Features of paramagnetic centers in nanosized porous aluminum oxide 
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In recent years, interest in the study of porous anodic aluminum oxide (PAAO) has increased [1, 2]. This material is an array of ordered pores and is formed by a simple and accessible electrochemical method in electrolytes based on inorganic and organic acids. Interest in porous anodic aluminum oxide is primarily due to the large variability of its morphology (films on a substrate, free-standing films, powders, the pore range is from units to hundreds of nanometers). As a result, it can be used to create nanocomposites by filling the pores with another material, as a template for various nanostructures, as a sensor platform. The creation of a sensor platform based on porous anodic aluminum oxide for detecting biomarkers is the most urgent task at present in connection with the growth of infectious diseases in the world [3].
Aluminum foil (99.99% pure) was used for anodizing. Organic contaminants were removed from the surface by immersing the foil in acetone and placing it in an ultrasonic bath for 10 minutes. The surface roughness was reduced by polishing the aluminum substrates, which was carried out by electrochemical etching in a solution at a temperature of 5 °C, containing 1 : 6 perchloric acid and ethyl alcohol, for 5 min at a voltage of 40 V, while stirring the electrolyte. After carrying out the described preliminary treatment of the surface of the aluminum substrates, they were thoroughly washed in deionized water and dried in air. Anodizing was carried out in a dilute solution of different acids (sulfuric, selenium, oxalic, etidronic) in the galvanostatic mode (in 1.5 M at a current density of 15 mA/cm2 and at a different temperature of 5-55 °C). To obtain an ordered porous structure of aluminum oxide, a two-stage anodization technique was used. The first stage was carried out for 30 min, after which the resulting sacrificial oxide layer was selectively removed for 15 min in an aqueous solution of 0.4 M phosphoric acid and 0.2 M chromic acid at a temperature of 80 ºC. The second stage was carried out with the same process parameters as the first, but for an hour. The dye rhodamine B was chosen as a model analyte, which was dissolved in deionized water to obtain a solution with a different concentration (10-5 - 10-7) M. The samples were immersed in the dye for 30 min at a temperature of 40 °C, after which they were removed and dried in air. 
The Helios NanoLab 650 scanning electron microscope (SEM) was used for study of sample structure. The pore diameters were studied using the FiJi software package. The electron paramagnetic resonance (EPR) studies were carried out in the EPR spectroscopy laboratory of the Collective Use Center of the Physics Faculty of Moscow State University using ELEXSYS-E500-10/12 equipment. The concentration of paramagnetic centers was estimated using a CuCl2•2H2O single crystal as a standard with a known number of spin centers.
It was found that all samples contain oxygen vacancies with an unpaired electron (g=2.0022±0.0003); their concentration is maximum in the samples A2. In addition, O2- radicals (g1=2.023±0.0003, g2=2.008±0.0003, g3=2.0035±0.0003) were detected in samples A1 and A3. It was found that the photoluminescence intensity correlates with the concentration of oxygen vacancies. Therefore, it can be assumed that photoluminescence in auminium oxide nanotubes is due to radiative recombination of electrons and holes at oxygen vacancies.
The obtained PAAO samples are ordered arrays of pores with an average diameter of 10 nm when synthesized in an electrolyte at 5°C. Increasing the solution temperature to 25 °C leads to an increase in the average pore diameter to 14 nm, which indicates a significant increase in the chemical etching of the oxide walls. The surface of PAAO, synthesized at the electrolyte temperature 40 °C, consists of individual thread-like fibers. Oxygen vacancies (F+ centers) were detected in all samples formed in sulfuric acid using the EPR method. In addition, in samples synthesized at 25 оC, paramagnetic Al–SO4 complexes were detected for the first time, which are incorporated into the structure of aluminum oxide from the electrolyte. It is assumed that Al–SO4 complexes are localized on the surface and in the near-surface region of the pore walls, since their concentration decreases significantly in samples with etched pore walls (PAAO-40C).
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