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Abstract

:

Anodization is a method to fabricate a tunable nanoporosity and thickness of alumina coating. This research is devoted to large-area hard anodization (HA), ultrahard anodization (UHA), and transitional modes. The phenomenon and challenges of UHA and the transition from HA are studied on large-area samples using linear-sweep voltammetry. The findings indicate that a uniform large-area thick coating can be achieved by utilizing pre-UHA modes. The study’s results indicate that UHA leads only to coatings with non-uniform thickness in large-area anodization. The peculiarities of pre-UHA are studied using different temperatures (0, 5, 10, and 15 °C) and processing times (1, 2, 4, 6, and 12 h) in a 0.3 M oxalic acid electrolyte. The current study shows the possibility for the fast growth of thick nanoporous alumina up to 235 ± 4 µm for only 12 h.
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1. Introduction


Anodization is a common surface treatment process that is a robust, cost-effective approach to providing a surface with unique properties, such as enhanced corrosion resistance, improved wear resistance, and decorative coatings. Anodized surfaces also improve coating adhesion to paint, and may serve as dielectric materials. The anodization product, anodized aluminum oxide (AAO), has raised substantial scientific and technological interest due to its diverse applications as templates [1,2,3], membranes for filtering and separation [4,5], drug delivery [6], functional layers for composites [7], sensors, and biosensors [8,9,10], etc.



Over several decades, scientists have extensively studied the phenomenon of AAO formation to elucidate the mechanism of self-organized growth of the porous layer. The electrochemical process of anodization releases electrons from the aluminum anode, creating aluminum ions on the surface. The aluminum ions then react with the oxygen carriers to form the oxide layer on the metal’s surface. At the cathode, the hydrogen ions undergo reduction by receiving electrons, forming hydrogen gas. The electrolyte solution releases oxygen carrier ions, which tend to combine with aluminum ions, resulting in the development of AAO on the metal’s surface. Sulka described a more detailed mechanism [11] where AAO growth models were well described. Later, the origin of self-organization in AAO films was characterized by Rayleigh–Benard convection cells in combination with an imaginary flow of colloidal particles that form the walls and pores of AAO [12].



The overall equation of the process is given below:


2Al + 3H2O → Al2O3 + 3H2



(1)







Self-ordered AAO membranes with specific structure parameters of close-packed hexagonal cells can be obtained under conventional two-step mild anodization (MA) in different acidic electrolytes such as H2SO4, H2C2O4, and H3PO4. It was shown that the shape and arrangement of the AAO membranes are controllable and affected by the electrolyte’s composition [13], temperature [14], and applied process voltage or current [14]. Alternatively, AAO membranes were obtained under high anodizing voltage (hard anodization (HA)), a process in which the oxide growth rate is significantly higher than conventional MA. However, ref. [15] shows that anodization in the transfer region from MA to HA (60–80 V) is not perfectly stable and presents inconsistencies in the AAO growth rate and pore arrangement. The authors reported that at a lower temperature (7 °C), a thick AAO film was produced, although it was of poor quality and had disordered pore formation. Furthermore, they also revealed that the longer process (with the same anodization conditions) decreased the AAO film thickness. This transfer region from MA to HA corresponds to the mixed regime reported in the paper [16]. Here, the authors illustrated three growth modes: diffusion, mixed, and kinetic limitations, equivalent to mild, mixed, and hard anodization modes, respectively. It was shown that the growth of alumina with a sample area of 8.0 cm2 can reach 120–150 V in a 0.3 M oxalic acid electrolyte, depending on the electrolyte temperature. In addition, the maximal voltage decreases with an increase in temperature. Earlier, Lee et al. showed the pre-anodization application to form a thin oxide layer that suppresses breakdown effects and enables the growth of the uniform oxide film at high voltages with surface patterning by the nano-imprinted mold [17]. Recently, ultra-hard anodization (UHA) modes were discovered, partially enclosed in [18]. However, the application of UHA is strongly limited by complex equipment, and only a small treated area of 0.5 cm2 was successfully uniformly anodized, mostly due to the strict hydrodynamic conditions that still require extensive research on large areas. Some of these large-area effects will be disclosed in the current study by anodization in the transitional region. Moreover, the heat generated during UHA requires sufficient specific cooling and hydrodynamic conditions.



