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Abstract 
The coating procedure appears to be an indispensable finishing stage in the production of 
Al based industrial products, engineering facilities and equipment. For this reason, there is 
an ever-increasing interest towards the elaboration of reliable corrosion protective layers 
with apparent coverage, adhesion, and barrier properties. In this sense, both the formation 
of anodized aluminum oxide (AAO) layer and its further modification with silver enable the 
elaboration of advanced (Al-O-Ag) films with extended beneficial characteristics. The 
present research activities are aimed at the determination of the corrosion protective 
properties of electrochemically synthesized Al-O-Ag layers on the technically pure AA1050 
alloy. The structures and compositions of the obtained Al-O-Ag layers were characterized 
by X-ray diffractometry (XRD) and X-ray photoelectron spectroscopy (XPS). The research 
activities were accomplished by means of two independent electrochemical characteriza-
tion methods: electrochemical impedance spectroscopy (EIS) and potentiodynamic scan-
ning (PDS). The electrochemical measurements were performed after 24, 168 and 672 hours 
of exposure to 3.5 % NaCl solution used as a model corrosive medium (MCM), in order to 
determine the barrier properties and durability of the elaborated Al-O-Ag layers. The 
analysis of the obtained results has undoubtedly shown that the proposed electrochemical 
Al-O-Ag layer formation can successfully be used for the creation of self-standing layers with 
apparent corrosion protective properties. Besides, Al-O-Ag system can be used as a basis for 
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development of efficient protective layers suitable for application in biologically contami-
nated media. 

Keywords 
Al-O-Ag layers, porous structures, compositions, protective abilities. 

 

Introduction 

The widest field of use of the low doped Al alloys, such as AA1050 is the packaging of various 

nutrition products and soft drinks [1-4]. However, reliable packaging requires additional surface 

protection of Al-based materials, prior to being in contact with whatever nutrition product. This 

requirement arises for prevention of Al-ions resorption from such packaging materials [5-7], which 

endangers human health [8,9]. Anodization is a simple and reliable method for the formation of 

highly-ordered and self-organized porous oxides [10-14]. This method enables the formation of 

reliable, large-scale, protective oxide layers using relatively simple equipment. Besides, the resulting 

anodized aluminum oxide (AAO) possesses remarkable corrosion protective abilities after extended 

periods of exposure to model corrosive media [15,16]. 

The incorporation of silver is an efficient method for the further extension of the corrosion 

protective properties of the already formed AAO layers because Ag-compounds prevent the 

occurrence of Microbially Influenced Corrosion (MIC). MIC is an electrochemical process where 

micro-organisms can initiate, facilitate or accelerate corrosion reactions through interaction among 

the components of the metal-solution-microorganisms system [17]. According to recent research, 

MIC can appear in various media [18,19], including water supply and irrigation pipe systems [19], 

marine environments [20], in both tropic [20] and arctic [21] conditions, also in fuel tanks [22,23], 

etc. Figure 1 presents a schematic illustration of localized MIC on aluminum alloy, according to the 

concepts described in [14].   
 

 
Figure 1. Schematic presentation of microbial tubercle causing localized MIC according [14] 

The beneficial properties of silver and its ions are not limited only to their confirmed bactericide 

properties, recently widely investigated [24–40]. Materials, containing this element possess also 

definitively catalytic [41–43] and photocatalytic [44–57] properties. Furthermore, Bu et al. [58] have 

proposed even hydrogen production by Ag2O based photocatalyst.  

The specific combination of the benefits provided by anodization and the further deposition of 

silver applied to the widely used low-doped aluminum alloy has inspired the present research on 

the surface characteristics and corrosion protective abilities of the resulting Al-O-Ag films in 

comparison to unmodified AAO layers and bare Al samples. In this sense, the present study is an 
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extension of previous systematic research works [59,60] devoted to such electrochemically 

synthesized Al-O-Ag layers.   

The aim of the present paper is to clarify the structural and compositional features of the 

electrochemically synthesized Al-O-Ag films on the conventional AA1050 alloy and to define their 

corrosion protective capabilities up to 672 hours of exposure to 3.5 % NaCl solution (serving as 

MCM). The clarification of these aspects should further extend the investigations already performed 

on the proposed electrochemically synthesized Al-O-Ag layer.    

Experimental  

Surface treatments and films formation  

All experimental procedures were performed on three sets of samples, represented by two Al 

AA1050 coupons. The metallic samples underwent the surface treatment procedures, described in 

Table 1. 

Table 1. Description of samples and film preparation conditions 

Sample groups Surface treatment procedures 

References Preliminary treatments - - 

AAO layers Preliminary treatments Anodization - 

Al-O-Ag layers Preliminary treatments Anodization Silver deposition 
 

Preliminary treatment: This step included annealing, degreasing in CCl4 and final washing with 

double-distilled water, followed by brightening in solution, containing CrO3 (20 g dm-3) and 85 % 

H3PO4 (15 cm3 dm-3), at 85 °C. These procedures were finished by further cleaning with tap and 

double-distilled water and subsequent drying at room temperature. 

Anodization: This process was performed in 15 wt% H2SO4 at constant current density (15×10-3 A 

cm-2) at 20 °С, for 50 min. Two of these samples were set apart and denominated as AAO layers. 

Finally, all anodized specimens were washed with tap and double-distilled water and dried at room 

temperature. 

