aluminum nitrate 

nonahydrate (Al(NO3)39H2O, >99%, Sigma-Aldrich, Germany), propylene oxide (C3H6O, 

99.5%, Sigma-Aldrich, Germany), isopropyl alcohol ((CH3)2CHOH, 99.5 %, Sigma- Aldrich, 
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Germany), tert-butyl methyl ether ((CH3)3COCH3 , 99%, Sigma-Aldrich, Germany), zinc 

nitrate hexahydrate (Zn(NO3)2∙6H2O, >99%, CarlRoth, Germany), ammonium nitrate 

(NH4NO3, >98.5%, Bernd Kraft, Germany), ammonia solution (NH3∙H2O, 25%, Merck 

KGaA, Germany), sodium vanadate oxide (NaVO3, 96%, AlfaAesar, Germany), sodium 

metasilicate (Na2SiO3, 44-47% SiO2, Sigma-Aldrich Chemie GmbH, Germany), potassium 

hydroxide (KOH, >85%, Th. Geyer, Germany) and sodium phosphate tribasic (Na3PO4, ≥ 

96%, ACROS Organics, Germany) were used as they were received without any further 

purification. 

2.2.Substrate composition.  

The nominal composition of used AA2024 samples are given (wt. %) in the table below. 

Component Al Cu Fe Cr Mg Mn Si Ti Zn Others 

Wt. % 90.7-94.7 3.8-4.9 0.5  0.1  1.2-1.8  0.3-0.9  0.5 0.15 0.25  0.15 

 

Table 1. Nominal composition of AA2024 in wt%. 

 

The AA2024 coupons (30mm x 20 mm x 2.5 mm) were grinded with SiC 1200 abrasive paper 

and rinsed with deionized water prior to PEO treatment. 

  

2.3.Sample preparation 

2.3.1. PEO treatment 

The PEO process was carried out in an electrolyte composed of 3g/l KOH, 20g/l Na2SiO3 and 

20g/l Na3PO4. A pulsed DC power supply in constant voltage mode was used. In this case a 

voltage of 450V was applied for 10min with a pulse ratio of ton/toff=1ms/9ms at maximum 

current of 0.5A. The electrolyte was constantly stirred and maintained at 20±2 °C by a water 

cooling system. 

2.3.2. Sol-gel post-treatment (PEO-X) 

The obtained PEO samples were immersed in aluminum oxide sols that were prepared 

according to [29]. Briefly, 0.0123 mol of Al(NO3)39H2O was dissolved in 20 ml of 

isopropanol and then 0.135 mol of propylene oxide was added. The mixture was stirred for 2 

min before immersing the PEO samples for 24h at room temperature. Finally, the samples 

were removed, washed with tert-butyl methyl ether, and then dried under ambient conditions. 

2.3.3. LDH formation (PEO-X-LDH) 



5 

 

The PEO samples with the applied xerogel layer were subjected to hydrothermal LDH 

conversion method using the same procedure described in previous work [24-25, 28]. 

Succinctly, i) Zn-Al LDH-nitrate (PEO-X-LDH-NO3) was grown in a solution of 

Zn(NO3)2·6H2O (0.1 M) and NH4NO3 (0.6 M) (pH adjusted to 6.5 using 1% ammonia) under 

95 °C for 30 min, ii) Zn-Al LDH-vanadate (PEO-X-LDH-VOx) was obtained by anion 

exchange reaction in a solution of 0.1 M NaVO3 at pH 8.4 (50 °C for 30 min).  

Aside from the PEO samples covered with xerogel, another set of reference PEO samples 

without xerogel treatment underwent a direct LDH growth following the same procedure. 

  

2.4.Material characterization.  

2.4.1.  Surface characterization and phase analysis 

A Tescan Vega3 SB scanning electron microscope (SEM, Brno, Czech Republic) equipped 

with an eumeX energy dispersive X-ray (EDS, Heidenrod, Germany) spectrometer was used 

to obtain images of the specimen surface and their elemental composition. The specimens 

were studied in both top and cross-sections views. 