This study aims to form a uniform nanoporous alumina membrane with a high and uniform thickness (>200 µm) on a large-area sample utilizing pre-UHA modes, which may be easily scaled up to be utilized on large-area substrates. Additionally, this study focuses on the influence of process parameters such as electrolyte temperature, anodization time, and different voltages and peculiarities of the pre-UHA modes on the thickness and nano-structured geometry of the AAO.




2. Experimental Details


2.1. Anodization Pre-Treatment


Highly pure aluminum (99.99%, Testbourne Ltd., Basingstoke, UK) with a rectangular shape and size of 20 × 40 × 1 mm was used as a template. The initial Al surface was pre-treated using wet grinding and polishing by #600, #1200, and #2500 SiC papers using a LaboForce-100 (Struers Ltd., Ballerup, Denmark) machine. Then, substrates were washed with de-ionized water, degreased with acetone and ethanol, and dried with air.




2.2. Anodization


Al templates with an area of 17.2 cm2 were anodized in a 0.3 M oxalic acid (purity ≥ 99.5%, Fisher Chemical, Loughborough, UK) electrolyte using a programmable DC power supply, IT6006C-500-40 (Itech Electronic Co. Ltd., New Taipei City, Taiwan). The anodization process was carried out utilizing a 1 L double-jacketed glass reactor (d = 9.5 cm, h = 14 cm) filled with 0.5 L oxalic acid electrolyte equipped with a cooling system WBL-700 (MRC, Swindon, UK), shown in Figure 1. The cathode material was stainless steel with an area of approx. 184 cm2 (d = 9 cm, h = 6.5 cm). The distance between the magnetic stirred bar and the anode was approx. 3.5 cm. Anodization was conducted at a range of voltages up to 140 V. The pre-anodization was carried out according to the procedure shown in Figure 2, with a voltage sweep rate of ~0.25 V/s up to the final anodization voltage. The experiments were conducted at various temperatures (0, 5, 10, and 15 °C), with a time variation from 1 h to 12 h and a stirring rate of 400 RPM.




2.3. Characterization


The effect of different pre-anodization layers was studied using linear sweep voltammetry (LSV), which allows for the evaluation of its effect on the anodization mode. Different pre-anodized layers were grown, as shown in Table 1. After the pre-anodization, we used the anodic polarization test using LSV with a sweep rate of 0.05 V/s (Figure 2 and Table 1).



The thickness of the AAO membranes was measured using an optical digital microscope system RH-2000 (Hirox Inc., Tokyo, Japan). The nanostructure morphology and the thicknesses of the samples were characterized using scanning electron microscopy (SEM) JSM 6510 (Jeol Inc., Tokyo, Japan) and MAIA 3 (Tescan Inc., Brno, Czech Republic). SEM images of the surface and cross-section of coatings were analyzed with freeware ImageJ2 software, version 1.54g.





3. Results and Discussion


The samples of AAO were obtained using anodization in a wide-spread electrolyte of an aqueous solution of 0.3 M H2C2O4. The process was conducted in HA and pre-UHA modes using a pre-anodization procedure. This procedure ensures the growth of a thin nanoporous layer, which consequently protects the sample from an anodic burning effect and breakdown [17]. The current-time and voltage-time of the anodization process in near UHA modes at 0 °C are shown in Figure 3.



As revealed in voltage–current–time curves, the highest voltage, quite below 140 V, was achieved for the samples obtained at nearly 0 °C. This sample was anodized for less than 5 h in galvanostatic mode, limited by 0.45 A and a voltage of ~135 V. Such a current limit is necessary because of the significant heating of the sample during the initial growth of AAO. Only after 5 h of anodization does the voltage reach an almost constant value of 140 V. The authors of [17] have shown slightly higher anodization voltages, up to 150 V, under similar conditions, which may be addressed to different cell geometry, cooling procedures, pre-anodizing procedures, surface pre-pattering, and hydrodynamic conditions. However, in the current work, the sample was placed coaxially in a large-volume double-jacketed reactor with a magnetic stirrer below it. This setup may further facilitate the treatment of a larger sample area.



