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Abstract: The paper breaks the general concepts and shows that pore formation is possible in anodic
aluminum barrier oxide by anodizing of pure Al, and also presents the results of electrochemical
anodizing in boric acid and citrate buffer aqueous solutions of homogeneous binary alloys AlCu
(4 wt.%), AlZn (3 wt.%) and AlAg (5.2 wt.% and 16.2 wt.%). Barrier anodizing allowed obtaining
Al O3 thin films doped with copper, zinc and silver. The anodizing behavior and the effect of anodic
current density on the charge were studied, and scanning electron microscopy, X-ray photoelectron
spectroscopy and Auger electron spectroscopy analyses were performed. The doped alumina thin
films, which are a mixture of Al,O3, CuyO, ZnO, Ag,O, AgO and promising double metal oxides
CuAlO,, AgAlO, and ZnAl,Oy, are promising for use as resistive switching, photoelectron, me-
chanical, photo-thermoelectric and fluorescence materials; sensors; and transparent conductive and
photocatalyst films.

Keywords: aluminum oxide; anodization; H3BO3; C4HgOy; cuprous oxide; zinc oxide; silver oxide;
cuprous aluminate; silver aluminate; zinc aluminate

1. Introduction

Aluminum is an important and widely used construction material. It is widely used
in construction, mechanical engineering, aviation and other industries. This leads to a wide
interest in the study of a wide range of properties. One of the directions is the study of the
electrochemical behavior of aluminum [1-5]. For example, the processes of anodic oxidation
of pure aluminum, both its thin film samples [6-9], including those in combination with
thin films of other valve metals [10-13], foil samples [14,15] and wires [16], and solid
samples, including monocrystalline metal, are being actively studied [17,18]; it is interesting
both in terms of understanding the mechanisms of electrochemical oxidation processes
and open up prospects for use in new branches of science and technology [11,19-22]. At
the same time, aluminum alloys are the most widely used as a construction material.
Various metals [23-26], as well as non-metals, such as silicon [23,24,26], are used as alloying
agents. The use of alloying components makes it possible to improve the quality of
aluminum products and avoid some of the disadvantages inherent in the pure metal.
The electrochemistry of aluminum alloys is also the subject of intensive and versatile
research [23,26-32]. The surface properties of anodized aluminum and its alloys, including
microstructural parameters [23,33-35], wettability [36,37], mechanical [38,39] and corrosion
stability [39—44], coloring [26,45] and other aspects [42,46—48], are actively studied.

Copper and zinc are the two most important alloying elements in commercial alu-
minum alloys. Al-Cu and Al-Zn are the basis for the precipitation-hardening aluminum
alloys of the AA2xxx and the AA7xxx series. Copper and zinc have good solubility in the

Coatings 2024, 14, 576. https:/ /doi.org/10.3390/ coatings14050576

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14050576
https://doi.org/10.3390/coatings14050576
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-3493-8534
https://orcid.org/0000-0002-3420-711X
https://doi.org/10.3390/coatings14050576
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14050576?type=check_update&version=4

Coatings 2024, 14, 576

2 0f27

aluminum matrix, unlike many other elements. These two alloying elements also have
a significant influence on the corrosion behavior of aluminum alloys. Homogeneously
dissolved zinc lowers the pitting potential of aluminum alloys, while homogeneously
dissolved copper elevates the pitting potential [49]. Local copper and zinc concentrations
are also responsible for other localized attacks [50,51], like intergranular corrosion [51],
intragranular corrosion [52] and stress corrosion cracking [53]. Alloying elements also
influence oxide films formed on the surface of aluminum alloys. This aspect can be studied
when oxide films are thickened by anodizing. Studies of barrier oxide films formed on
Al-Cu alloys showed that copper first accumulates below the metal-oxide interface [54].
After reaching some critical accumulation, copper is incorporated into the oxide film and
moves outward at a faster rate than aluminum ions [55]. XPS measurements confirmed
that the copper oxidation state in the oxide is +2 [56,57]. Barrier oxide films on Al-Zn
alloy seemed to show a similar behavior with accumulation of zinc below the metal-oxide
interface and faster movement of zinc ions in the oxide when it is incorporated [46,58,59].
Al-Ag alloys have also been studied. The Al-Ag system is not commercially applied for
structural alloys mainly because, among other disadvantages, Ag-rich precipitates do not
considerably strengthen the alloy. The influence of silver on the corrosion behavior is also
controversial. In contrast to copper, the nobler, as is commonly believed, silver lowers the
pitting potential when homogeneously dissolved in aluminum [60]. When barrier oxide
films were formed on Al-Ag, Paez et al. [61] found accumulation of silver beneath the
metal-oxide interface, the presence of silver in the oxide and at the surface of the oxide, in
some cases. Accumulation of alloying elements is also influenced by surface pre-treatments
which are commonly applied to copper [62,63] and to zinc [64] containing aluminum alloys.
Alloying elements may also influence electronic properties of the oxide film, allowing
anodic parallel reactions with possible consequences such as oxygen bubble formation [65],
formation of flaws or detachments of the film.

In this work the dependence of the charge required to create a barrier oxide film on
pure aluminum and alloys with zinc, copper and silver for two different anodizing elec-
trolytes (saturated boric acid solution and citrate buffer) on current density, the distribution
profiles of elements in the samples at the end of the anodizing process and the valence
state of the alloying impurity (copper and silver) in the formed barrier aluminum oxide is
studied. Possible variants of impurities and their distribution in the film are proposed, as
well as variants of application of these films in electronics and optics are considered.

2. Materials and Methods
2.1. Aluminum, Alloys and Chemicals

Plates of aluminum and alloys with a thickness of 0.5-2 mm and an area of
(0.5-1.5) x (1-3) cm? were used for research. The plates were binary aluminum alloys
containing 4 wt.% copper and 3 wt.% zinc, as well as silver in the amount of 5.20 wt.% and
16.20 wt.%, hereinafter referred to as AlCu4, AlZn3, AlAg5 and AlAg15, as well as pure
aluminum. These materials had the following initial data.

Pure aluminum 99.98% was from Vereinigte Aluminum Werke in Bonn (VAW—United
Aluminum Plants in Bonn, Germany), and aluminum with a 99.999% purity was from
Aldrich Chemical Company (Darmstadt, Germany).