In addition to the SEM-EDX, tomographic data was obtained at the imaging beamline (IBL) 

P05 at PETRA III storage ring (DESY, Hamburg, Germany). The indirect detector system 

consists of a CdWO4-scintillator converting the X-rays into visible light which is magnified 

by a factor of 9.9 with microscope optics mounted on a back-illuminated camera system [31-

32]. For measurements, an X-ray energy of 28.5keV was used with a field of view of 3.7 x 3.7 

mm. The detector used is a CMOS camera with 5120 x 3840 pixels and a linear pixel size of 

6.4 µm. For tomographic reconstruction, a filtered back projection using ASTRA was 

employed. Surface area analysis was done with the programs ImageJ and Avizo.  

The phase composition and structure was investigated using a Bruker D8 Advance 

diffractometer (Karlsruhe, Germany). The measurement (with a Cu Kα radiation, step size 

0.02°, dwell time 1s) was carried at room temperature with an incident angle set to 3°. 

The glow discharge optical emission spectroscopy (GDOES) depth profile analysis of the 

coatings was performed with a HORIBA GD-Profiler 2 (Longjumeau, France) using a 4 mm 

anode, an operating pressure of 650 Pa and a power of 30W. 

2.4.2. Electrochemical and corrosion assessment 

The corrosion performance of the different specimens was examined using a Gamry 

instrument interface 1000E potentiostat (Warminster, Pennsylvania, USA). The 

electrochemical impedance spectroscopy (EIS) measurements were conducted inside a 
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Faraday cage at room temperature using a three-electrode cell with a saturated Ag/AgCl 

reference electrode, a platinum wire counter electrode and the differently treated aluminum 

samples as working electrodes. The electrolyte was a 0.5 % NaCl aqueous solution. All the 

spectra were recorded at open circuit potential (OCP) in a frequency range from 100000 Hz to 

0.01 Hz and with a 10 mV RMS sinusoidal perturbation using 9 measuring points per 

frequency decade. The impedance plots were fitted using different equivalent circuits with the 

Gamry Echem Analyst software.  

Scanning vibrating electrode technique (SVET) measurements were carried out using 

Applicable Electronics Inc. (New Haven, USA) instrument controlled with ASET-LV4 

software from Science Wares (Falmouth, Massachusetts, USA). The measurements were 

performed in a 0.05 M NaCl solution using a Pt/Ir vibrating probe with a tip that was 

platinized to form a sphere with an average diameter of 15 µm. The SVET probe was 

maintained at a distance of 100 µm form the surface and the size of the collected maps were 

800 µm x 1000 µm. The final obtained data was reconstructed into maps using the free 

Quickgrid program. 

 

3. Results and Discussion 

3.1.Structure and morphology 

SEM cross-section micrograph of the PEO coating is shown in Fig 1.a. The coating contains a 

number of pores, cracks and defects, which were developed due to discharges during the PEO 

process. However according to the literature and the present results, the choice of the 

electrolyte in terms of the composition and concentration of phosphate and silicate played a 

role on the final morphology. Studies reported that a higher concentration of phosphate in the 

electrolyte generally favors the production of a more compact and stable PEO coating but 

leads to the creation of more cracks and larger pores whereas silicates induces higher numbers 

of pores but smaller in size. A combination of phosphate with silicates in equal amounts 

resulted in the production of a compact and thicker coating with a lower number of pores [33-

35], see Fig. 1.a. The XRD pattern (Fig. 1.b) shows a broad signal at ~15 to 35° 

corresponding to a potential amorphous phase and some characteristic peaks related to the 

aluminum substrate. 
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Fig. 1. SEM cross section view (a) and XRD pattern (b) of the PEO coated AA2024. 

 

SRµCT experiments were performed to estimate the ratio between the surface area of the 

compact sample (bare) and porous PEO surface of the formed layer. Furthermore, the pore 

size distribution was calculated. The tomography studies (Fig. 2) performed on the PEO 

covered AA2024 allow a clear differentiation between the AA2024 alloy (light grey area with 

bright inclusions) and the PEO layer (dark grey region) grown on the surface. The SRµCT 

measurements show a thickness of 50µm of the PEO layer with irregular shaped pores. For a 

qualitative analysis, the data was segmented into background, PEO layer and bulk material. 