As shown in Figure 4, samples obtained at 140 V exhibit a strong non-uniformity in coating thickness across the sample. This non-uniformity may be attributed to the non-uniform cooling and different hydrodynamic conditions along the sample surface during anodization at a high voltage that might be described as a transitional borderline to UHA mode. Observation of cross-section micrographs in Figure 5 revealed that these coatings consist of several layers. The first layer is addressed to the pre-anodization, creating a gradient color on the surface of the sample (left side on the cross-section). The next gray-colored layer is addressed to the common AAO coating. Then, the brown one probably belongs to the UHA-AAO layer, which was grown under the AAO layer during the galvanostatic mode.



As can be seen from Figure 4 and Figure 5, the thicknesses of AAO and UHA-AAO layers increased with the duration of the anodization process in the galvanostatic mode. The UHA-AAO layer was grown more intensively than the common AAO. Moreover, this layer also spreads with an increase in anodization time from the central zone to the edge of the sample.



We believe the thicker part of the coating most probably grew in conditions close to UHA, as agreed with [18]. However, the authors of [18] reported uniform AAO coating obtained on a small anodizing area of less than 1 cm2. This highlights the primary challenge of achieving the UHA mode on large-area samples. This behavior may be attributed to different heating exchanges, where the center of the sample is heated more than the edges, as clearly illustrated in the plot showing the distribution of AAO thickness (Figure 4). The thicker oxide layer mostly leads to a reduction in the heat exchange of AAO. This non-uniform thickness follows temperature irregularities in the reaction zone, resulting in a non-uniform growth rate distribution along the sample. Thus, rapid fabrication of a large-area, thick, and uniform AAO coating requires lower voltages or a so-called pre-UHA mode. This approach yields a growth rate of 19.6 ± 0.3 µm/h (120 V, 12 h, 15 °C) in long-term anodization, as shown in Figure 6., compared to common MA rates of 12.9 µm/h (45 V, 8 h, 20 °C) [19] or HA rates of 12.4 µm/h (80 V, 10 h, 10 °C) [15].



Figure 6 illustrates the relationship between AAO thickness and its growth rate over anodization time at different processing temperatures in the pre-UHA mode (anodization voltage 120 V). Figure 6a demonstrates a sharp increase in the AAO thickness during the initial processing hours, followed by a gradual slope smoothing, as also observed in [17,18]. This behavior differs from processes conducted at lower voltages, such as in MA, where the slope of the thickness versus anodization time remains almost linear during long-term processing, up to 16 h [19].



The evaluation of Figure 6b revealed that the higher the process temperature, the higher the growth rate over all ranges of anodization times. That depicts the common growth-rate–temperature relationship in common MA and HA, which is supported by [14,16,20,21]. The cross-section SEM images of AAO coatings obtained during 6 h of anodization at 120 V in different temperatures are presented in Figure 7. The observations revealed that the thickness of AAO coating increased from 113.8 ± 3.2 to 188.3 ± 4.4 µm with the temperature rise from 0 to 15 °C.



Simultaneously, an increase in the electrolyte temperature facilitates a decrease in the maximum anodization voltage, as shown in Figure 8. The curves in this plot present the electric behavior of three samples anodized at a target voltage of 140 V at different temperatures. Although the processes did not reach the target voltage, the electrolyte temperature affects the maximum voltage for anodization. The maximum constant pre-UHA voltage of ~128 V, ~127 V, and ~125 V was reached at 0 °C, 5 °C, and 10 °C, respectively.



It should be noted that the maximum voltage is also associated with the pre-anodization procedure, which may be evaluated using an anodic polarization or linear sweep voltammogram (LSV). The obtained LSV of the pre-anodization at 0 °C is shown in Figure 9a.