The AlCu4 alloy produced by Schweizerische Aluminum AG (Swiss Aluminum
Joint Stock Company, Zurich, Switzerland), according to the manufacturer’s data, has the
following composition:

- 400wt%  Cu (1.7 at.%);
- 0.002 wt.% Fe;
- 0.002 wt.% Si;
- Remaining AL

The AlZn3 alloy was smelted at the Department of Werkstoffwissenschaften II (WW

II—Materials Science II) of FAU (Friedrich-Alexander-Universitidt Erlangen-Niirnberg,
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Erlangen and Nuremberg, Germany). Aluminum of 99.99% purity was taken as the basis
of the alloy. EDX analyses showed the following alloying element content:

- 3.0wt% Zn (1.24 at.%);
- Remaining AL

According to the manufacturer’s data, the AlIAg5 and AlAg15 alloys produced by
Vereinigte Aluminum Werke in Bonn (VAW—United Aluminum Plants in Bonn, Germany)
contained the following:

AlAg5

- 520wt% Ag (1.3 at.%);
- <0.01 wt.% metallic impurities;
- Remaining AL

AlAgl5

- 162wt% Ag(4.05at.%);
- <0.01 wt.% metallic impurities;
- Remaining AL

The pure aluminum plates were 1 mm-thick. Alloys with copper and silver were
supplied in the form of 2 mm-thick plates, which were rolled in one cycle to a thickness
of 1 mm. The AlZn3 alloy was originally in the form of ingots, which, after the repeated
repetition of the cycles of cutting, rolling and intermediate annealing at 673 K (in order to
relieve internal stresses), were brought to a thickness of 1 mm.

Pure alumina thin films for electron microscopic studies were formed on a high-purity
foil surface of A99, thickness 30 um, LLC Dialmet (Minsk, Belarus). The composition
of impurities was determined according to the State Standard of the Russian Federation
11069-2001:

- 99.99 wt.% Al;

- 0.003 wt.% Fe;

- 0.003 wt.% Ga;

- 0.002 wt.% Mn;

- 0.003 wt.% Si;

- 0.002 wt.% Cu;

- 0.001 wt.% Mg;

- 0.002 wt.% Ti;

- 0.003 wt.% Zn;

- 0.001 wt.% metallic impurities.

The chemicals for the preparation of thin films were supplied by Belaquilion (Minsk,
Belarus) additional-liability company and Sigma-Aldrich, Inc. (Darmstadt, Germany).

2.2. Heat Treatment of Alloys

After bringing the samples to the required thickness, the plates were cut into samples
of the required size, and the samples were then subjected to tempering using a universal lab-
oratory electric furnace, SNOL 4/1100, UTENOS Elektrotehnika (Utena, Lithuania), which
was necessary in order to remove the internal stresses present in the metals after rolling
and cutting, as well as to obtain really homogeneous alloys and exclude the acceleration of
dehomogenizing processes and local concentration of alloying components and impurities
along dislocations. The modes of tempering are given in Table 1; the modes were selected
on the basis of the phase diagrams of the Al-Cu, Al-Zn and Al-Ag systems [66], and pure
aluminum, AlCu4 and AlZn3 alloys have been previously described in Refs. [49,67].

During annealing, the temperature was raised to the region of the homogeneous state
of the corresponding alloy, and then the samples were quenched. After quenching, all
alloys had a globular structure. Phase diagrams of these systems are shown in Figure 1.
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Table 1. Heat treatments of aluminum and alloys.

Heat Treatment

Material Cooling Modes
Temperature Time
Al 753 K 1h cold water (293-298 K)
boiling water (373 K)—5 s, followed by
AlCu4 803 K 1h cold water (293-298 K)
AlZn3 673 K 1h cold water (293-298 K)
AlAg5 793 K 1h cold water (293-298 K)
AlAgl5 793 K 1h cold water (293-298 K)
Ag content, at. % Cu content, at. % Zn content, at. %
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Figure 1. Phase diagram fragments in the low-concentration regions of alloying components: (a) Al-
Ag, (b) Al-Cu, (c) Al-Zn [66].

Step quenching for AlCu4 was chosen as the instant cooling in cold water in this case
leads to the appearance of stresses and, as a consequence, to the formation of dislocations,
which accelerates the processes of dehomogenizing of the alloy. In Ref. [67], it was found
that such structural defects and uneven composition affect the corrosion processes of
alloys. It is likely that such structural defects could affect the course of the anodizing
process. Therefore, in order to exclude the assumed influence of local irregularities in the
concentration of the alloying component on the course of electrochemical processes, it was
necessary to reduce the risk of the occurrence of internal stresses in the sample as much as
possible. It was for this that some kind of stretching served during the process of hardening
by stepwise cooling.

Thin foil intended for electron microscopic studies was not subjected to heat and
mechanical treatment.

2.3. Mechanical Treatment of Alloys

After quenching, mechanical processing of the samples was continued, which con-
sisted in sequential grinding and polishing of the metal surface on both sides. Pure
aluminum, as well as alloys with copper and zinc were first sanded using special MicroCut
sandpaper for wet sanding with SiC-based abrasive and an abrasive grain size of 1200
in accordance with the ANSI standard, and after that, the consecutive polishing, using
polishing disks and diamond pastes with a grain size of 3 um, and finished machining
of an abrasive OPS suspension based on alumina were performed [68]. The polishing
of extremely soft silver-containing alloys was distinguished by the fact that preliminary
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grinding was carried out using a special MicroCut grinding paper, not only free of silicon
carbide (SiC) but also containing no abrasive grains at all and representing a non-woven
material based on glass fiber. This was followed by polishing with diamond paste with a
grain size of 3 um and then 1 um. The surface quality after processing corresponded to the
14th class of cleanliness.

Many of the samples were used twice or thrice; first, they were again heat treated and
then ground and polished according to the method described above. The thickness of such
samples decreased, depending on the number of uses, to 0.7-0.3 mm. Reuse was especially
common in the case of fairly hard copper- and zinc-containing alloys. It is assumed that
the composition and properties of the samples did not change in this case.

2.4. Anodizing of Alloys

An aqueous solution of boric acid (BA) with pH = 3.72 and a citrate buffer solution
(CB) for anodizing were used. The borate electrolyte was a BA solution saturated at room
(20 °C) temperature. A CB was prepared by merging equal volumes of 0.1 M citric acid
solution and 0.2 M sodium hydroxide solution. By gradually adding 0.1 M NaOH solution
with stirring, the pH of CB was brought to 6.6 (the values were monitored with a digital
pH meter).