Afterwards the surface area of the AA2024 and the pores was determined by Avizo using the 

connected components and label analysis plugins. This analysis revealed a surface area of 

1.33 mm
2
 for the compact bare surface and area of 6.8 mm

2 
for the outer porous layer and 

these values include the calculation from both closed and open pores. Furthermore, a broad 

pore size distribution of (28 ± 23) µm
3
 was determined using tomography. (Fig. 2.d) 
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Fig. 2. Slices through the tomographic reconstructed volume showing a slice in the orthogonal 

direction (a) and a magnification of a small area of it– zone a (b) and along the PEO coating on one of 

the sides – side 1 (c) ; Histogram of the pore size distribution of the PEO coating (d)  

 

After characterization of the PEO coated samples, an attempt to grow LDH on the latter 

without any prior pre-treatment was performed. The results are depicted in Fig. 3. 

Fig. 3.a and b show the SEM micrographs of the PEO coated AA2024 before and after an 

attempt to grow LDH-NO3 on the surface. The planar view SEM images of the PEO coated 

sample (Fig. 3.a) support the previous statement regarding the porosity and nature of the 

obtained PEO coating. Pores which developed due to the discharges or sparking during the 

treatment can be observed on the surface of the PEO-treated aluminum alloy. Following the 

LDH treatment no changes on the PEO surface are noticed (Fig. 3.b) 

 

The additional XRD measurements (Fig. 3.c) did not reveal any distinctive peaks coming 

from LDH, and this together with SEM images support the hypothesis that the characteristics 

of the chosen PEO coating in terms of tortuosity and thickness is indeed not suitable for LDH 

formation. 
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Fig. 3. SEM micrographs of PEO sample before (a) and after treatment with LDH-NO3 (b) followed 

by the X‐ ray diffraction patterns of the PEO sample before and after treatment with LDH-NO3 

represented by the letters “a” and “b” on the figure, respectively (c) 

 

After demonstrating the unfeasibility of LDH growth on this PEO coated AA2024, an 

intermediate step prior to the LDH growth consisting of a sol-gel treatment, was introduced.   

Fig. 4.a represents the PEO sample after formation of a xerogel layer. Compared to the PEO 

micrographs without xerogel (see Fig. 3.a), a deposition of a fine layer in form of an assembly 

of small particles can be distinguished on the SEM images notably around the pores.  

The thickness of the xerogel layer was estimated by the weight difference method. In other 

words, the samples were weighted before and after sol-gel treatment, an average value of 0.6 

mg was obtained. Knowing the dimensions of the samples and the density of the obtained 

xerogel layer (1.23 g/cm
2
), this will lead to a thickness of the xerogel layer of approx. equal to 

330 nm. In this calculations, the porosity and roughness of the PEO coating were not 

considered, which is why we are talking about maximum possible thickness of xerogel layer if 

the latter would be continuously distributed. In reality (based on the SEM results presented in 

Fig. 4) one can see that there are zones with thicker agglomerations of xerogel (mostly around 



10 

 

the pores). This will result in a lower thickness of the xerogel layer in some zones and 

difficulties to detect it with SEM.  

After the LDH treatment, small flake-like structures appear and are on average 

homogeneously distributed on the PEO-X sample surface. It can be observed that the LDH 

grows all along the pores (Fig.4.b). The surface appearance remains the same after the LDH 

ion exchange with vanadate (Fig. 4.c).   

 

 

Fig. 4. SEM micrographs of PEO sample with xerogel (a) converted to LDH-NO3 (b) and to LDH-

VOx (c). 

 

Simultaneously after the SEM images (Fig. 3 and 4), EDS elemental distribution data were 

collected (Fig. 5), for the four samples of interest; PEO, PEO-X, PEO-X-LDH-NO3 and PEO-

X-LDH-VOx.  

Al (from the substrate, PEO, xerogel and LDH), P and Si from the PEO coating are present in 

all specimens. No difference in the elemental distribution between the PEO sample with and 
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without xerogel can be observed with EDS analysis since the additional xerogel layers is 

mostly composed of Al oxide. Zn was revealed on both PEO-X-LDH-NO3 (Fig. 5.c) and 

PEO-X-LDH-VOx (Fig. 5.d) specimens and located in regions with pores and defects of PEO 

coating. The same fact was described in a previous work [24]. However, in this case, it can be 

justified by the xerogel settling preferentially in these defected zones during the post-

treatment, which consequently is followed by the LDH formation in the same zones. 