The LSV test was carried out on samples with different pre-anodization procedures, as described in Table 1. The obtained curves show the following three typical modes of anodization: kinetic, mixed, and diffusion [16,22,23]. The kinetic and diffusion modes may be fitted by line in Figure 9a. In area A (MA), the anodization rate is limited by the chemical and electrochemical processes’ kinetics at the pore bottoms under the applied electric field. Area B (mixed mode anodization) includes the diffusion limit of ions through the AAO pores, along with the kinetics of ion transport at the solid/electrolyte interface. In contrast, area C (HA) describes the ion diffusion limit due to the high ion content at the AAO pore bottom, which is also agreed upon in [16]. The continuation of area C, where the linear region ends, represents the maximum voltage before the anodization process transitions to UHA or even the plasma electrolytic oxidation (PEO) zone. As seen in Figure 9a, the pre-anodization procedure can shift the anodization modes to higher voltages and increase the maximal voltage. Thus, in the P40, P60, P80, P100, and P120, the kinetic mode begins at 35 V, 50 V, 65 V, 80 V, and 95 V, respectively. Furthermore, we observe that the kinetic limit area (area A) increases with the increasing thickness of the coating developed during the pre-anodization procedure. Concurrently, the mixed mode range decreases with the longer pre-anodization procedure, as indicated by the change in area B on the curves from P40 to P120. It can be seen in Figure 9b that the layer thickness at each pre-anodization step is almost similar across all of the samples. However, the thickness of the LSV coating layer reduces as more pre-anodization steps are applied. This phenomenon may be addressed to the reduction in the current density with the anodization voltage, as seen in Figure 9. Consequently, pre-anodization introduces additional growth limitations, shifting the diffusion mode to higher values. This permits using a higher anodization voltage, the so-called pre-UHA mode, especially at elevated temperatures where the voltage range for the pre-UHA is broader, resulting in a higher growth rate than HA at lower voltages [15].



Such a study of LSV allows for the disclosure of the UHA phenomena by considering the sample anodized at 0 °C, which has not reached a target voltage of 140 V, as seen in Figure 3. This behavior is addressed to the transfer to the galvanostatic mode, previously explained as a local heat generation, resulting in a high voltage employed with a local increase in electrolyte temperature at the bottom of pores in the reaction zone. This behavior directly affects the mode transition with a shift of modes at rising temperatures. An induced local UHA competes and is parallel to HA or pre-UHA outside the local UHA zone. Although the process finally transfers to the potentiostatic mode, the thickness of AAO remains non-uniform, as illustrated in Figure 4. However, samples anodized at 120 V and 130 V reached the target voltage. They showed a potentiostatic behavior with uniform oxide growth on the aluminum surface in a wide range of temperatures from 0 to 15 °C.



The dependence of the AAO thickness and growth rate upon temperature and anodization time in the pre-UHA mode has been studied. Figure 6a shows that most AAO coatings were obtained between 0 and 15 °C, utilizing an anodization of 1 to 12 h. The thinnest achieved AAO coating was 54.6 ± 3.8 µm (0 °C, 1 h), and the thickest was 234.9 ± 3.7 µm (15 °C, 12 h), as evaluated in a SEM cross-section micrograph, as shown in Figure 10a. Implementing the pre-UHA enables the achievement of a uniform oxide layer and a high AAO growth rate of ~90 µm/h on a large-area sample (17.2 cm2) during short-term anodizing, as shown in Figure 6b. The growth rates and thicknesses in short-term anodization were also much higher compared to those the presented in [16]. This finding may be attributed to the lower thickness of the pre-anodized layer at 40 V (~1 μm) in comparison to the thickness of ~5 μm 40 V reported in [16]. The thickness of AAO coatings obtained at 120 V and 0 °C was also lower (up to 40 µm) over the same anodization time range, compared to 4 h of anodization at 140 V and 1 °C in reference [17]. However, unlike in [17], the current study does not require the use of a special cooling planar cell, which significantly restricts the anodizing area. In summary, a target anodization voltage of 120 V was selected for the pre-UHA, as this value demonstrated stable potentiostatic anodization across all electrolyte temperatures (0–15 °C). Increasing the process voltage to 130 V posed challenges in maintaining the potentiostatic process at higher temperatures of 10 and 15 °C, leading to a transition to local UHA, as previously observed. It should be noted that pre-UHA requires constant cooling, as any disruptions in cooling may cause a transition to local UHA.



The average pore diameter for different anodization processes is listed in Table 2. Calculations were performed using SEM cross-section micrograph images, such as Figure 10b–e, which is related to coatings at 12 h. As evident from the listed values, higher temperatures and longer anodization times lead to an increase in the pore diameter. This behavior is controllable and consistent with those previously reported in [14,24]. The largest pore diameter of 155.9 ± 17.0 nm was obtained using anodization at 15 °C for 12 h.