A programmable power supply, 5751 A (Keysight Technologies Inc., Santa Rosa, CA,
USA), was used as the anodizing unit and was controlled using a personal computer (PC)
with homemade software written in LabVIEW. Programmable digital multimeters, 34470 A
(Keysight Technologies Inc., Santa Rosa, CA, USA), were used to record the voltage-time
responses and were controlled by a PC with R&D Lab 4.10 developed software. Anodizing
was carried out in a glass beaker with two electrodes. Platinum 99.9% was used as a
cathode. The bulk electrolyte temperature was 23 °C, maintained typically within £1 °C of
the set value.

The thickness of the oxide thin films was calculated using the following equation:

h=k-U, (1)

where £ is the thickness of oxide thin films, nm; k is the empirical coefficient numerically
equal to 1.2-1.4 nm-V—1[69,70]; and U, is the anodizing voltage.

2.5. Thin Film Characterization

The valence state of copper in the thin films was estimated using the methods of
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). Sputtering
was carried out with an Ar* beam with an accelerating voltage of 4 kV and an area of
3 x 3 mm?, unless otherwise specified.

EDX was performed using a Genesis 4000, EDAX, LLC, 91 McKee Drive Mahwah,
NJ, USA. AES was performed using a Physical Electronics PHI 670-spectrometer, Physical
Electronics, Inc. (PHI), 18725 Lake Drive East, Chanhassen, MN, USA. X-ray photoelectron
spectroscopy (XPS) was performed using a Physical Electronics 5600-spectrometer, Physical
Electronics, Inc. (PHI), 18725 Lake Drive East, Chanhassen, MN, USA. The thin films
were observed using scanning electron microscopy (SEM), with a S-4800 (Hitachi High-
Technologies Corp., Tokyo, Japan) operated at 10-15 kV, after the specimens with were
coated a thermally evaporated 3 nm-thick gold layer to reduce the electrical charging effects.

3. Results and Discussion
3.1. Anodizing Behavior

The volt—current-time responses of anodizing pure aluminum in BA for various
initial values of the anodic current density are shown in Figure 2. This is a typical time
response characteristic of the formation of an alumina thin film on valve metals, including
aluminum [71,72].
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Figure 2. Voltage-time and current-time responses of BA and CA galvanostatic anodizing of pure
aluminum foil 99.99% with (a) low and (b) high current density. The anodizing was automatically
switched to potentiostatic polarization when 100 V was reached.

The dependences Uy, j, = f(t) have a similar character during the anodizing of other
homogeneous alloys. Further, as quantities characterizing the processes of anodizing the
studied materials in the work, the following are used:

- Charge g100 required for anodizing to a voltage of 100 V.

- Charge goy spent on the complete formation of oxide films, before the end of the
anodizing process. In this case, the anodic voltage not only reaches 100 V, but also
continues to be maintained until the anodic current reaches an infinitesimal value
commensurate with the leakage current.

The g109 value shows the amount of charge consumed for the implementation of the
anodizing process of aluminum at the first (galvanostatic) stage, before the transition to
the voltage stabilization mode (potentiostatic mode). The end of the anodizing process
was taken as the moment when the anodic current density reached a certain small value,
much less than the initial one, namely 0.03 and 0.05 mA-cm~2 for BA and CB, respectively.
Preliminary experiments have shown that below the indicated values, the current density
in these electrolytes practically does not decrease with an arbitrarily long anodizing. At
the same time, there is practically no increase in the thickness of the pure alumina thin
film; i.e., a dynamic equilibrium occurs between the processes of growth and dissolution
of the oxide. Thus, the approximate values of the leakage current densities are the oxide
dissolution current densities.

The dependences 100, Jox = f(ja) are shown in Figure 3. The j, values were in the
range 0.81-20.2 for BA and 0.23-19.2 mA-cm 2 for CB. The comparison of the data obtained
with the results obtained in other works [71-76] shows their consistency.

At a fixed voltage and a sufficiently low residual current density, the pure alumina
thin film thickness depends only on the anodizing voltage [77]. Based on this, it is easy to
calculate the thickness of the resulting oxide film (about 130 nm) and the charge theoretically
required to obtain the film of the specified thickness using Equation (1). Taking the density
of the resulting film equal to 2.97 g-cm™ [77] and the same for anodic alumina obtained
at different current densities in both electrolytes, the specific amount of electricity gy
theoretically necessary to obtain a barrier oxide under these conditions was obtained
and was equal to 0.219 C-cm~2. It turned out that the amount of electricity consumed
for the oxidation of aluminum both up to 100 V and before the complete formation of
film in CB significantly exceeds the corresponding values for BA, although the nature of
7100, Jox = f (ja) dependences for both electrolytes is similar.
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The indicated dependences are not monotonous; for them, two maxima can be indi-
cated with sufficient confidence (at current density values of about 1.3 and 7.0 mA-cm~2 for

BA, 1.3 and 9.0 mA-cm 2 for CB), and there is a minimum near 3.5-4.5 and 3.5 mA-cm 2
for BA and CB, respectively.

0.5

-2

cm

2 0254

Specific charge g, C

0.035 +— ' — ¥ ; : — : :
08 1 5 5 10 13 02 1 3.5 10 20

Current density, mA-cm™
(a) (b)

Figure 3. Dependences of specific charge 441, 4100 and gp, on the anodic current density for alumina
obtained in (a) BA and (b) CB (bilogarithmic coordinates).

0.2

The dependences of the specific charge 4199 spent on anodizing the AlCu4 alloy to a
voltage of 100 V and to a residual current of 0.03 and 0.05 mA-cm~2 go, for BA and CB,
respectively, are shown in Figure 4. In this case, the initial current density was varied in the
range of 0.32-14.2 mA ~2 for BA and 0.793-24.9 mA-cm 2 for CB.
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Figure 4. Dependences of specific charge q41, 7100 and o, on the anodic current density for AlCu4
oxide obtained from (a) BA anodizing and (b) CB anodizing (bilogarithmic coordinates).
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Comparing the given curves, it is easy to see that, on average, the amount of electricity
consumed both for oxidation up to 100 V and for oxidation up to certain values of the
residual current density during anodizing of the alloy in CB is significantly higher than that
in BA; the difference is most noticeable in the region of small values of j,. On the curves
7100, Gox = f(ja) for BA, as well as for pure aluminum, two peaks can be distinguished,
located in the region of 1.5 and 5.0 mA-cm~2. A detailed analysis of similar dependences
for CB is difficult due to a significant scatter of the experimental data, but a decrease in
the values of both charges (4100, J0x) With an increase in the anodic current density is
quite obvious.

