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Abstract: Nanoporous anodic aluminum oxide (AAO) films play an important role in nanotechnology
due to their easily adjustable morphological properties and wide range of applications. Thus,
a deep and systematic characterization of the morphological properties of these coatings is essential.
The most important variables in the synthesis of nanoporous AAO films include the anodization
voltage, nature, concentration and temperature of the electrolyte, which, combined, result in pores of
different sizes and geometries. In the present work, AA 1050 alloy was used to synthesize AAO films,
using 0.3 and 0.9 M oxalic acid as the electrolyte and combining different electrolyte temperatures (20,
30 and 40 ◦C) and anodizing voltages (30, 40 and 60 V), with the aim to correlate the morphological
properties of the coatings with the synthesis parameters of a single anodization step. The coatings
obtained were characterized by optical microscopy and scanning electron microscopy, determining
pore diameter, interpore distance, pore density and coating thickness. The results showed that,
by varying the anodic synthesis conditions, it is possible to obtain coatings with a pore diameter
between 21 and 97 nm, an interpore distance between 59 and 138 nm, pore density between 2.8 × 1010

and 5.4 × 109 pores/cm2 and thicknesses between 15 and 145 µm. In this way, the right combination
of synthesis variables allows synthesizing AAO coatings with morphological characteristics best
suited to each particular application.

Keywords: anodic oxidation; nanostructured coatings; AA 1050; one-step anodization

1. Introduction

Aluminum anodic oxidation is a simple, low-cost and versatile electrochemical process that allows
obtaining nanoporous coatings of different morphology, by varying the electrochemical parameters
of synthesis such as the nature, concentration and temperature of the electrolyte and the anodization
voltage [1].

Over the years, many efforts have been made to optimize the use of nanoporous anodic aluminum
oxide (AAO) films in applications such as molecular filtration and separation, catalysis, electronics
and photonics, energy generation and storage, sensors and biosensors, drug delivery and template
synthesis to obtain nanotubular materials [2–4]. In this sense, Masuda and Fukuda [5] developed a
two-step anodization technique to obtain self-ordered nanostructures and hexagonal packaging of
pores, without the need for expensive lithographic techniques [5,6], which was a breakthrough in
obtaining nanomaterials from AAO templates. However, synthesis with only one anodization step for
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nanotechnological applications, that do not require too much order in the network of pores, is still an
alternative with lower production times and costs.

In general, most researchers studying aluminum anodization use electrolytes at low temperatures
(in the range of 0–5 ◦C) [7–12] to reduce the high current density rates that result from oxide
dissolution [13,14]. This implies very slow oxide growth rates [15], which demand many hours
of anodization and increase synthesis costs. However, near ambient temperatures (equal to or greater
than 20 ◦C) significantly shorten the anodization time, allowing the synthesis of thick membranes in a
short time, without the need for a cooling circuit [3]. Another way to minimize AAO film synthesis
costs is to use commercial aluminum alloys such as AA 1050 (99.5% Al) [1,16–19] as the substrate,
although high-purity aluminum anodizing allows obtaining higher order films [11,15,20,21].

The objective of this work was to synthesize and characterize low-cost nanoporous coatings
obtained by means of one-step anodization of the commercial alloy AA 1050 by using oxalic acid at
near ambient temperatures for technological applications such as catalysis, filtration and molecular
separation in which the order of the porous arrangement is not decisive. Particularly, in catalytic
applications, the use of nanostructured AAO films with pore size of 40–300 nm and thickness of
50–250 µm is common [22–27]. For example, Dotzauer et al. [25], immobilized gold nanoparticles on
nanopore supports of AAO with a pore size of 200 nm and a thickness of 20 µm, for the reduction
of 4-nitrophenol. Ganley et al. [26] manufactured aluminum-alumina catalytic microreactors for
the decomposition of ammonia into hydrogen and nitrogen, with thickness between 50 and 60 µm.
Milka et al. [27] successfully immobilized Alliinase in AAO membrane filters of 200 nm pore diameter.
On the other hand, in applications of filtration and molecular separation, AAO membranes with pore
size of 10–185 nm, interpore distance of 50–140 nm and film thickness of 0.7–1 µm were used [28–30].

Based on the fact that it is fundamental to select the synthesis conditions that best adapt to each
particular application, we also studied the correlation between the synthesis conditions (electrolyte
concentration, temperature and anodization voltage), the current density vs. time curves [3,4,11,31]
and the morphological properties of the AAO films, defined mainly by the pore diameter, the interpore
distance, pore density and the film thickness.