4. Conclusions


In this study, large-area AAO were produced utilizing a comprehensive range of experimental conditions.



A deeper understanding of UHA phenomena was achieved through LSV analysis and anodization in UHA conditions, indicating that this process is very similar to HA. Here, under critical conditions, the growth rate of nanoporous oxide was increased due to the high local temperature. However, the uniform large-scale area of UHA is strongly restricted by hydrodynamic conditions along the surface and thermal exchange between the grown oxide and the environment. The abovementioned transition between HA and UHA enables the determination of stable conditions near UHA, known as pre-UHA. This offers potential application benefits by combining UHA’s high growth rate with HA’s uniform anodization.



Thus, these findings determined a rapid oxide growth rate of up to 88.3 ± 5.1 µm/h and a thicker coating of up to 234.9 ± 3.7 µm. It was also shown that the pre-anodization procedure increases the maximal pre-UHA voltage from ~130 V to ~140 V, facilitating the production of a protective oxide layer. The grown layer must protect the sample from anodic burning, enabling possible uniform anodization at a high growth rate.







Author Contributions


Conceptualization, I.R., Y.Y., and K.B.; Methodology, I.R. and Y.Y.; Formal analysis, I.R. and Y.Y.; Investigation, I.R. and Y.Y.; Data curation, I.R. and Y.Y.; Writing—original draft preparation, I.R., Y.Y., and K.B.; Visualization, I.R.; Supervision, Y.Y. and K.B.; Project Administration, K.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Wei, Q.; Fu, Y.; Zhang, G.; Yang, D.; Meng, G.; Sun, S. Rational Design of Novel Nanostructured Arrays Based on Porous AAO Templates for Electrochemical Energy Storage and Conversion. Nano Energy 2019, 55, 234–259. [Google Scholar] [CrossRef]

	



Zhou, Z.; Nonnenmann, S.S. Progress in Nanoporous Templates: Beyond Anodic Aluminum Oxide and Towards Functional Complex Materials. Materials 2019, 12, 2535. [Google Scholar] [CrossRef] [PubMed]

	



Goncharova, A.S.; Napolskii, K.S.; Skryabina, O.V.; Stolyarov, V.S.; Levin, E.E.; Egorov, S.V.; Eliseev, A.A.; Kasumov, Y.A.; Ryazanov, V.V.; Tsirlina, G.A. Bismuth Nanowires: Electrochemical Fabrication, Structural Features, and Transport Properties. Phys. Chem. Chem. Phys. 2020, 22, 14953–14964. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Xiao, A.; Zhang, C.; Wang, Y. Growing Covalent Organic Frameworks on Porous Substrates for Molecule-Sieving Membranes with Pores Tunable from Ultra- to Nanofiltration. J. Membr. Sci. 2019, 576, 116–122. [Google Scholar] [CrossRef]

	



Maghsodi, A.; Adlnasab, L.; Shabanian, M.; Javanbakht, M. Optimization of Effective Parameters in the Synthesis of Nanopore Anodic Aluminum Oxide Membrane and Arsenic Removal by Prepared Magnetic Iron Oxide Nanoparicles in Anodic Aluminum Oxide Membrane via Ultrasonic-Hydrothermal Method. Ultrason. Sonochem. 2018, 48, 441–452. [Google Scholar] [CrossRef] [PubMed]

	



Kapruwan, P.; Ferré-Borrull, J.; Marsal, L.F. Nanoporous Anodic Alumina Platforms for Drug Delivery Applications: Recent Advances and Perspective. Adv. Mater. Interfaces 2020, 7, 2001133. [Google Scholar] [CrossRef]

	



Tishkevich, D.I.; Vorobjova, A.I.; Shimanovich, D.L.; Vinnik, D.A.; Zubar, T.I.; Kozlovskiy, A.L.; Zdorovets, M.V.; Yakimchuk, D.V.; Trukhanov, S.V.; Trukhanov, A.V. Formation and Corrosion Properties of Ni-Based Composite Material in the Anodic Alumina Porous Matrix. J. Alloys Compd. 2019, 804, 139–146. [Google Scholar] [CrossRef]