Silver deposition: This final stage was carried out by AC-polarization (sinusoidal, 50 Hz) at a 

nominal voltage of 20 V in an electrolyte, composed of AgNO3 (1.51 g dm-3) and H3BO3 (45 g dm-3), 

at 20 °С. The resulting specimens were designated as Al-O-Ag film samples. Finally, these samples 

were also cleaned and dried under the above-mentioned conditions.  

Comparative test procedures  

The already treated samples underwent surface analyses by means of X-ray diffractometry (XRD), 

X-ray photoelectron spectroscopy (XPS) and also electrochemical analyses after extended periods of 

exposure to chloride containing MCM.  

X-ray diffractometry: This analysis was performed with a Philips PW 1050 vertical automatic 

diffractometer, equipped with a secondary graphite monochromator, operating with CuKα radiation 

and scintillation counter. The diffraction curves were recorded in angular interval from 10 to 80 

angular degrees 2θ with step 0.04° and 1 sec exposure. 

XPS analysis: XPS measurements were carried out on preliminary scraped Al-O-Ag layer by AXIS 

Supra electron-spectrometer (Kratos Analytical Ltd.) using achromatic AlKα radiation with a photon 

energy of 1486.6 eV. Aiming for more detailed spectra, the emission current for the spectra of Ag3d 

and Ag MNN was set to 25 mA and the resolution was 40, while for the wide scan the emission 

current was 15 mA and the resolution was 160. The energy calibration was performed by 
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normalizing the C1s line of adsorbed adventitious hydrocarbons to 284.6 eV. The binding energies 

(BE) were determined with an accuracy of ± 0.1 eV. The changes in composition and chemical 

surrounding in the depth of the films were determined monitoring the areas and binding energies 

of C1s, O1s, Ag3d and Al2p photoelectron peaks. Using the commercial data-processing software of 

Kratos Analytical Ltd. the concentrations of the different chemical elements (in atomic %) were 

calculated by normalizing the areas of the photoelectron peaks to their relative sensitivity factors. 

Electrochemical analysis: These measurements were performed employing two analytical 

electrochemical methods, after 24, 168 and 672 hours of exposure to 3.5 % NaCl solution as model 

corrosive medium (MCM). These electrochemical techniques were electrochemical impedance 

spectroscopy (EIS) and potentiodynamic scanning (PDS). The EIS spectra acquisitions were performed 

using a three-electrode configuration connected to Autolab PG-stat 30, equipped with a frequency 

response analyzer (FRA-2 module). The electrochemical cells containing 100 ml of MCM, provided 

radial concentric positioning of the electrodes. All measurements were performed against an 

Ag/AgCl/3M KCl reference electrode positioned 10 mm above the corrosion test areas (CTA) of the 

specimens. The electrochemical cell was completed with a cylindrical Pt-mesh mounted around the 

reference electrode. The CTA of the samples (Figure 2) was determined to be 2 cm2. 
 

 
Figure 2. Images of investigated samples after extended periods of exposure to  

3.5 % NaCl model corrosive medium 

The EIS spectra were acquired in the frequency range from 10 kHz to 0.01 Hz, distributed in 50 

measurement points with suitable amplitudes of the excitation signal against the open circuit 

potential (OCP), in order to acquire readable spectra. In this study, these amplitudes were 10 mV 

for the referent samples and 80 mV for the electrochemically treated ones, respectively. The 

application of different amplitudes was imposed by the need for overcoming the remarkable 

resistance of the AAO and Al-O-Ag layers, resulted from the dielectric properties inherent for the 

basic Al2O3 matrix. On the other hand, this amplitude value was too high for the reference samples, 

and causes polarization of the electrode, resulting in deformed impedance spectra and 

electrochemically enforced excessive corrosion. 
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The OCP values were determined directly prior to the respective EIS measurements. The 

subsequent potentiodynamic curves were acquired after the EIS spectra. The PDS were obtained 

from -30 to +500 mV against OCP with a voltage sweep rate of 5 mV s-1. Since previous works [15,16], 

dedicated to anodization of technically pure AA1050 alloy, have shown that the electrochemical 

behavior of the samples reveals satisfying repeatability, the measurements were performed twice. 

Results and discussion 

X-ray diffractometry  

The XRD spectra did not reveal any distinguishable features among the different samples. Only 

characteristic peaks for Al metallic substrates were registered for all types of samples. However, at 

low angles, between 10 and 30 angular degrees, a more intensive noise signal was registered for 

AAO and Al-O-Ag layers, which was clearer in the former case (Figure 3).   
 

 
2 / o 

Figure 3. Superposition of XRD spectra acquired from samples of each investigated set 

These features reveal that both AAO and Al-O-Ag layers possess definitely amorphous structures 

and no crystalline phase was formed. The flatter noisy plateau in the case of Al-O-Ag layer compared 

to the one of the AAO layer, is probably related to the shielding of AAO pore walls and bottoms by 

rather thin films of Ag deposits. This explication seems more plausible than any suggestion related to 

alterations of the thickness of the basic porous AAO matrix, promoted by the electrochemical Al-O-Ag 

layer formation. Indeed, previous research has shown that the thickness of formed AAO layer under 

such conditions is about 20 μm [61,62] and the AC-assisted silver deposition does not result in 

alteration of the oxide layer thickness [59,60]. Consequently, the lower XRD plateau in the case of Al-

O-Ag is probably a result of the quenching of the X-ray signal, reflected by the porous AAO matrix.  