3.2. Doped Al,O3 Thin Film Composition

The results of the analysis of the surface of the initial material using the XPS method
are shown in Figure 5. It can be seen that as the material is sputtered, the fraction of carbon
contamination and the oxygen content on the surface decrease. The presence of oxygen is
due to the presence of a natural oxide that always covers the aluminum.
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Figure 5. XPS survey of the AlCu4 alloy after (a) 3, (b) 6 and (c) 9 min of sputtering.
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Figure 6, Figures S1-S3 (Supplementary Materials) and Figure 7, Figures S4-57 (Sup-
plementary Materials) show the results of the AES surface and the element distribution
profiles obtained via BA and CB anodizing in various conditions respectively. In all cases,
it turned out that the ratio of the amount of copper and aluminum in the AlCu4 oxide
thin films is different from that in the non-anodized alloy. AlCu4 oxide thin films out
to be significantly depleted in copper compared to the starting material. The fact of the
accumulation of copper at the oxide/metal interface is of particular interest.

100

40

Intensity, a.u.

N
(=]

e ——

20 22 24 26 28
Sputtering time, min

(a)

100

e}
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7

Cu X |
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Sputtering time, min

(b)

Intensity, a.u.

0 5 10 15 20 25 30
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(©

Figure 6. AES element distribution profile of AlICu4 oxide obtained from (a) BA full anodizing at
9.1 mA-cm~2, (c) BA full anodizing at 1.43 mA-cm~2 and (b) BA 100 V anodizing at 1.43 mA-cm ™2,
In the case of full anodizing, the anodic voltage not only reaches 100 V but also continues to be main-
tained until the anodic current reaches an infinitesimal value commensurate with the leakage current.

The width of the copper accumulation zone depends on the anodic current density,
anodic oxidation time and anodizing electrolyte. Table 2 shows the quantitative data of
the dependence of the width of the zone enriched with copper on the electrical modes, the
nature of the electrolyte and duration of anodizing.

These data were calculated using the AES profiles shown in Figures 6 and 7 based on
the known thin film thickness of about 130 nm.
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Table 2. The dependence of copper width accumulation zone on anodizing modes.
Boric Acid Citrate Buffer
Current Density, mA cm™2 14 14 9.1 1.7 1.7 12.1 11.2
Duration of anodizing 100 V full full 100V full 100V full
Width of accumulation zone, nm 32 65 65 58 68 55 65

The dependence on the nature of the electrolyte only affects short-term anodizing
(100 V) at low current density. So, for BA 100 V anodizing at 1.4 mA-cm 2, the width of
the accumulation zone was only 32 nm, whereas for CB 100 V anodizing at a similar value,
1.7 mA-cm ™2, the width of the accumulation zone was 58 nm. With prolonged anodizing,
the width of the accumulation zone for all cases becomes approximately the same. At the
same time, in CB the width of the accumulation zone for the case of anodizing at low anodic
current density (1.7 mA-cm~?) is still slightly higher than that in the case of anodizing at a
current density above 10 mA-cm 2.

The width of the zone of alloying component accumulation is approximately the same
for different anodizing conditions, and the observed differences are apparent and are due
to the peculiarities of the analysis of the surface and its relief. As it is known, aluminum
anodizing, barrier-type or porous, in any case and in any electrolyte is associated with
dissolution processes, which, in combination with the processes of alumina formation,
lead to the formation of an anodic oxide of a certain morphology. This explanation is
based on the previously obtained results of the study of aluminum dissolution during its
anodizing in electrolytes with different dissolution properties [6-8,15,73,74]. At the same
time, dissolution, especially at the initial stages of anodizing, occurs mainly on defects with
excess energy and elevated chemical activity. This can lead to localized surface stretching
and the development of its relief. If a barrier oxide film is formed, it is logical that its
thickness is the same over the entire area of the anode and is determined by the applied
voltage. Then, irregularities on the outer surface of the oxide (oxide—electrolyte interface)
should be repeated on the oxide-metal interface. The more aggressive the electrolyte is, the
more relief both interfaces get. XPS profiling will “blur” the raised interface compared to
the planar interface. Figure 8 schematically shows the movement of the anodizing front,
as well as the nature of the oxide thin film surface and the metal/film interface during
anodizing in BA and CB.

To verify these assumptions, the surface condition and cross-sectional fracture of
pure aluminum foil (99.99%) anodizing in both electrolytes were investigated. The SEM
images presented in Figures S8-515 in the Supplementary Materials largely confirm the
representations and illustrative images presented in Figure 8. The formation of cavities
is similar to those described in Ref. [65], with the only difference being that this work
is devoted to the study of anodizing of aluminum-copper alloy, and we studied the
morphology of the oxide thin film formed on pure aluminum. Probably, the formation of
such cavities is not exclusively associated with aluminum—copper alloys, but has a more
general character and can also occur when anodizing high-purity aluminum. Indeed, the
formation of cavities filled with evolved oxygen is considered in Ref. [71] as a possible
mechanism of pore formation during the anodizing of pure aluminum in 0.5 M BA. And
it is seen that cavities inside oxide film are formed when anodizing in both CB and BA.
The fact of nucleation of some semblance of a cellular porous structure in BA solution was
a little surprising. Note that almost no pores are formed on the oxide film surface in CB.
Similar formations have been described in Ref. [71] but are considered rather as surface
defects; in the present case, they more closely resemble the initial stages of formation of a
true porous anodic Al,O3. This is probably explained by the rather low pH = 3.72, lower
than that of the solution considered in Ref. [71] pH = 3.9. As shown in this paper, during
anodizing, H* ions are released from the film surface by the following anodic reaction:

2A1 + 3H,0 — A1203 +6H" + 6e ™, (2)
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which causes the pH value to decrease to about zero at a current density of 0.5 mA-cm 2,

and this in turn leads to a radical increase in the dissolution efficiency of the electrolyte,
and the nucleation of a typical cellular-porous structure of anodic alumina (Figure 9).
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Figure 7. AES element distribution profile of AlICu4 oxide obtained from (a) CB 100 V anodizing at
1.72 mA-cm~Z; (b) CB 100 V anodizing at 12.05 mA-cm~2; (¢) CB full anodizing at 1.65 mA-cm~2;
(d) CB full anodizing at 11.21 mA-cm~2. In the case of full anodizing, the anodic voltage not only
reaches 100 V but also continues to be maintained until the anodic current reaches an infinitesimal

value commensurate with the leakage current.
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(b)