Vanadium was found only on the PEO-X-LDH-VOx (Fig. 5.d) specimens, and is overlapping 

with regions where Zn is present. 

 

 

Fig. 5. EDS elemental distribution for PEO sample (a), PEO-X (b) plus PEO-X-LDH-NO3 (c) and 

PEO-X-LDH-VOx (d). 
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To corroborate the above results, XRD patterns of PEO sample and the as-prepared LDH 

films grown on PEO treated with xerogel samples were recorded and shown in Fig. 6. Two 

main distinctive reflections, (003) and (006) can be identified at 9.8° and 19.8° for the PEO-

X-LDH-NO3, entailing the formation of LDH intercalated with NO3
-
. Following anion 

exchange with vanadate, these reflections shift toward lower angles, 9.1° for (003) and 18.6° 

for (006). The reason is related to an increase of the basal spacing since the vanadate 

molecules are bigger then the nitrates ones. This confirms that the inhibitor anions were 

successfully intercalated within the LDH interlayer galleries as a result of ion exchange. 

 

Fig. 6. X‐ ray diffraction patterns of PEO sample (a) PEO with xerogel (b) plus LDH-NO3 (c) and 

LDH-VOx (d). 

 

The results of GDOES depth profile analysis are displayed in Fig. 7. The depth profiles show 

that all four samples present some difference in regards to the thickness of the film. 

Nonetheless, these dissimilarities are less pronounced when comparing the PEO-X-LDH-NO3 

sample to PEO-X-LDH-VOx. The PEO sample with xerogel requires a longer plasma etching 

time to attain the substrate surface due to the formation of the additional xerogel layer. 

However, after LDH growth the thickness of the coating decreases, and this can be explained 

by a total or partial depletion of the xerogel layer as it is consumed for the formation of LDH 

nanocontainers. 
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The depth profile of the zinc element exhibits a flat line for the PEO and PEO-X samples 

through all the plasma etching duration. The signal intensity is at the background level, 

whereas for both PEO-X-LDH-NO3 and PEO-X-LDH-VOx, the values are higher at beginning 

and decrease when reaching the Al substrate. This confirms an increase of Zn owing to the 

formation of Zn-Al LDH. Furthermore, the zinc profile exhibits a small bump that can be 

related to a possible intersection with a pore band close to the interface and/or the presence of 

zinc in the pores of the PEO coating. The latter could also mean that the xerogel was 

introduced into the pores and then dissolved to be used for the LDH formation. It is important 

to mention that a direct quantitative comparison of GDOES results for different systems is not 

straightforward. Therefore, only qualitative trends of the element distribution through the 

coating depth are discussed.  

The signal of vanadate can be observed only for PEO-X-LDH-VOx compared to a vanadate 

signal close to background level for both PEO and PEO-X-LDH-NO3. In this case, as well, an 

increase of the vanadate signal is observed at the PEO coating interface. The vanadate profile 

displays the same tendency as for the zinc in the presence of LDH (Fig. 7.d), which 

corroborates the assumption of the presence of LDH in the PEO pores. 

 

In view of the gathered results, the mechanism involved in the formation of LDH films in this 

particular system (schematically illustrated in Fig. 8), can be explained gradually according to 

the following steps ; 

a) Xerogel formation covers two different processes; the preparation of the wet gel and 

its  

drying. There are various methods to prepare aluminum oxide wet gel [36-37]. In this work, 

the convenient and mild epoxide-based procedure proposed by Simpson et al. [37] was used 

for wet gel preparation. This procedure itself can be divided in several stages;  

The first stage concerns the dissolution of the metal salt. Since, in aqueous media metal atoms 

M exist as solvated cations M [H2O]N
z+

. Two types of chemical reactions occur in this 

solution; the hydrolysis reactions (which replace H2O groups by OH ones with loss of 

protons) and condensation reactions (formation of M-O-M “oxo” bridges with elimination of 

water molecules). The combination of these reactions leads to formation of colloidal particles 

(in other words sol formation).  
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Fig. 7. GDEOS depth profiles of PEO sample (a), PEO with xerogel (b) plus LDH-NO3 (c) and LDH-

VOx (d) separated by a dashed line to distinguish between the interface on the left side and the 

substrate on the right side of the profiles. 

