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Abstract. Anodic aluminum oxide films arewidely used to obtain many types of organic and inorganic
nanomaterials and are of practical importance in studying the optical properties of nanomaterials synthesized
from them. This work presents a method of ¢wo-sided and two-stage anodization for obtaining anodic aluminum
oxide films with periodic and regularly spaced\pores. The method of anodic oxidation of aluminum in solutions of
acidic electrolytes makes it possible to quite,easily vary the parameters of the porous structure of Al,Os. Oxalic
acid was used as an electrolyte forf“soft,’ anodizing of the aluminum plate, and ethyl alcohol and a solution of
orthophosphoric acid and chromi¢ anhydride were used to pre-clean and polish the aluminum plate. Anodization
was carried out at low temperaturesyas a result of which it was possible to obtain an aluminum oxide film with a
high degree of ordering of pores;ithe sizes of which ranged from 60 to 110 nm, and the distance between the pores
was in the range of 13427 nm. Absorption and reflection spectra of a porous film of anodized aluminum were
obtained, where good absarption of the films is observed in the short-wavelength region of the spectrum, and the
maximum valdg,of the refractive index is observed in the short- and long-wavelength regions of the spectrum.

Keywords: Transparent anodic aluminum oxide films, double-sided anodizing, porous membranes, anodizing at
low temperatures, barrierlayer.

1. Introduction

Inorganic membranes, including dense membranes (honporous) and microporous membranes, due to
their good thermal and chemical stability, are one of the promising materials for the separation of gaseous H.
[1-3]. During the last 30 years, many studies have been successfully conducted by various research groups to
improve membrane transport/separation properties by modifying porous inorganic membranes using
chemical vapor deposition (CVD), sol-gel and other methods [4, 5].

Anodic aluminum oxide (AAO) films with periodic and regularly spaced pores have a wide range of
applications [6]. AAO is used to obtain many types of organic and inorganic nanomaterials, which are
widely used in optics [7], energy storage [8], sensors [9], molecular sieves for gas separation [10], surface-
enhanced Raman scattering [11], ion current rectification [12], biological antibacterial treatment [13], food
industry [14] and many other areas. By changing the experimental conditions and preparation processes, it is
possible to obtain AAO films with different porous structures [15]. Transparent AAO films are of practical
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importance in studying the optical properties of nanomaterials synthesized from them. Transparent AAO
films with barrier layers separated from aluminum substrates have nonlinear diode-type current-voltage
characteristics and ion rectification properties and are used in biosensing, bioseparation, nanofluidic
electronics, etc. [16]. This paper presents the results of the development of technology and studying the
properties of anodized aluminum oxide (AAO) films.

2. Experimental part

Films of porous aluminum oxide were prepared by two-sided and two-stage anodization. A 0.3 M
solution of oxalic acid was used as an electrolyte.

To begin with, aluminum plates of 99.99% purity, 3.5x3.5 ¢cm in size and 0.5 mm thick were prepared.
Aluminum plates were pre-annealed in a muffle furnace at 500°C for 6 hours. Afterwardsj thé‘plate surface
was cleaned with ethyl alcohol to degrease it. An important characteristic of metallic aluminum that affects
the process of ordering of the porous structure is the roughness of its surface. The aluminumisurface was
leveled by electrochemical polishing in a pulsed mode. For electrochemical polishing ofithe aluminum
surface, an electrolyte was used, which has the following composition: CrOs (185.g/l).and HsPO,4 (1480 g/l).
The solution was poured into a heat-resistant container and placed on a magnetic stirrer.at a temperature of
80 °C. An aluminum plate (of the same composition and larger in area)mwas attached to the negative
electrode and an aluminum plate for polishing to the positive electrode, then the’aluminum plate was lowered
into the solution with a special device and polished for 40 min. The aldminum plate was subjected to
electrochemical polishing in a pulsed mode at a maximum voltage of 20\, current - 11 A, pulse duration - 3
s, interval between pulses - 40 s, number of pulses - 40 pcs. The gualityacontrol of electrochemical polishing
was assessed by the appearance of the aluminum surface.

A solution of oxalic acid (COOH), with a concentration, of*0.3 M was prepared for anodizing
aluminum. The electrolyte was poured into a special container, as'shown in Figure 1. Two platinum wires
were used as a negative electrode. An aluminum plate wasiplaced between the platinum wires and connected
to the positive electrode. A stirrer was attached to'the container lid to ensure uniform anodization. This entire
structure was placed in a refrigerator to ensure anodieiexidation at a temperature of 0 °C.

(T

Fig.1. Installation for anodizing aluminum:
1 — power source, 2 — electrochemical cell, 3 — refrigeration chamber, 4 — magnetic stirrer.

The first anodizing stage was carried out at a voltage of 40 V. Then the plate was subjected to
electrochemical etching in a solution of orthophosphoric acid (35 mi/lI) and chromic anhydride (20 g/l) at
60°C for 15 min. After removing the oxide film, the second stage was carried out according to the same
conditions as the first. The resulting transparent aluminum oxide film was washed in deionized water.
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The absorption and reflection spectra of the anodic aluminum oxide film were measured on an
AvaSpec-ULS2048CL-EVO spectrometer (Avantes). Graphs were built using the obtained data in the
OriginPro application.