The chemical composition of the Al-O-Ag system and oxidation states of its components were 

further investigated by means of XPS.  

XPS analysis  

In a previous study [60], we have not succeeded to detect any silver traces on the surface of the 

Al-O-Ag system, because Ag deposition proceeds on the pore bottoms and walls, the present sample 

was preliminary scraped by 1200 grid sandpaper prior to XPS analysis. This approach has enabled to 
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detect and analyze the silver deposits inside the pores of the oxide film. The XPS patterns acquired 

from the combined Al-O-Ag layer are shown in Figure 4. 
 

 
 Binding energy, eV Binding energy, eV 

 
Binding energy, eV 

Figure 4. Integral and convoluted XPS spectra acquired from Al-O-Ag film 

The detailed Ag3d spectrum possessed low intensity, being rather noisy due to the low content 

of this element inside the oxide layer (0.4 at%). The further deconvolution of this spectrum has 

revealed that this element is in the form of Ag+ ions, since the main peak of Ag3d5/2 is positioned 

at 368.0 eV, and the spin-orbital splitting is 6 eV, being typical for the ionic state of silver. Some 

negligible traces of metallic Ag0 were detected, as well. The Auger spectrum of this element [63] 

also confirms the ionic state of this element. The spectrum noise has imposed further linear fitting. 

As a result, it was established that at both peaks associated with Ag M5N45N45 and Ag M4N45N45, the 

Auger electrons are situated at 352.4 eV and 359.9 eV, respectively. The values of the modified 

Auger electron parameters for these peaks are 720.4 and 727.9 eV, respectively. Consequently, 

silver deposition proceeds with oxidation of silver. Following the basic concepts [64-69], Ag 

oxidation probably proceeds with the inward O2- ion migration from the electrolyte, across the 

surface of AAO pore bottoms and walls. This oxidation is a result of the applied potential during the 

negative semi-period of the AC-signal, during the electrochemical Ag-deposition (i.e. when the 

samples play the role of cathodes).  

The positive semi-periods promote anodic polarizations, which in turn, result in oxygen evolution, 

providing oxygen enrichment near the electrode surface (Eq. 1).  
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6H2O → 4H3O+ + O2 + 4e−  (1) 

These excessive amounts of dissolved oxygen near the Al-O-Ag layer oxidize the adjacent Ag+ ions 

from the electrolyte (Eq. 2) and intensify the above-mentioned migration of O2- ions, which react 

directly with Ag+ ions, entered inside the pores.  

4Ag+ + 4e− + O2 → 2Ag2O  (2) 

Any amount of metallic Ag already deposited on AAO pores surfaces undergoes additional 

electrochemical (Eq. 3) and/or chemical (Eq. 4) oxidation: 

2Ag + O2- → Ag2O + 2e− (3) 

4Ag + O2 → 2Ag2O (4) 

Namely, the mahogany color of the obtained Al-O-Ag layers, shown in Figure 2, is the obvious 

evidence for the oxidized form of silver, proposed in previous studies [70].  

The peak in the spectrum of the main metallic component Al, which composes Al-O-Ag layer is 

situated at 74.1 eV. This fact shows that aluminum is only in the form of Al2O3 (Eqs. 5 and 6). This 

oxide is predominantly formed during anodization, where the AAO layer grows in both inward and 

outward directions at the metal/oxide (Eq. 5) and oxide/electrolyte (Eq. 6) interface: 

2Al0 + 3O2- → Al2O3 + 6e- (5) 

4Al3+ + 3O2 → 2Al2O3 + 12e- (6) 

In conclusion, it can be inferred that the combined Al-O-Ag layer is composed by amorphous 

Al2O3 with Ag2O deposits on the pore bottoms and walls. The oxidized state of silver deposits is 

evinced by the deconvoluted Ag 3d spectrum and the respective Auger spectra analyses.  

The quantitative analysis of the element content of Al-O-Ag system has shown that the main 

elements composing the film are accompanied by alloying elements (i.e. Zn) and traces of the 

electrolytes used during the sample treatments (S, N, Cl, Cr and P), as shown in Table 2.   

Table 2. Elemental composition of Al-O-Ag established by XPS analysis 

Content, at% 

O Ag Al Zn S N Cl Cr P Others 

78.60 0.40 15.60 0.07 1.40 1.80 1.00 1.00 0.10 0.03 
 

Table 2 also shows that although the layer is composed almost entirely of amorphous Al2O3, the 

oxygen content is higher than the stoichiometric. This finding can be explained with entrapped 

water in the pores, which is retained by capillary forces. This is in accordance to previously published 

research [62], where it was established that anodization of this alloy results in definitely hydrophilic 

surface. The rather low silver content is a result of the low efficiency of the electrochemical silver 

deposition that was already established in another investigation [61], where the key reason for the 

low Ag deposition efficiency is ascribed to various electrochemical reactions which consume the 

applied electric charge.  

Zn occurrence in Al-O-Ag layer is an obvious result of cationic currents passing from the metallic 

substrate to the growing oxide layer during anodization and also during the anodic semi-periods of 

the subsequent AC-polarization, as proposed by Charlesby [68]. This element was previously 

detected [62], and it was suggested that Zn content is a result of either Zn2+ ions migration from the 

metallic substrate to the growing oxide layer, or of direct inclusion of intermetallics during the 

inward growth of AAO at the metal/oxide interface.   