2. Materials and Methods

2.1. Substrate Material

The substrate used was a sheet of the commercial aluminum alloy AA 1050 (supplied by AMEX®

S.A., Buenos Aires, Argentina), whose composition in is detailed Table 1. In addition, Figure A1
(Appendix A) shows mappings of the main elements of AA 1050 (Al, Fe and Si) carried out by X-ray
energy dispersion spectrometry.

Specimens of approximately 1 cm wide, 3 cm high and 0.3 cm thick were cut. The specimens were
included in commercial acrylic (Subiton, San Fernando, Argentina) to isolate the edges and one of the
faces, delimiting the exposed area of the specimens to 3 cm2.

Table 1. Chemical composition of commercial AA 1050 (weight percent) [32].

Element Al Fe Si Cu Zn Ti V Mg Mn

Min. 99.50 0.12 0.07 – – – – – –
Max. – 0.30 0.20 0.051 0.05 0.03 0.05 0.05 0.05

2.2. Synthesis of AAO Coatings

2.2.1. Pre-Treatment of the Substrate Surface

Prior to anodization [33], the surface of the substrate was prepared in the following stages:
(i) grinding in a rotary plate polisher (Struers, Ballerup, Denmark) at 250 rpm, with SiC sandpaper
of decreasing granulometry from # 280 to # 2500 (Doble A and Norton); (ii) polishing in a rotary
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plate polisher (Struers, Ballerup, Denmark) at 250 rpm with diamond pastes of 6 (Prazis, Buenos
Aires, Argentina) and 1 µm (Prazis, Buenos Aires, Argentina) for 1 h each on a cloth (Prazis,
Buenos Aires, Argentina) by using ethylene glycol (Biopack, Buenos Aires, Argentina) as lubricant;
(iii) electropolishing in a 3.5:4:2.5 V/V ethanol 96% (Biopack, Buenos Aires, Argentina): 85% phosphoric
acid (Anedra, Buenos Aires, Argentina): water solution, vigorously stirring the solution at 40 ◦C with
a magnetic stirrer with heating control (78HW-1, Arcano, Nanjing, China), at 60 V with limitation
of current density in 0.25 A/cm2 for 3 min, using two sources (TPR3003T, Atten, Shenzhen, China)
connected in series in potentiostatic mode and cathode of aluminum 99.999% (supplied by Aluar,
Buenos Aires, Argentina) of 6 cm2 of submerged area; and iv) attack in solution of 6% by weight of 85%
phosphoric acid (Anedra, Buenos Aires, Argentina), 1.8% by weight of chromic acid (Cicarelli, Santa Fe,
Argentina), 92.2% by weight of distilled water at 60 ◦C for 3 h. At the end of each pre-treatment stage,
the specimens were cleaned with distilled water to remove any unwanted residue from the previous
stage, sprayed with alcohol and dried with hot air.

2.2.2. Anodic Oxidation

Coatings were synthesized by means of a single 1-h anodization step, circulating direct current,
using two sources (TPR3003T, Atten, Shenzhen, China) connected in series in potentiostatic mode
and with magnetic stirring with heating control (78HW-1, Arcano, Nanjing, China) of the electrolyte.
A platinum plate (99.999%, Roberto Cordes S.A., Buenos Aires, Argentina) of 12 cm2 of exposed area
was used as cathode to oxidize 1 cm2 of pre-treated AA 1050 (anode). The parameters that were
varied in each synthesis were: Electrolyte concentration (C) (0.3 and 0.9 M), electrolyte temperature
(T) (20, 30 and 40 ± 2 ◦C) and anodization voltage (V) (30, 40 and 60 V). The selection of the
experimental conditions was made based on the ranges of temperature, concentration of oxalic acid
and voltage presented by Sulka [3], with the aim of widening the AAO films synthesis conditions and
characterization, until now not thoroughly studied.

During the anodization process, the current density (j) was recorded as a function of the
anodization time. All tests were performed in duplicate. The specimens were named with the
letter O and a number indicating the concentration (in Molar) of the oxalic acid used, followed by the
letter T and a number corresponding to the temperature (in ◦C) of the electrolyte, and finally the letter
V and the voltage (in Volts) used in the anodization process. For example, the test piece O0.3 T20 V30
corresponded to a test piece anodized with 0.3 M oxalic acid at 20 ◦C and 30 V.