Figure 9. Surfaces and cross-sections of porous barrier alumina obtained via BA full galvanostatic
anodizing: (a) 0.4 mA-cm~2; (b) 7.0 mA-cm 2.
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Anodic alum

Aluminum

At the same time, when anodizing in CB, there is no mass pore formation, but it is
remarkable that cavities are formed in the volume of anodic oxide (Figure 10). The absence
of pore formation is explained by the fact that the pH of the electrolyte almost corresponds
to a neutral reaction and the release of hydrogen ions in accordance with Equation (2)
practically does not lead to a change in the reaction of the environment in the anodic region
due to high buffer capacity of the anodic electrolyte.

Figure 10. Surfaces and cross-sections of barrier alumina obtained via CB full galvanostatic anodizing:
(a) 0.4 mA-cm~2; (b) 7.0 mA-cm 2.

The comparison of the tabular data (Table 2) and the graphs shown in Figure 4 also
gives reason to believe that with a decrease in the current density, the amount of electric-
ity consumed for the formation of an oxide film of a certain thickness increases, which
means that the duration of the sample’s residence in the electrolyte increases accordingly,
and, consequently, the relief of the oxide/electrolyte and metal/oxide phase boundaries
increases. This can occur both due to an increase in the share of electricity consumed for
the implementation of side processes and due to the fact that the resulting film undergoes
chemical dissolution and an additional charge is consumed to replenish the loss. In turn,
the deterioration of the quality of the surface of the oxide film and the metal covered by it
leads to the apparent blurring of the zone enriched with the alloying component during
the AES analysis. Thus, by the width of the impurity accumulation zone, one can indirectly
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judge the quality of the external surface of the oxide film and the dissolving capacity of
the electrolyte and /or the number of side processes occurring during anodic oxidation. In
addition to AES studies, an attempt was made to assess the valence state of copper present
in AlCu4 oxide film obtained from 100 V CB galvanostatic anodizing with 12.1 mA-cm 2
anodic current density. The analysis results are shown in Figure 11.
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Figure 11. (a) XPS and (b) study of copper valence state AlICu4 oxide obtained via 100 V CB
galvanostatic anodizing at 12.1 mA-cm~2 after 2 min of sputtering.

The accumulation of charge on the film surface prevented the determination of the
electron binding energy, but the correction of the position of the copper peak maximum
using the AES peak of oxygen made it possible to assume that copper is in a non-oxidized
state. Another possible state of copper could be Cu* [78]. The exact determination of the
valence state of Cu is problematic both because of the error associated with the accumulation
of charge on the studied samples and because of the proximity of the position of the
maximum for Cu as a metal and Cu,0O; the difference for Cu 2p;,; is only 0.2 eV [79-81].
Meanwhile, reference data for electron binding energy in Cu,O can differ by 0.8 eV, and
those for copper can differ by 0.9 eV [81].

Due to the scarcity of materials, detailed studies of the dependences q100, jox = f(ja)
for silver-containing alloys have not been carried out. The study of the alloying component
distribution profiles over the thickness of the sample (Figures 6 and 7) also showed the
presence of an accumulation zone of the alloying component at the metal/oxide phase
interface. The width of the accumulation zone, as in the case of the AICu4 alloy, probably
depends on the nature of the electrolyte, the density of the anodic current and the time of the
anodizing of the sample. The phenomenon of the pushing out of the alloying component
by the anodizing front to the interface, confirmed in the case of alloys of aluminum with
silver, requires a more detailed discussion.

The pronounced effect of the penetration of s-electrons into the directly underlying
(n—1) d-shells as a result of d-contraction leads to the fact that the radii  of the metal
atoms of the secondary subgroup of the first group of the periodic table (Cu, Ag, Au) are
much smaller than the atomic radii of alkali metals (rk > rcy; TRy > 7Ag; TCs > Tau)- As a
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result, copper, silver and gold are characterized by significant values of the first ionization
potential and electronegativity, and also have a fairly high electron affinity [82]. This may
be the probable reason that, charged negatively at the electrolyte/oxide interface, metal
ions migrate, as in a solid electrolyte [83,84], towards the non-oxidized aluminum surface,
donate an electron at the oxide/metal interface and accumulate near the interface.

But it is more likely that, like the zone melting method adopted in the technology of
semiconductor materials for cleaning them, the anodizing front, moving into the interior of
the sample, carries away the impurities of the alloying metal. The diffusion of impurity
atoms in the thickness of the formed oxide does not seem improbable, especially in light
of the hypothesis about the plasma nature of the barrier layer at the time of the formation
of the oxide film, expressed and developed by Bogoyavlenskii [85-87]. In Ref. [88], AES
profiles of the alumina depth distribution of elements obtained at a current density of
50 A-m~2ata temperature of 20 and 50 °C in an 8% CrOj3 solution and a H3PO, solution
with a concentration of 350 g-dm™, respectively, are presented. Therefore, if the oxide
film obtained in a solution of chromium (VI) oxide is also characterized by an increased
concentration of impurities at the oxide/aluminum interface, then in the second sample,
phosphorus is distributed uniformly over the entire thickness of the oxide. In this work,
there is no AES profile for the third sample obtained at 20 °C and the same current density in
a 1.4 M solution of sulfuric acid, and the character of the distribution of impurity elements
(Cr, P) over the oxide depth not discussed. However, it is clear that the phenomenon of
impurity accumulation at the oxide/valve metal interface is characteristic not only of alloys,
but also of pure metals; in the latter case, one can talk about impurities that penetrate into
the oxide film structure from the anodic electrolyte.

The silver content in the AIAg15 alloy relative to aluminum during oxidation decreases
by 12.5 times, according to the results of the XPS analysis. When the AlAg5 alloy is oxidized,
the silver content during anodizing decreases below the limit of detection of the XPS
spectrometry method, while in non-anodizing metal, it is clearly detected (Figure 12).

10

[*)

(=2

Intensity, a.u.