	



Malinovskis, U.; Poplausks, R.; Erts, D.; Ramser, K.; Tamulevičius, S.; Tamulevičienė, A.; Gu, Y.; Prikulis, J. High-Density Plasmonic Nanoparticle Arrays Deposited on Nanoporous Anodic Alumina Templates for Optical Sensor Applications. Nanomaterials 2019, 9, 531. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, S.; Law, C.S.; Williamson, N.H.; Kempson, I.; Popat, A.; Kumeria, T.; Santos, A. Environmental Copper Sensor Based on Polyethylenimine-Functionalized Nanoporous Anodic Alumina Interferometers. Anal. Chem. 2019, 91, 5011–5020. [Google Scholar] [CrossRef]

	



Pol, L.; Eckstein, C.; Acosta, L.; Xifré-Pérez, E.; Ferré-Borrull, J.; Marsal, L. Real-Time Monitoring of Biotinylated Molecules Detection Dynamics in Nanoporous Anodic Alumina for Bio-Sensing. Nanomaterials 2019, 9, 478. [Google Scholar] [CrossRef] [PubMed]

	



Sulka, G.D. Highly Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing. In Nanostructured Materials in Electrochemistry; Ali, D.E., Ed.; Wiley: Weinheim, Germany, 2008; pp. 1–116. ISBN 9783527318766. [Google Scholar]

	



Pashchanka, M.; Schneider, J.J. Origin of Self-Organisation in Porous Anodic Alumina Films Derived from Analogy with Rayleigh–Bénard Convection Cells. J. Mater. Chem. 2011, 21, 18761. [Google Scholar] [CrossRef]

	



Belwalkar, A.; Grasing, E.; Vangeertruyden, W.; Huang, Z.; Misiolek, W. Effect of Processing Parameters on Pore Structure and Thickness of Anodic Aluminum Oxide (AAO) Tubular Membranes. J. Membr. Sci. 2008, 319, 192–198. [Google Scholar] [CrossRef] [PubMed]

	



Sulka, G.D.; Stepniowski, W.J. Structural Features of Self-Organized Nanopore Arrays Formed by Anodization of Aluminum in Oxalic Acid at Relatively High Temperatures. Electrochim. Acta 2009, 54, 3683–3691. [Google Scholar] [CrossRef]

	



Tripathy, J.; Wiley, J.B. Fabrication of Thick Porous Anodized Aluminum Oxide Templates. J. Solid State Electrochem. 2015, 19, 1447–1452. [Google Scholar] [CrossRef]

	



Leontiev, A.P.; Roslyakov, I.V.; Napolskii, K.S. Complex Influence of Temperature on Oxalic Acid Anodizing of Aluminium. Electrochim. Acta 2019, 319, 88–94. [Google Scholar] [CrossRef]

	



Lee, W.; Ji, R.; Gösele, U.; Nielsch, K. Fast Fabrication of Long-Range Ordered Porous Alumina Membranes by Hard Anodization. Nat. Mater. 2006, 5, 741–747. [Google Scholar] [CrossRef] [PubMed]

	



Noormohammadi, M.; Arani, Z.S.; Ramazani, A.; Kashi, M.A.; Abbasimofrad, S. Super-Fast Fabrication of Self-Ordered Nanoporous Anodic Alumina Membranes by Ultra-Hard Anodization. Electrochim. Acta 2020, 354, 136766. [Google Scholar] [CrossRef]

	



Zaraska, L.; Sulka, G.D.; Jaskuła, M. Anodic Alumina Membranes with Defined Pore Diameters and Thicknesses Obtained by Adjusting the Anodizing Duration and Pore Opening/Widening Time. J. Solid State Electrochem. 2011, 15, 2427–2436. [Google Scholar] [CrossRef]

	



Chung, C.K.; Liao, M.W.; Chang, H.C.; Lee, C.T. Effects of Temperature and Voltage Mode on Nanoporous Anodic Aluminum Oxide Films by One-Step Anodization. Thin Solid Films 2011, 520, 1554–1558. [Google Scholar] [CrossRef]

	