The sulfur content originates from the sulfuric acid used for the sample anodization. The 

phenomenon of sulfur inclusion in AAO layers is described by Wernick et al. [71] and Thompson et 
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al. [72], and it was later confirmed at anodization of high doped [59,60] and low doped [61,62] 

aluminum alloys. 

The rest detected elements originate from the solutions used for sample treatment and the 

formation of Al-O-Ag system. Thus, preliminary treatment supplies P and Cr from the brightening 

solution (containing H3PO4 and CrO3) and probably from the basic alloy composition, Cl originates from 

the degreasing by CCl4, whereas N originates from AgNO3 electrolyte used for silver deposition. 

Electrochemical measurements  

Because of the predominantly electrochemical inherence of the corrosion processes, the 

electrochemical analytical methods are most suitable for the determination of corrosion mitigation 

rate. Following the concepts described in previous studies [73], the corrosion protective properties 

can simply be divided into barrier ability and durability. The former can be described as rate of 

hindering of the access of corrosive species to the metallic surface, whereas the latter corresponds 

to the aptitude of the surface layer to keep its barrier properties after extended exposure to a 

corrosive medium. The results acquired via EIS and PDS after 24, 168 and 672 hours of exposure to 

3.5 % NaCl model corrosive medium are discussed below. 

EIS results 

In order to obtain reliable results, the experiments were performed on two samples of each group. 

The impedance spectra acquired after 24 hours of exposure have shown quite different shapes (Figure 

5), obviously requiring different model equivalent circuits (MEC) for numerical data acquisition.  

The most remarkable difference between the reference and anodized samples is that the Nyquist 

plots of the former reveal semi-circles, whereas the latter are in form of slightly curved (for AAO) and 

straight (for Al-O-Ag) lines. Furthermore, after 168 hours of exposure, the reference samples show a 

slight increase of the semi-circle accompanied by disappearance of the low frequency tail. The 

comparison of impedance spectra in Figure 5 with the photographs in Figure 2 reveals that the 

reference samples have already corroded even before the initial 24 h period of exposure to the model 

corrosive medium. Indeed, the shapes of the spectra for these samples do not suffer considerable 

change, although the obvious impact of the corrosion on the sample surfaces shown in Fig. 2. The 

weak changes in the Nyquist plots are concordant with the negligible differences between the average 

diagrams in the respective Bode plots. Thus, for the referent samples, only a slight displacement of 

the phase shift maximum towards lower frequencies after 168 h of exposure is observed. 

The obvious difference between the Nyquist plots for the referent and other groups of AAO and 

Al-O-Ag samples reveals that the formed oxide layers possess almost pure capacitive character, 

originated from the dense barrier layer under the pores. This capacitive behavior is even further 

enhanced after Ag deposition. On the other hand, the difference between AAO and Al-O-Ag layers 

is more evident in the respective Bode plots. The (log|Z|/log f) curves of the referent samples reach 

4.5, at 0.01 Hz, corresponding to the impedance magnitude |Z| of 50 kΩ cm2, while for both types 

of anodized specimens, this value is higher than 10 MΩ cm2. This remarkable impedance value 

reveals the significant barrier properties possessed by both AAO and Al-O-Ag layers. 

Although, both types of layers reveal typical capacitance spectra after 24 hours of exposure, AAO 

layers reveal a decay of phase shift (φ / log f)-curve at the high frequency domain after 672 hours 

of exposure. Consequently, the silver containing layers are more durable and keep their obvious 

barrier properties during the entire exposure period. Their distinct durability is a result of the 

deposition of silver oxide on the pore bottoms and walls. These notable differences in the shapes of 

the impedance spectra originate from the respective surface film properties and require different 
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MECs for the extraction of numerical data (Tables 3 and 4). All used MECs (Figure 6) are composed 

of consecutive RC unit connections. 

 

 
Figure 5. EIS spectra acquired after 24, 168 and 672 hours of exposure of the investigated 

samples to the model corrosive medium, represented in Nyquist (a) and Bode (b) plots 

In some of MECs, the capacitances were replaced with constant phase elements (CPE) in the 

cases where the maxima of the phase shift (φ / log f)-curve does not reach -90°. This indicates an 

incomplete capacitance, revealing occurrence of defects in the surface oxide layer. In the present 

case, these oxide layer imperfections are related to its amorphous structure, which predetermines 
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variations in the density of the film. In both cases of AAO and Al-O-Ag layers, the oxide and electric 

double layers reveal pure capacitance, because the formed films possess remarkable thickness of 

about 20 µm, established in previous works [59,60,62]. In addition, according to the literature 

[11,12,64–66], these layers are composed of a thick porous layer and a dense barrier layer 

underneath. Namely, this dense layer predetermines the capacitive character of the whole AAO film. 

In the case of Al-O-Ag layers, a diffusion constant phase element (CPEdiff) is added which most 

probably is related to the hindering of the transport of interstitial ions and point defects through 

the dense barrier layer. 

Thus, the appearance of this additional element reveals that the presence of silver obviously 

influences the characteristics of this underlayer. The influence of this process lies in the fact that it 

is performed in AC-regime. 
 