 

However, it should be noted that the acid formed during the hydrolysis process does not allow 

the reactions to proceed completely. 

Al oxide gel formation occurs due to the formation of chemical bonds between sol particles 

(condensation process with elimination of a water molecule). Therefore, for gelation, it is 

necessary to promote the further condensation process.  

The epoxide-assisted method is based on the ability of alkene oxides to scavenge acids 

irreversibly, facilitating slow and controlled aluminum salt hydrolysis and sol particles’ 

condensation.  

The above explanation are resumed in form of chemical equations (1), (2) and (3): 

aluminum oxide gel formation, 

  

                                                            
       

                                 (1)                                                                                                                                                                                                                                            

                              
                   

        
     
                             (2) 
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Propylene oxide scavenges protons (and counterions) and promotes further hydrolysis 

reaction as following,  

                         

O

H
+

O
+

H

:Nu

CH3

NuH     

                                                                                                                                
      

b) Subsequently to the covering of the PEO specimens with xerogel, they are immersed in a 

solution containing zinc and nitrate precursors for LDH formation [24, 25, 28]. 

- The LDH-NO3 can be formed accordingly; 

                                    
                                                                     

(4) 

                                                                                                            

(5) 

                              
      

                                                         (6) 

 

 

Fig 8. Scheme describing the different steps to obtain the final LDH coated PEO layer. 

 

It is important to mention that the described mechanisms are simplistic. The actual processes 

taking place in the aqueous media are much more complex and are highly dependent on a 

number of factors namely the pH, the solution concentration, solvent, temperature, etc. 

(3) 
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Therefore, it can be more challenging to identify the exact reaction mechanisms and that is 

outside the current work scope. 

3.2.Electrochemical characterization 

The overall corrosion resistance of the four systems was evaluated using electrochemical 

impedance spectroscopy (EIS). The Bode plots of the systems were recorded after 1h, 48h and 

168h immersion in 0.5 % NaCl and are depicted in Fig. 9. 

At first glance into the low frequencies (10
-2 

Hz) of the different spectra, it can be clearly seen 

that the impedance modulus of the different systems continuously diminishes with time. 

Despite that, the corrosion resistance of the PEO-X system presents a better performance than 

the other three systems at the beginning (1h). This can be related to the additional barrier 

effect offered by the xerogel layer. After 168h, the PEO-X-LDH-VOx sample shows the 

highest EIS modulus.  

During the first hour of immersion, the PEO coated AA2024 exhibits three time constants. 

The first time constant at high frequencies (Freq > 10
4
 Hz) can be ascribed to a contribution 

of the barrier response of the outer layer and the pores that are initially not entirely filled up 

with solution, thus explaining the relatively high impedance at high frequencies. The second 

constant at mid-frequencies (10
0
-10

1
 Hz) represents the response from the inner barrier layer 

that appears to be stable during time. The time constant at lower frequencies (Freq < 10
-1

) can 

be ascribed to the response from the double layer capacitance and the charge transfer 

resistance due to the initiated corrosion process. 

The PEO-X sample shows the highest barrier protection at the start, this is probably due to the 

xerogel sealing properties as mentioned above. With time, the additional protection offered by 

the xerogel layer decreases and after 168h, it is no longer observed.  

In the case of PEO-X-LDH-NO3, no significant improvement of the impedance modulus can 

be noticed during the whole immersion period. Although, the LDH-NO3 is expected to show 

some increase of the corrosion protection due to a sealing effect [24-25] but it is not apparent 

in this case. This behavior can be explained by the decrease/consumption of the xerogel layer 

during the synthesis of LDH, hence reducing the sealing effect that could be provided by the 

latter.  

The PEO-X-LDH-VOx exhibits higher impedance modulus compared to PEO and PEO-X-

LDH-NO3 samples but still lower then PEO-X at the first hour of immersion. However, after 

168h it shows a better performance, while the PEO-X impedance decreases. The PEO-X-

LDH-VOx system shows fours time constant, the additional relaxation process appearing 
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between 10
1
-10

0 
Hz can be assigned to the inhibition effect of vanadate from the LDH upon 

release and formation of a thin protective layer [38].  