-02s, Ar3s

| 5

. ‘

1000 800 600 400 200 0

Binding energy, eV
(@)

o

Intensity, a.u.
S

N
A
Al

800 600 400 200 0
Binding energy, eV

(b)

Figure 12. (a) XPS of AlAg5 oxide obtained via CB anodizing, 4 min sputtering Ar* accelerating 4 kV,
area 5 x 5 mm?; (b) subsequent 3 min sputtering Ar* accelerating 4 kV, area 1.5 x 1.5 mm?.
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Therefore, the A1Ag15 alloy was chosen to determine the oxidation state of silver in
the film oxide composition. The charge, poorly draining from the non-conducting surface
of the sample, again became an obstacle in determining the state of silver present in the
composition of alumina. After the positions of the Ag 3d5,, and Ag 3d;,, maxima were
corrected to values of approximately 367.5 and 373.6 eV, respectively, it appeared that
the silver was most likely in the oxidized state (Figure 13) [79,81,89,90]. This result was
unpredictable, especially in light of the fact that the copper in the oxide is probably present
in the form of Cu’.
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Figure 13. (a) XPS of AlAg15 oxide obtained via CB anodizing, 4 min sputtering Ar" accelerating
4%V, area 5 x 5 mm?; (c) subsequent 3 min sputtering Ar* accelerating 4 kV, area 1.5 x 1.5 mm?;
(b) study of Ag state.

It is known that for silver there is a decrease (in comparison with copper) in the melting
and boiling temperatures, the values of the atomization energies and the first ionization
potential. This is due to the fact that the valence electron of silver is less susceptible to
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the penetration effect due to the special stability of the populated 44 shell. According to
the reference data, the electronegativity of copper is higher than that of silver (1.8 and
1.4, respectively) [91]. Electronegativity, according to Pauling, is defined as the ability
of an atom bound in a molecule to attract an electron [92]. According to Mulliken, the
electronegativity of X4 is defined as follows [93,94]:

. Er+Eg

X
4 133

)
where E| is the ionization energy of atom A, k]-mol~!, and E is the electron affinity of
atom A, kJ-mol 1.

Despite some conventionality of the very concept of electronegativity and the above
definitions, this value characterizes the greater ability of copper to form negatively charged
ions or the greater expenditure of energy for converting copper into an oxidized state. It
is also possible that the valence state of the alloying component may depend not only on
the nature of the impurity, but also on the conditions for obtaining the oxide: electrical
conditions and the nature of the electrolyte. It cannot be ruled out that the alloying element
can be bound by electrolyte anions, which are also in the composition of alumina, and
can thus stabilize the oxidized form. Then, it may turn out that oxide film, obtained by
anodizing the same alloy in different electrolytes, may contain a metal impurity atom in
different oxide states. The AES and XPS results shown in Figures 7, 11a, 12a and 13a,b
confirm the presence of impurities that have passed into the studied oxide film from
the anodizing electrolyte. The incorporation of impurities from the electrolyte into the
composition of anodic Al,O3 is a known fact [15,68,88], but in this case, it is important
because, first, doping in detectable amounts occurs only in CB. Boron impurities are not
detected in the composition of BA anodic Al,Os. In this work, two simultaneous processes
of Al,O3 doping by anodizing have been demonstrated: first, due to the inheriting of the
component from the alloy into the anodic oxide and its incorporation into the anodic oxide
as a dopant; second, due to the intrusion of the dopant from the electrolyte. By selecting
the composition of the electrolyte and the electrical modes of anodizing, it is possible to
achieve an exceptionally high content of the dopant introduced from the electrolyte [15],
while the alloy composition can control the content of the dopant originating from the
alloying element, as shown in the present work.

It is interesting to note that a similar phenomenon was found when anodizing Mg-0.6
at.% Ag alloy in fluorine-containing organic electrolytes: silver is enriched in the alloy
during anodizing, and at the same time as the enrichment develops, silver species are in-
corporated into the anodic film; the silver is distributed throughout the film thickness, with
an increased concentration in the inner part of the film [95]. Thus, there is an accumulation
of the alloying element in the metal and its anodic oxide near the metal-oxide interface.
Similar behavior was found for copper in the Mg-Cu alloy [96]. This indicates the similar
behavior of copper and silver in the alloy composition when magnesium and aluminum
alloys are anodized.

For the AlZn3 alloy, the dependences 109, jox = f(ja) Were obtained in the current
density ranges of 0.34-24.8 and 0.34-25.0 mA-cm 2 for BA and CB, respectively (Figure 14).
In comparison with pure aluminum and its alloy with copper, the anodizing of the alloy
with zinc in BA is characterized by a larger amount of electricity consumed for the imple-
mentation of side processes, which should indicate a greater dissolution of the AlZn3 alloy
in the BA electrolyte.
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Figure 14. Dependence of 441, q100 and o, on the anodic current density for AlZn3 oxide obtained
via (a) BA anodizing and (b) CB anodizing (bilogarithmic coordinates).

In addition to dissolution processes, the participation of citrate anions in redox re-
actions can also explain the higher values of 4199 and go,, which are characteristic of the
anodizing of aluminum and its alloys in a CB as compared to the BA solution. In a BA
solution, only the electrolytic decomposition of water is possible as a side anodic process,
which can be influenced by alloying components [65], while along with this, citrate anions
can be easily oxidized. Citric acid is readily oxidized both chemically [97] and electrochem-
ically [98], with the products depending on the conditions of the reactions. In some cases,
oxidation products, such as oxalic acid [97], can be much more chemically active towards
aluminum and its oxide [77]. At the same time, in CB, the fraction of electricity consumed
not for the formation of AlZn3 oxide thin film is on average comparable to that for pure
aluminum and somewhat lower than that for the alloy with copper.