 
Figure 6. Model Equivalent Circuits used for the EIS spectra fitting for the (a) references,  

(b) AAO and (c) Al-O-Ag layers (RMCM – resistance of the model corrosive medium; Roxy –resistance of MCM 
penetrated inside the oxide layers, whose resistances are assigned as RAAO and RAl-O-Ag, respectively;  

Rct – charge transfer reactions resistance, reflecting the electrochemical corrosion reactions under the oxide 
layer defects; R(oxy + ct) – resistance of the MCM penetrated through the oxide layer defects and of the charge 
transfer related to the electrochemical corrosion reactions between the penetrated MCM and the metallic 

surface domains under the oxide layer defects; CPE(oxy+edl) – constant phase element comprising the 
capacitance of the oxide layer and the electric double layer between the penetrated MCM and the bare 

metal surface under the defects. CPEdiff – constant phase element related to the obstruction of the diffusion 
of MCM components across the oxide layers defects (in the case of Al-O-Ag layer, the mentioned defects are 

under the pore bottoms); CAAO and CAl-O-Ag – capacitances, originated from the insulating properties of the 
respective AAO and Al-O-Ag films; Cedl - capacitance of the electric double layer, between the bare metallic 

surface, under the defects and the MCM, penetrated across them)   

Thus, the cathodic semi-periods cause partial cathodic dissolution, which results in localized 

alkalization, especially in the pores (Eq. 7). This reaction leads to a more defective dense underlayer, 

due to oxide dissolution (Eq. 8). 

2H2O + O2 + 4e- → 4OH- (7) 

Al2O3 + 3H2O + 2OH- → 2Al(OH)4
- (8) 
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The polarization during the anodic semi-periods promotes oxidation processes, which result in a 

partial obstruction of the already formed defects in the dense sublayer. Thus, the free Al(OH)4
- ions 

and the deposited Ag domains convert to insoluble oxides (Eqs. 9–11). 

O2 + 4e- → 2O2- (9) 

2Al(OH)4
- + 2O2- → Al2O3 + 2H2O (10) 

4Ag + 2O2 → 2Ag2O  (11) 

From recent works devoted to the electrochemical Ag2O formation in alkaline electrolytes [74–

77], it can be inferred that the localized alkalization inside AAO pores during the electrochemical 

silver deposition also contributes to the formation of Ag2O.   

The numerical data obtained by fitting of the acquired EIS spectra after 24 hours of exposure are 

summarized in Table 3.  

Table 3. Numerical values of MEC elements acquired after fitting of EIS spectra obtained after 24 of 
exposure to MCM 

Referent samples after 24 h of exposure 

Element Sample 1 Sample 2 Average values 

RMCM / Ω cm2 
CPEoxy+edl / sn (Ω cm2)-1 

n 
Roxy+ct / Ω cm2 

CPEdiff / sn (Ω cm2)-1 
n 

10.74 ± 0.09 
(16.98 ± 0.12)×10-6 

0.97 ± 0.01 
(26.38 ± 0.83)×103 

(87.75 ± 42.02)×10-5 

0.63 ± 0.01 

11.29 ± 0.09 
(11.91 ± 0.11)×10-6 

0.95 ± 0.01 
(40.40 ± 1.06)×103 

(70.25 ± 31.97)×10-5 

0.65 ± 0.01 

11.02 ± 0.09 
(14.45 ± 0.12)×10-6 

0.96 ± 0.01 
(33.39 ± 0.95)×103 

(79.00 ± 37.00)×10-5 

0.64 ± 0.01 

AAO-layers after 24 h of exposure 

RMCM / Ω cm2 
CAAO / F cm-2 
RAAO / Ω cm2 
Cedl / F cm-2 
Rct / Ω cm2 

12.61 ± 1.01 
(1.33 ± 0.03)×10-6 

(74.60 ± 12.73)×106 

(4.65 ± 0.42)×10-6 
(35.10 ± 9.44)×103 

12.90 ± 1.22 
(1.39 ± 0.03)×10-6 

(52.90 ± 13.14)×106 

(4.26 ± 0.41)×10-6 

(43.40 ± 12.56)×103 

12.76 ± 1.12 
(1.39 ± 0.03)×10-6 

(63.75 ± 12.94)×106 
(4.46 ± 0.42)×10-6 

(39.25 ± 11.00)×103 

Al-O-Ag layers after 24 h of exposure 

RMCM / Ω cm2 
CAl-O-Ag / F cm-2 
RAl-O-Ag / Ω cm2 

Cedl / F cm-2 
Rct / Ω cm2 

CPEdiff / sn(Ω cm2)-1 
n 

9.58 ± 0.59 
(3.08 ± 0.29)×10-6 

2189.40 ± 35.97 
(12.74 ± 0.19)×10-6 
(13.35 ± 0.34)×103 
(60.75 ± 0.18)×10-8 

0.95 ± 0.01 

6.38 ± 0.37 
(4.58 ± 0.33)×10-6 

2263.00 ± 37.77 
(10.47 ± 1.39)×10-6 

(16.48 ± 1.86)×103 

(62.80 ± 0.17)×10-8 

0.93 ± 0.01 

7.98 ± 0.48 
(3.83 ± 0.31)×10-6 

2226.00 ± 36.87 
(11.61 ± 0.79)×10-6 

(14.92 ± 1.10)×103 

(61.78 ± 0.18)×10-8 

0.94 ± 0.01 
 

The data of the capacitance elements (including CPEs) ascribed to the oxide films and the electric 

double layers are in the range of 1 to 17 µF cm-2 for all samples, revealing that the dense sublayers of 

both AAO and Al-O-Ag are with similar thicknesses to those of the native oxide layers of the referent 

samples. However, CPEdiff of Al-O-Ag layers are with three entire orders of magnitude lower than those 

of the referent samples. This fact shows that the diffusion of corrosive species from MCM (like Cl-, OH- 

ions, dissolved O2, etc.) through the Al-O-Ag layer is much more suppressed than this across the native 

oxide layers of the referent electrodes. The absence of CPEdiff in the case of AAO layers suggests that 

the barrier layer underneath the AAO pores is sparse, due to its amorphous structure. Indeed, the XRD 

analysis has revealed amorphous alumina, which has a density of between 2.66 and 3.40 g cm-3 
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[78,79], lower than this of the crystalline corundum. Hence, the barrier layer does not completely 

prevent the access of corrosive species like Cl- ions towards the metallic surface. 