Dobosz, I. Influence of the Anodization Conditions and Chemical Treatment on the Formation of Alumina Membranes with Defined Pore Diameters. J. Porous Mater. 2021, 28, 1011–1022. [Google Scholar] [CrossRef]

	



Roslyakov, I.V.; Gordeeva, E.O.; Napolskii, K.S. Role of Electrode Reaction Kinetics in Self-Ordering of Porous Anodic Alumina. Electrochim. Acta 2017, 241, 362–369. [Google Scholar] [CrossRef]

	



Vega, V.; García, J.; Montero-Moreno, J.M.; Hernando, B.; Bachmann, J.; Prida, V.M.; Nielsch, K. Unveiling the Hard Anodization Regime of Aluminum: Insight into Nanopores Self-Organization and Growth Mechanism. ACS Appl. Mater. Interfaces 2015, 7, 28682–28692. [Google Scholar] [CrossRef] [PubMed]

	



Bruera, F.A.; Kramer, G.R.; Vera, M.L.; Ares, A.E. Synthesis and Morphological Characterization of Nanoporous Aluminum Oxide Films by Using a Single Anodization Step. Coatings 2019, 9, 115. [Google Scholar] [CrossRef]








[image: Materials 17 03438 g001] 





Figure 1. Schematics of the electrochemical cell used for the Al anodization. 
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Figure 2. The voltage-time curve of the pre-anodization procedure. 
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Figure 3. Voltage–current–time relationship of samples anodized at 0 °C at different maximal anodization voltages. 
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Figure 4. Schematics of the AAO thickness distribution obtained at 0 °C and 140 V at different anodization times. 
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Figure 5. Optical cross-section micrographs of the AAO thickness distribution obtained at 0 °C and 140 V at different anodization times: (a) 1 h, (b) 2 h, (c) 4 h, and (d) 6 h. 
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Figure 6. (a) Curves of thicknesses and (b) growth rates of AAO porous films synthesized in 0.3 M oxalic acid at 120 V, utilizing different temperatures as a function of anodization time. 
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Figure 7. SEM cross-section micrographs of AAO obtained in potentiostatic mode of 6 h of anodization at 120 V in electrolytes with the following temperatures: (a) 0 °C, (b) 5 °C, (c) 10 °C, and (d) 15 °C (scale marker is 200 µm). 
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Figure 8. Voltage–current–time relationship of samples anodized at a target voltage of 140 V. 
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Figure 9. Samples with different pre-anodization procedures: (a) linear sweep voltammetry (LSV) curves and (b) thicknesses of AAO layers at each pre-anodization procedure. 
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Figure 10. SEM cross-section micrographs of (a) AAO layer obtained at 15 °C and 12 h, and AAO samples anodized at 10 °C utilizing the following various anodization times: (b) 1 h, (c) 2 h, (d) 4 h, and (e) 12 h. 
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Table 1. Pre-anodization procedure for LSV characterization.
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	40 V
	60 V
	80 V
	100 V
	120 V





	P40
	300 s
	-
	-
	-
	-



	P60
	300 s
	450 s
	-
	-
	-



	P80
	300 s
	450 s
	600 s
	-
	-



	P100
	300 s
	450 s
	600 s
	750 s
	-



	P120
	300 s
	450 s
	600 s
	750 s
	900 s










 





Table 2. Pore diameter at different anodization times and temperatures.
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Pore Diameter (nm)




	

	
1 h

	
2 h

	
4 h

	
6 h

	
12 h






	
0 °C

	
79.9 ± 10.7

	
85.7 ± 9.5

	
88.6 ± 9.4

	
103.2 ± 14

	
98.0 ± 10.3




	
5 °C

	
86.4 ± 10.2

	
90.1 ± 15.0

	
96.1 ± 10.7

	
111.9 ± 14.3

	
108.7 ± 10.3




	
10 °C

	
102.2 ± 15.2

	
99.0 ± 10.9

	
99.0 ± 14.3

	
115.6 ± 16.2

	
109.4 ± 15.6




	
15 °C

	
123.6 ± 17.4

	
138.4 ± 14.6

	
139.1 ± 17.9

	
153.4 ± 20.6

	
155.9 ± 17.0
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