On the curves g100, Jox = f(ja), the maxima for BA in the range of 1.7-1.9 and for CB
in the range of 0.4-0.5 mA-cm 2 are distinguishable. The presence of such maxima for all
studied alloys and electrolytes may indicate, for example, a significant modification of the
Helmbholtz layer and/or a change in the transport numbers [99,100] of ions participating in
redox reactions at and near the anode at approximately the same anodic current densities.
Transport numbers depend to varying degrees on many factors: electrical conditions of the
anodic process, nature and concentration of ions, solution viscosity, temperature [99,100].
For example, the dependence of transfer numbers of the valve metal ion in the resulting
oxide on anodizing conditions and on the nature of the metal was convincingly demon-
strated in papers [101-103]. Discussing the peculiarities of the dependence of the charge
spent on aluminum oxidation on the electrical modes of anodizing, one should also in-
volve the notions of field-assisted ejection [104,105]. These representations turned out to
be very productive and are widely used in explaining the mechanisms of the anodizing
process [106,107] not only of aluminum but also of other valve metals [108,109] and many
dependences of the process characteristics on conditions, for example, the dissolution of
anodic tantala [108] and efficiency of porous oxide formation [14,107,110]. A change in the
transport numbers of the valve metal ions and oxygen, namely an increase in the transfer
number of the aluminum ion, should lead to an increase in ejection. On the other hand,
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a change in the structure of the Helmholtz layer, depending on the electrical modes and
electrolyte composition [106,111], affects both the fate of the ejected valve metal ions and
the chemical activity of the electrolyte at the interface between the formed oxide and elec-
trolyte. The mutual combination of these factors, varying to different degrees depending
on the electrical modes of anodizing, leads not only to the nonlinear nature of various
parameters (metal dissolution during porous [6,8,14] or barrier anodizing [7,73,74,108],
volume expansion [14] and/or formation of a porous structure [107]), but also to the ap-
pearance of extrema on the corresponding curves and is shown to change the nature of
limiting processes during anodizing [107,112,113]. The discussed phenomena are general,
characteristic of barrier and porous anodizing, and cause the appearance of extrema in the
dependences of charge 4199 and o, on current density for the systems studied in this work.

A detailed analysis of the dependences 100, J0x = f(ja) and specific conclusions
about the influence of anodic modes on the nature of anodic processes is rather prob-
lematic due to the large scatter of data, the reason for which is not clear. At the same
time, a rough linear approximation of the above dependences allowed to identify unam-
biguous and most general trends. In all dependences, without exception, it can be seen
that the functions q100 = f(ja) and gox = f(j.) diverge with increasing current density
(Figures 3, 4 and 14). In the limit, when the current density tends to zero, the dependences
g100 = f (ja) and gox = f(ja) should converge. For some systems, this is more characteristic;
for others, it is less so. For example, the divergence is much more pronounced for anodiz-
ing in BA than for that in CB, which is also attributed to the higher solubilizing power
of CB (Figures 3a, 4a and 14a vs. Figures 3b, 4b and 14b, respectively). Charge 4199 during
anodizing in BA decreases dramatically with increasing anodic current density and is gener-
ally less than charge g4;. This indicates that the switching of the mode from galvanostatic to
potentiostatic occurs at the moment when the oxide thickness has not yet reached the order
of ~140 nanometers. In this case, the charge go, practically does not change with the change
in current density. This suggests that the sum of charges expended at the galvanostatic and
potentiostatic stages is a constant value, and since the charge g199 with increasing anodic
current density falls sharply, it means that the charge expended at the potentiostatic stage
grows. That is, at high initial anodic current density, the main film growth occurs in the
potentiostatic mode. This conclusion is unambiguously confirmed by SEM images. It is
shown that the thickness of the barrier oxide film at the moment of stopping the process
of BA aluminum anodizing at the initial current density of 7.0 mA-cm 2 after the voltage
reaches 100 V is noticeably less (Figure S8) than that under the same conditions at full
anodizing (Figure S9). At the same time, the oxide film thickness increases to a significant
extent already after switching the anodizing to the galvanostatic mode. At the same time,
at a low anodic current density, the cell voltage is determined mainly by the anodic oxide
resistance. In these conditions, before the switching to a potentiostatic mode, the oxide
film has time to almost reach its theoretical limit thickness; therefore, the charge values
of 100 and goy are so close. Similar relationships are common in CB, but are significantly
less pronounced due to the higher solubilizing power of CB. As for the CB, an unexpected
anomalous dependence q109, jox = f(ja) for the case of pure aluminum anodizing should
still be noted (Figure 3b). It is not entirely clear what causes these charges to increase with
increasing anodic current density. If it is a consequence of the activation of dissolution as
a result of the complexation of aluminum with citrate anions or the consumption of the
charge during oxidation with increasing current density, it does not happen during the
anodizing of alloys. It is not clear why the dependences g100, Jox = f(ja) are generally
similar for the anodizing of pure aluminum and alloys in BA and alloys in CB, but pure
aluminum behaves quite differently when anodized in CB. This question requires further
research. It should be noted that a significant discrepancy of charges and film thicknesses
can be due to a power supply stabilization mode. In particular, at higher current values,
the power supply probably cannot stabilize this current in the given anodic conditions and
tries to achieve this current with the fastest possible voltage sweep, which leads to the fact
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that the actual galvanostatic anodizing took place at a current lower than the given one for
a very short period of time.

Another obvious and unambiguous observation is that the charges 4199 and go, at all
current densities for the anodizing of samples in CB are higher than those for the anodizing
of samples in BA. This indicates a higher anodizing efficiency in BA and significant surface
dissolution of CB oxide and/or a large amount of charge spent on side processes associated
with the oxidation of the citrate anion. The only exception is the case of alloy AlZn3
anodizing. Here, on average, the values of charges 190 and o, for anodizing in BA and
CB are close (Figure 14). The AlZn3 alloy probably dissolves better during the anodizing
process in both electrolytes studied.

The summarized results presented in this study (Table 3) show the possibility of
obtaining doped alumina thin films by anodizing alloys containing copper and silver.
As for the alloys containing zinc, they also form thin enriched layers [58,114], but the
cross-sectional arrangement of the samples is somewhat more complex. As a result of
anodizing such alloys, a zinc-enriched layer about 10 nm-thick with an average composition
corresponds to about at least 7.8 at.% Zn is also formed at the alloy—oxide interface. The
peculiarity is that the anodic alumina itself consists of two layers—a zinc-containing oxide
above a thin enriched layer, and a pure anodic oxide in contact with the electrolyte. As this
paper points out, anodic oxide film material can become detached from the substrate at
a particular condition of the alloy/film interface during the formation of anodic films on
Al-Zn alloys. Film detachment is associated with the partial elimination of the enriched
alloy layer, which then re-forms as a consequence of the re-growth of the anodic film [58].
In our case, during 100 V anodizing in a wide range of anodic current densities at the
galvanostatic stage of anodizing, the separation of oxide films did not occur under any
conditions. Once a target has been produced, for example for magnetron sputtering, it
is possible to form doped alumina thin films with specified characteristics by means of
anodizing or vacuum sputtering in an oxygen environment. However, the issue is not
only to establish the fact of enrichment of a thin layer at the metal-oxide interface with an
alloying component or to determine the valence state.