Nevertheless, the average value of CPEdiff for Al-O-Ag layers is about 0.62 µF cm-2 resembling 

great capacitive reactance. This fact is a result of the sealing of the pore bottoms and walls by Ag2O, 

which strongly hinders the access of MCM ions to the metallic surface (across the dense AAO 

sublayer). However, due to the semiconductor properties of Ag2O established by Talukdar et al. [80] 

the formed layer of silver oxide deposits also does not completely hinder the charge diffusion 

between the sealed pore bottoms and the metallic surface of the substrate. That is why, the 

exponential multiplier (n) of the CPEdiff element for Al-O-Ag systems does not reach unit, although 

it is close to this value. 

At the end of the exposure periods (i.e. 168 h for the references and 672 h for the treated 

samples), the EIS spectra did not change in shape significantly (Figure 4). The numeric data acquired 

by fitting of EIS spectra at the end of the exposure periods are summarized in Table 4. 

Table 4. Numerical values of MEC elements acquired after fitting of EIS spectra obtained at the end of the 
exposure to MCM 

Referent samples after 168 h of exposure  

Element Sample 1 Sample 2 Average values  

RMCM / Ω cm2 

CPEoxy+edl / sn (Ω cm2)-1 

n 

Roxy+ct / Ω cm2 

CPEdiffl / sn (Ω cm2)-1 

n 

8.12 ± 0.15 

(36.56 ± 0.62)×10-6 

0.90 ± 0.01 

(39.96 ± 0.27)×103 

(25.48 ± 1.55)×10-4 

0.73 ± 0.01 

11.16 ± 0.06 

(18.78 ± 0.18)×10-6 

0.98 ± 0.02 

(42.80 ± 0.64)×103 

(25.78 ± 1.52)×10-4 

0.75 ± 0.01 

9.64 ± 0.11 

(27.67 ± 0.40)×10-6 

0.94 ± 0.02 

(41.38 ± 0. 46)×103 

(25.63 ± 1.54)×10-4 

0.74 ± 0.01 

AAO layers after 672 h of exposure 

RMCM / Ω cm2 
CAAO / F cm-2 
RAAO / Ω cm2 
Cedl / F cm-2 
Rct / Ω cm2 

34.00 ± 3.55 
(1.18 ± 0.04)×10-6 

(63.30 ± 34.27)×106 

(139.90 ± 26.57)×10-9 

(1.15 ± 0.14)×103 

23.00 ± 3.26 
(1.22 ± 0.06)×10-6 

(57.00 ± 27.91)×106 
(140.40 ± 21.66)×10-9 

(0.97 ± 0.12)×103 

33.50 ± 3.44 
(1.20 ± 0.05)×10-6 

(60.20 ± 31.09)×106 
(140.15 ± 24.12)×10-9 

(1.06 ± 0.13)×103 

Al-O-Ag layers after 672 h of exposure 

RMCM / Ω cm2 
CAl-O-Ag / F cm-2 
RAl-O-Ag / Ω cm2 

Cedl / F cm-2 
Rct / Ω cm2 

CPEdiff / sn (Ω cm2)-1 
n 

29.57 ± 0.35 
(0.40 ± 0.02)×10-6 

629.00 ± 1.11 
(1.94 ± 0.10)×10-6 

(9.50 ± 0.06)×103 
(63.45 ± 0.50)×10-8 

0.93 ± 0.01 

22.71 ± 0.43 
(0.76 ± 0.04)×10-6 

637.30 ± 1.80 
(2.16 ± 0.16)×10-6 

(4.50 ± 0.05)×103 
(63.19 ± 0.20)×10-8 

0.93 ± 0.01 

26.14 ± 0.39 
(0.58 ± 0.03)×10-6 

633.20 ± 1.46 
(2.10 ± 0.16)×10-6 

(7.00 ± 0.06)×103 
(63.32 ± 0.35)×10-8 

0.93 ± 0.01 
 

The comparison of the EIS data from Tables 3 and 4 reveals that the samples did not suffer serious 

changes during their exposure to the 3.5 % NaCl solution. In the case of the referent samples, the 

lack of notable changes in the values of the impedance elements suggests that the corrosion process 

has begun even before the initial measurements after 24h of exposure. Thus, only CPEdiff has 

changed its value from 7.90×10-4 to 25.63×10-4 sn (Ω cm2)-1, revealing intensification of the 

perforation of the native oxide layer by Cl- ions. However, the exponential multiplier (n) slightly 

increased its value, showing that after 168 hours of exposure, Cl- ions penetration is already slightly 
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hindered by polyoxoaluminate corrosion products, as proposed elsewhere [73]. The values of all the 

rest capacitance and resistance elements of the reference electrodes remain almost the same, 

showing the steady corrosion of these samples in 3.5 % NaCl solution.  