3. Results and discussion

Due to the fact that ordering of the structure occurs during film growth, the upper side of the membrane
is characterized by a chaotic arrangement of pores. To obtain films with an ordered structure throughout the
entire volume, two-stage anodization of the films was carried out. The method of anodic oxidation of
aluminum in solutions of acidic electrolytes makes it possible to quite easily vary the parameters (pore
diameter, distance between pores, film thickness) of the Al,O3 porous structure. The production of aluminum
oxide layers was carried out under conditions of “soft” anodization using a two-sided method..£he thickness
of the films obtained by this method is directly proportional to the duration of electrochemical oxidation, and
the rate of formation of the oxide layer varies from 2 to 5 pm/h. It should be noted that thejtemperature of the
electrolyte is the most important parameter, since at a constant acid concentration it.determines the rate of
dissolution of the oxide layer at the oxide/electrolyte interface. After preliminary (Surface, preparation, the
first anodic oxidation of aluminum was carried out in a solution of 0.3 M (COOH),. After this, subsequent
(second) anodic oxidation was carried out under the same conditions as during-the first oxidation. In this
case, it is possible to obtain an aluminum oxide film with a high degree of'pore ordering. Figure 2 shows a
chronoamperogram of the process of obtaining anodized aluminum films using a two-stage method.
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Fig.2.4Chroénoamperogram of the first and second stages of anodization.

In Figures 3 (a)yandy(b) are shown SEM images of one of the surfaces of a transparent alumina film.
The pictures showa typical ordered porous structure. The size of the ordered pores varies in the range of 60—
110 nm, as shewn injkigure 3 (d). The distance between the pores was in the range of 13-27 nm. The SEM
image«0f the transverse cleavage of the transparent AAO film is shown in the same Figure 3 ¢. The film
thickness is“about 291 um. The transverse cleavage is divided into upper and lower layers, separated by a
barrierlayer whose size is on the order of 14 nm (Figure 3 b).

The“absorption spectrum of a porous anodized aluminum film is shown in Figure 4. Anodized
aluminum films are practically opaque in the spectral range of 400-700 nm. The observed good absorption of
anodized aluminum films A<400 nm in the short-wavelength region of the spectrum with the maximum at
380 nm corresponds to an interband transition from the valence band to the bottom of the conduction band.
This region corresponds to transitions from final states of the valence band to broadened states of the
conduction band in aluminum oxide [17]. In the long-wavelength part of the absorption spectrum of films at
A>450 nm, a broad band with a maximum at 570 nm is observed, which may be associated with light
scattering in porous structures.

The diffuse reflectance coefficient of films is 27% at A<400 and decreases as the wavelength of light
increases. In the spectral range 470-700 nm it is 10%.
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Fig.3. (a) SEM image of the surface of an aluminum oxide film; (b) SEM image of a transverse cleavage of a
transparent AAO film; (c) size o erse cleavage; (d) histogram of pore size distribution.
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Fig.4. Absorption spectrum of a porous film of anodized aluminum.

The diffuse reflectance coefficient of films is 27% at 430 nm and decreases as the wavelength of light
increases (Figure 5a). Such pronounced peaks are observed in thin AAO films, the thickness of which is
comparable to the wavelength [18]. The appearance of such a peak in a thick AAO film is apparently
associated with the presence of a barrier layer in the center of the oxide structure. In the range of 550-850
nm, the reflection is on average no more than 10%. The optical constants of thin films of anodized aluminum
(k — extinction coefficient and n — refractive index) were determined according to the method [3]. As
expected, the extinction coefficient given in Figure 5b for the resulting structure generally follows the
absorption spectrum corrected for the reflection and refractive index.
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Fig.5. (a) Reflection spectrum; (b) dependence of the'extinction coefficient on the wavelength; (c) dependence of
the refractive index on the wavelength of anodized aluminum films.

The refractive index is one of the fundamental properties of an optical material, since it is closely
related to the electronic polarization©f ions,and the local field within the material. The Figure 5 ¢ shows that
the maximum value of the refractive index (n=1.82) is observed in the short-wavelength A=412 nm and
gradually decreases in the long-wave part of the spectrum. These results are in good agreement with data
obtained by other authors [19-21].

4. Conclusien

Using the method of two-sided and two-stage anodization, AAO films with periodic and regularly
spaced poresqwere ‘obtained. Anodization was carried out in oxalic acid at a voltage of 40 V at low
temperatures. The aluminum plate was subjected to electrochemical polishing in orthophosphoric acid. As a
result; an aluminum oxide film with a high degree of pore ordering was obtained, which is confirmed by the
surface patterns of the transparent aluminum oxide film. The absorption and reflection spectra of a porous
film of anedized aluminum were obtained. The ability to regulate the time of first and secondary anodization
allows precise control of the thickness of the transparent AAO film, and the prepared film is a two-sided
porous layer separated by a barrier layer, with subsequent use as molecular sieves in ion transport for
photocatalytic reactions and hydrogen fuel cells. The proposed method is very easy to operate and does not
require complex preparation processes. The advantage of the method we propose is that we have obtained a
two-stage anodizing technology with through channels with adjustable dimensions formed towards each
other. This method will allow the production of membranes and various types of filters for various
applications. The results of the proposed solutions will allow developing technologies related to the
development of new types of nanomaterials used as hydrogen fuel cells, which will expand the range of
technologies in the field of “green energy”.
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