Table 3. Results of Ag-, Cu- and Zn-doped Al,Os.

Dopant Concentration

Dopant
Dopant Alloy In Metal-Oxide . Oxidation Ref.
In Alloy Interface In Oxide State
o - o - o +1 or .
Cu AlCu4 1.7 at.% ~10 at.% ~0.4-0.7% ([Cu]/([Cu] + [Al])) non-oxidized this work
Cu AI-3.5Cu 1.5 at.% >2.7-3.7 at.% no numerical data not determined Ref. [54]
Cu Al-1.5 wt.% Cu 0.58-0.64 at.% ~40 at.% 0.25-0.28 at.% not determined Ref. [57]
Cu Al-04 at.% Cu 0.4 at.% 9% ([Cu]/([Cu] + [Al])) no numerical data not determined Ref. [55]
Cu Al-1 at.% Cu 1at% 14% ([Cu]/([Cu] + [AL])) no numerical data +2 Ref. [56]
Cu Al-1 at.% Cu 1at.% 33.3 at.% 0.20-0.32 at.% +2 Ref. [65]
Cu 1.97 at.% not analyzed 0.17-0.4 at.% X
Mg AA2024-T3 1.76 at.% not analyzed 0.30-0.43 at.% not determined Ref. [42]
Cu 2024 3.8-3.9 wt.% not analyzed not detected not determined Ref. [29]
Ag AlAg5 1.3 at.% no numerical data below the detection limit undetermined this work
the atomic ratio of silver to
Ag AlAgl5 4.05 at.% no numerical data aluminum in oxide is 0.1 times +1 this work
that in the alloy

8?6) Z:'(;O 15 the atomic ratio of silver to :i
Ag AlAg 0' 9 t.° /0 ~3.1 %10 _l?g aluminum in oxide is between +1 Ref. [61]

1'2 Zt.(’/o atoms-cm 0.3 and 0.9 times that in the alloy +1

3.3. Possible Future Research and Applications

Of particular interest is the determination of what kinds of chemical compounds
are formed by the impurity atoms. This question requires separate research and detailed
discussion since the answer to it determines the prospects for possible applications of
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doped anodic alumina. One thing is the formation of solid solutions of oxides of alloying
elements in anodic Al,O3 or the presence of finely dispersed particles of metal (copper) or
oxides (CuyO, AgrO or AgO, ZnO) at the aluminum-—oxide interface, and quite another
thing is the formation of aluminates of the corresponding metals, which have a whole
complex of sought-after properties. In each case, doped “boundary” layers can find
applications. In case the exact formation of CuAlO,, AgAlO; and ZnAl,O4 compounds is
proved, the electrochemical synthesis of their thin layers for other promising applications
actively under consideration, such as transparent conductive films [115-123], may be of
interest for photoelectronic [124] and mechanical applications [125], optoelectronics [125],
photo-thermoelectric and thermoelectric applications [126,127], fluorescence materials [128],
sensors [125,129-131], and electro- and photocatalysts [132-136].

Numerous studies [137-140] show the widespread use of pure alumina thin films
as a material for memristors because they can be easily nanostructured and, as shown
in this work, doped. The combination of alumina with copper, zinc and silver oxides
is actively used for resistive switching [141-146]. The formation of thin doped alumina
films with copper, zinc and silver distributed over the volume or concentrated at the
interface can improve the performance characteristics of memristors and simplify their
fabrication technology.

From the fundamental point of view, in the authors” opinion, it is of interest to investi-
gate the influence of the film composition and the nature of the anodic electrolyte electrical
modes on the electrochemical behavior of aluminum and alloys (charge dependence on
electrical modes, time dependence of current and voltage, morphological parameters of
the oxide, impurity distribution, etc.) in order to clarify the mechanisms of anodizing and
the processes occurring in the forming oxide, at the electrolyte/oxide interface and in the
electrolyte itself.

4. Conclusions

Five film types were obtained via electrochemical aqueous boric acid and citrate buffer
barrier anodizing of pure aluminum foil and homogeneous binary alloys AlCu (4 wt.%),
AlZn (3 wt.%) and AlAg (5.2 wt.% and 16.2 wt.%). The barrier anodizing behavior and
the effect of anodic current density on the charge were studied, and scanning electron
microscopy, X-ray photoelectron spectroscopy and Auger electron spectroscopy analyses
were performed. The dependences of the specific charge on the current density and Auger
profiles were investigated. The findings are as follows:

1.  For pure aluminum and its alloys with copper and zinc, during anodizing in a boric
acid solution, the fraction of electricity consumed for the implementation of processes
secondary to the formation of alumina is lower than that in a citrate buffer solution.
This is explained, in particular, by the higher dissolving capacity of the citrate buffer
and the participation of citrate anions in redox reactions.

2. The phenomenon of pushing out the alloying element from the formed oxide to the
oxide/metal interface was found in the example of alloys with copper and silver.

3. The width of the accumulation zone of the alloying component depends on the
duration of anodizing and the nature of the electrolyte, which is associated with the
deterioration of the surface quality of the anodized sample due to the unevenness of
its dissolution and, as a consequence, the development of the relief of the oxide/metal
interface, which leads to blurring of the interface during Auger analysis.

4. Asaresult of determining the valence state of the alloying components present in the
oxide, it turned out that copper is present in an unoxidized or Cu™ state, and silver,
most likely, is oxidized. This is probably due to the higher electronegativity of copper
compared to silver.

5. The possibility of doping anodic Al,O3 directly in the process of its formation due
to the simultaneous introduction of the dopant of one nature from the electrolyte
and the transfer of an alloying component of another nature from the alloy, has been
demonstrated.
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6.  Ordered porous alumina films can be produced on pure aluminum in citrate buffer
and boric acid solutions.

7. The formation of doped anodic Al,Oj3 films via anodizing of its alloys can find practical
applications for the creation of memristors and other devices.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/coatings14050576/s1: Figures S1-S3 and S4-S7 show the AES
surface of AlCu4 oxide thin films obtained via BA and CB anodizing respectively; Figures S8-5S15
show SEM images of alumina thin films obtained via BA and CB anodizing.
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