Even 672 hours of exposure did not change the impedance parameters of the obtained AAO and 

Al-O-Ag layers. In the case of AAO layers, only the charge transfer resistance (Rct) has dropped from 

39.25 kΩ cm2 to 1.06 kΩ cm2. Nevertheless, the electric double layer capacitance (Cedl) has changed 

from 4.46 to 0.14 μF cm-2, showing rise of the respective capacitive reactance most likely due to the 

obstruction of the defects in the dense sublayer by corrosion products. Furthermore, probably 

during the exposure of the anodized samples, Cl- ions have reached the metallic surface, but the 

resulting corrosion products have already sealed the oxide layer, decreasing its electric capacity.  

The weakest changes in the impedance parameters were registered for Al-O-Ag layers. The 

difference of all capacitance and resistance values was between two and four folds, and only the 

oxide layer parameters (CAl-O-Ag and RAl-O-Ag) exceeded a half order of magnitude. The charge transfer 

resistance value detected after 672 hours of exposure was only twice lower than the initially 

registered one (from 14.92 to 7.00 kΩ cm2). 

The explication for this fact is related to the sealing of the pore bottoms and walls by the Ag2O 

deposits, which hinders the access of Cl- ions to the substrate surface across the porous layer. 

Consequently, the corrosive species from MCM can reach the surface of the metallic substrate only 

through the oxide layer. Hence, these species would have to overcome about 20 μm film thickness. 

The retention of the very low CPEdiff values of about 0.63 µF cm-2 and high, near to unit value of n 

for the entire 672 hours of exposure, confirm the suggestion for the considerable hindering of MCM 

ions reaching the metallic surface. 

Potentiodynamic scanning (PDS) results  

The images in Figure 7 reveal a great difference between the referent and the rest samples. This 

fact is an obvious consequence of the anodization process, which results in the growth of a thick 

alumina layer. In addition, the potentiodynamic curves show that the reference samples suffer 

intensive uniform corrosion, without any signs of localized corrosion. The absence of localized 

corrosion suggests that their surfaces are rather uniform, due to the relatively high purity of the 

basic substrate material (i.e. 99.5 % aluminum).  

For comparison, the curves of both AAO and Al-O-Ag samples have almost horizontal anodic 

branches, showing almost complete passivation of the metallic substrates by the respective oxide 

layers. The deposition of Ag2O did not show distinguishable contribution to the barrier ability of the 

resulting combined Al-O-Ag films, compared to the AAO ones, due to the low Ag-deposition efficiency, 

established in previous works [70]. Nevertheless, these films should be more durable than the 

anodized only layers, because of the pore bottoms and walls obstruction by the Ag2O deposits, 

commented in the previous paragraph. In addition, the slight shifting of the corrosion potential (Ecorr) 

values, and the relatively lower current densities of the curves acquired from Al-O-Ag films, compared 

to those of the AAO layers reveal the superior protective characteristics of the former ones. The Tafel 

slope analysis has uncovered additional information regarding the polarization resistance (Rp) and Ecorr 

acquired from the potentiodynamic scanning curves. 

The average values (AV) were determined with the deviations, predetermined by the difference 

between the higher (HV) and the lower (LV) modulus of Rp or Ecorr values. 
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Figure 7. Potentiodynamic curves acquired after 24 hours (a) and at the end (b) of the exposure 

of investigated samples to MCM 

HV + LV HV - LV
AV= ±

2 2
 (12) 

The numerical values, extracted from the Tafel slope analysis have also revealed that both AAO 

and Al-O-Ag layers render three orders of magnitude higher Rp values (in the order of 15 MΩ cm2), 

compared to those of the reference samples (about 10 kΩ cm2), as shown in Table 5. 

Table 5. Numerical values of corrosion potential (Ecorr) and polarization resistance (Rp), acquired from Tafel 
slope analysis of PDS curves obtained after 24 hours of exposure to MCM 

Measure Sample 1 Sample 2 Average values 

Reference samples after 24 hours of exposure 

Ecorr / mV vs. Ag/AgCl 
Rp / kΩ cm2 

-709 
11.13 

-715 
6.96 

-712 ± 3 
9.05 ± 2.09 

AAO layers after 24 hours of exposure 

Ecorr / mV vs. Ag/AgCl 
Rp / kΩ cm2 

-485 
13.48×103 

-381 
17.88×103 

-433 ± 52 
(15.68 ± 2.20)×103 

Al-O-Ag layers after 24 hours of exposure 

Ecorr / mV vs. Ag/AgCl 
Rp / kΩ cm2 

-207 
16.97×103 

-226 
14.13×103 

-217 ± 10 
(15.55 ± 1.42)×103 

 

The anodization and silver deposition also result in remarkable shifting of Ecorr in positive 

direction, from -712 mV for the references, to -217 mV for the Al-O-Ag layers. This Ecorr shifting is an 

undoubted consequence of the modifications of the surface chemical composition, described in the 

previous paragraphs. The larger deviation between the AAO layers of ± 52 mV is probably due to the 

access of different MCM species (like Cl-, OH- ions, dissolved O2, etc.) through the pore bottoms to 

the surface of the metallic substrate. Such a distinguishable access registered for the AAO layers is 

a result of the amorphous structure of the investigated oxide films. 