 

Fig. 9.  Bode plots for PEO sample, PEO-X-LDH-NO3 and PEO-X-LDH-VOx after 1h (a), 48h (b), 

and 168h (c) immersion in 0.5% NaCl solution. 

 

Localized corrosion processes was examined with the scanning vibrating electrode technique 

(SVET) after 4h, 12h and 22h immersion in 0.05M NaCl. In order to observe the self-healing 

effect on the different samples, two artificial defects of 100µm depth were drilled into the 

samples at a distance of 1mm from each other. The measuring probe was placed at 

approximately 100 µm above the sample. The SVET maps are shown in Fig. 10. 
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A clear improvement of the corrosion resistance can be noticed for the sample with LDH-

VOx. For the reference samples with only PEO, corrosion starts mainly at the defects after the 

first hours of immersion and spreads in other areas of the sample with time (22h). Significant 

corrosion activities were observed for the PEO-X samples and increase with time as it can be 

seen by the different cathodic and anodic regions on the map. 

In the case of PEO-X-LDH-NO3 sample and according to previous reported results [24], it 

was expected that the system would provide an additional protection due to the nano-trapping 

properties of LDH-NO3 since it was previously disclosed that it could trap corrosive species 

such as Cl
-
 into the galleries and contribute to the reduction of corrosion reactions taking 

place at the interface [39-40]. Yet, this response is masked and no remarkable improvement 

was observed neither in the EIS nor in the SVET results. Indeed, after longer immersion times 

until 22h, the corrosion activity also increased for the PEO-X-LDH-NO3 sample. Slight 

corrosion activity is also detected for PEO-X-LDH-VOx in the beginning. However, it does 

not increase greatly after longer immersion time, which backs up the results of the preceding 

EIS and the idea of the functionality played by vanadate in the formation of a protective layer. 

 

 

Fig. 10. Micrographs and SVET maps of PEO (a), PEO-X (b) PEO-X-LDH-NO3 (c) and PEO-X-

LDH-VOx sample (d) after 4 h, 12 h and 22 h immersion in 0.05 M NaCl. 

 

Considering all results, there is a clear potential for the use of xerogel as an intermediate post-

treatment to enable the growth of nano-structured LDH-container layers on various range of 

PEO coatings, especially for the ones that are not suitable for direct LDH growth [28]. 

Although, we demonstrated that there is an improvement in the corrosion performance, there 

is still a need to develop the process further and achieve higher efficiency. This can be 
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achieved by first,  carrying out a systematic study on PEO coatings with different 

morphologies to have a better grasp on how to associate an ideal barrier protection from the 

PEO coating itself and the sealing plus active corrosion protection from the “smart” LDH 

nanocontainers. Secondly, the parameters for both xerogel layer application pre-treatment on 

PEO and the LDH growth can be optimized (concentration, temperature, time, etc.). 

Moreover, one can think of other types of corrosion inhibitors with better corrosion 

performance and more importantly environmentally friendly which is not the case for 

vanadate that was used in this work as a model. 

 

4. Conclusion 

A novel approach of achieving active corrosion protection by means of LDH conversion 

sealing for PEO coatings has been proposed in this work. The possibility to expand the use of 

LDH-based sealing for different PEO coatings, regardless of their morphologies and phase 

composition, was demonstrated.  

The approach is based on the formation of aluminum oxide consisting xerogel in the PEO 

pores via an intermediate sol-gel treatment step. The xerogel layer itself can act as a sealing 

for the PEO pores, however, it does not provide “smart” protection on demand as it can be 

done be LDH-based nanocontainers. From another hand, xerogel can be used as a source of 

aluminum compounds for LDH formation. In frame of this work, formed LDH 

nanocontainers were loaded with vanadate as a model corrosion inhibitor, in this way 

providing an active corrosion protection to the PEO-/LDH-based hybrid coating as it was 

shown during electrochemical characterization.  

This work falls within the framework of future optimizations and surface functionalization to 

provide an active corrosion protection (and other possible functionalizations) to different 

materials, where LDH cannot be formed directly. Moreover, this work can be considered as a 

relevant step in pursuing efficient environmentally friendly corrosion protective methods 

especially in combination with the use of less toxic and more ecological corrosion inhibitors. 
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