The final potentiodynamic scans acquired after 168 hours for the references and 672 hours of expo-

sure for the rest groups have shown almost the same values (Table 6) like the initial ones (Table 5). 
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Table 6. Numerical values of corrosion potential (Ecorr) and the polarization resistance (Rp), acquired after 
Tafel slope analysis of PDS curves obtained at the end of exposure to MCM 

Measure  Sample 1 Sample 2 Average values 

Reference samples after 168 hours of exposure 

Ecorr / mV vs. Ag/AgCl 

Rp / kΩ cm2 

-755 

11.41 

-833 

8.70 

-794 ± 39 

10.05 ± 1.36 

AAO layers after 672 hours of exposure 

Ecorr /mV vs. Ag/AgCl 

Rp /kΩ cm2 

-291 

15.63 x 103 

-306 

15.94 x 103 

-299 ± 8 

(15.79 ± 0.15) x 103 

Al-O-Ag layers after 672 hours of exposure 

Ecorr /mV vs. Ag/AgCl 

Rp /kΩ cm2 

-253 

16.51 x 103 

-235 

14.09 x 103 

-244 ± 9 

(15.30 ± 1.21) x 103 
 

This fact reveals that the samples did not suffer distinguishable changes during their exposure to 

MCM. In the case of the reference samples, it can be inferred that the corrosion process has begun 

even before the initial 24 hours of exposure. In the cases of AAO and Al-O-Ag films, the layers have 

kept their barrier ability, showing remarkable durability. The unique differences between the data 

in Tables 5 and 6 are related to the Ecorr values of the AAO layers. After 672 hours of exposure, their 

values are displaced in a positive direction from about -433 mV to around -299 mV, probably due to 

obstruction of AAO layers by Keggin-like polyoxoaluminate corrosion products, as proposed in [73]. 

This suggestion also explains disappearance of the difference between Ecorr values for AAO samples 

(from 52 to only 8 mV). 

The comparison of Figure 7a and Figure 7b reveals that PDS curves of AAO and Al-O-Ag layers 

have exchanged their positions after 672 of exposure. This fact is confirmed by the data in Tables 5 

and 6, as well. These data reveal that AAO layers have shifted their Ecorr values with 134 mV in 

positive direction, whereas for Al-O-Ag layers the shift is by only -27 mV in the opposite direction. 

These facts show that Al-O-Ag system is more stable and does not change its chemical composition 

during the entire exposure period. 

The considerable potential shift in the case of AAO towards nobler values is probably due to the 

already commented obstruction of AAO pores by polyoxoaluminate products. The difference 

between this potential shift for the respective oxide layers is an additional evidence for the 

remarkable durability of Al-O-Ag layer since its pore walls and bottoms are sealed by Ag2O. 

Conclusions 

The present study is devoted to the structural and compositional characterization of AA1050 

aluminum substrates after formation of thick oxide layers by means of anodization (AAO) and the 

subsequent electrochemical modification by silver deposition (Al-O-Ag). The used combination of 

analytical techniques XRD, XPS, and electrochemical tests after extended times of exposure to 

model corrosive medium, have led to several main conclusions. XRD patterns have shown 

completely amorphous structures of both AAO layer types, with and without silver.  

XPS analysis of the chemical composition of Al-O-Ag layers has revealed that this film is composed 

of Al2O3 with traces of intermetallics originating from the metallic substrate and the used treatment 

solutions. Their content was even higher than this of silver. The most important conclusion from XPS 

analysis is that the deposited silver is in oxidized form. Furthermore, the determined oxygen content 

showed entrapped water in the layer pores.  
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The electrochemical measurements via EIS and PDS were performed after different periods of 

exposure to 3.5 % NaCl solution. This approach has enabled to determine the corrosion protective 

properties of the formed AAO and Al-O-Ag films. Thus, after 24 hours of exposure, both AAO and Al-O-

Ag layers have revealed significant barrier ability against the access of the corrosive medium to the 

metallic substrates, compared to the reference samples. The impedance spectra, acquired from the 

formed films resembled this of ideal capacitor, demonstrating their apparent insulating properties.  

The impedance spectra acquired after 672 hours of exposure were rather similar to those of the 

initial spectra (i.e. obtained after 24 hours). This fact showed that both types AAO and Al-O-Ag layers 

possess remarkable durability, keeping their barrier abilities after large times of exposure to the 

model corrosive medium.  

The obviously different shapes of EIS spectra between the references and the treated samples 

were successfully fitted to different model equivalent circuits. The respective fitting procedures 

have enabled to acquire numerical data regarding all capacitances and resistances, composing the 

total impedances of the samples. The resulting data have shown that all impedance components 

keep their values for the entire exposure period. Besides, it was established that Ag2O deposits on 

the pore bottoms and walls efficiently suppress the access of corrosive species to the substrate 

surface. Their presence enables supplemental extension of the oxide layer durability. 

The PDS analyses have confirmed the inferences done for the EIS spectra. The polarization 

resistances of both AAO and Al-O-Ag layers had three orders of magnitude higher values, compared 

to those of the references. Besides, these values remained unchanged for the entire 672-hour 

period of exposure to the model corrosion medium.  

Summarizing all the conclusions done for the respective analyses, it can be concluded that the 

electrochemically synthesized Al-O-Ag film on AA1050 alloy is composed mainly of amorphous 

Al2O3 with low silver content in form of Ag2O deposits on AAO pore surface. Besides, the films 

possess distinguishable barrier ability and durability, determined under exposure to 3.5 % NaCl 

solution. 
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