2.3. Morphological Characterization of Coatings

The nanopores in the anodic films were characterized by scanning electron microscopy (SEM),
using a SUPRA 40 (Carl Zeiss NTS GmbH, Buenos Aires, Argentina) equipment. The average pore
diameter (dp), the interpore distance (di) and the pore density (ρ) were determined from SEM
micrographs with the free software ImageJ (1.50i version) [34–36], as follows: dp was calculated
from the area of the pores identified in a SEM image magnified 80000 times, using the particle analysis
tool; di, was estimated from 20 measurements made from the center of one pore to the center of another;
and ρ was determined by counting the number of pores per unit area.

The average thickness (e) of the oxide films was determined by observing the cross-section of the
sample under an optical microscope (EPIPHOT, Nikon, Japan), making 10 measurements for each case.
Previously, the cross sections of the samples have grinded to facilitate the identification of the oxide
film from the substrate in the microscope.
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3. Results and Discussion

3.1. Influence of Variables (C, T and V) During the Synthesis of AAO Films—Current Density vs. Time Curves

Figure 1 shows the variation of the current density (j) as a function of the time recorded during
anodization in 0.3 M (Figure 1a) and 0.9 M oxalic acid (Figure 1b) at 20, 30 and 40 ◦C and 30, 40 and 60
V. From the analysis of the curves, current density vs. time of Figure 1a,b, we summarized in Figure 1c
the anodic pore formation in four characteristic curves related to the conditions of anodic synthesis.
The curve (1) of Figure 1c stands for the behavior of anodization of O0.3 T20 V(30–40) and O0.9 T20
V30; the curve (2) stands for the behavior of anodization of O0.3 T20 V60; the curve (3) corresponds to
the anodizations of O0.3 T(30–40) V(30–40), O0.9 T20 V40 and O0.9 T(30–40) V(30–40); and the curve
(4) corresponds to the anodizations of O0.3 T(30–40) V60.
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Figure 1. Current density (j) vs time recorded during the first anodization step in 0.3 M (a) and 0.9
M (b) oxalic acid at different voltages and temperatures; insets: first stages of anodization. Current
density vs. time curves representative of anodic behavior in different synthesis conditions (c); inset:
stages of pore growth: I: formation of barrier layer, II: formation of pore precursor pits, III: formation of
pores and IV: growth in of pores stationary state (Inset adapted from Sulka [3]).

In general, curves (1) and (2) show four stages corresponding to the process of formation of
porous AAO films (Figure 1c). During stage I, there is an abrupt decrease in the current density at the
beginning of the anodization process until a minimum value is reached, due to the growth of a compact
and uniform oxide layer of the barrier type, which progressively increases the resistance of the system
to the passage of current [2,3]. In stage II, the process of nucleation of the pores and the initial growth
of the porous structure is initiated by dissolution of the barrier oxide layer assisted by the electric field.
Then, in stage III, current density increases over time to a maximum, due to the rupture of the barrier
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layer and the rapid diffusion of the electrolyte through the oxide. The presence of a maximum in the
curve indicates the rearrangement of the porous structure [3]. Finally, in stage IV, the pores reach a
stationary growth and the barrier type layer is dissolved. This stage is characterized by a slow decrease
in the current density until reaching an equilibrium value [3,4,19,37]. Particularly, curves (3) and (4)
do not seem to reach stage IV during the anodizing time of 1 h. This could be due to much more
reactive oxidation and dissolution reactions of the oxide layer that occurs at high concentrations of
oxalic acid, high electrolyte temperatures and high anodization voltages. The curve (3) shows several
undulations that imply little stability in the process of anodic film growth, possibly attributed to the
dissolution of preferential sites of the porous layer (e.g., the surface inhomogeneities, the residual
stresses of the material and the presence of impurities) and its subsequent oxidation. On the other
hand, curve (4) shows pronounced peaks of current density in stage III, which could be attributed to
higher dissolution rates than oxide growth rates [38], which may allow several adjacent pores to merge
to generate larger pores [4]. The latter is characteristic for anodization at 60 V and high temperatures,
where the maximum of j reached in stage III exceeds 0.3 A/cm2 (Figure 1a) and correlate with the
morphologies described in Section 3.2 below.

Comparatively, the current density vs. time curves in Figure 1a,b show an increase in the current
density values at all stages of the anodization process with the increase in temperature and voltage.
It can be observed in the insets of Figure 1a,b that the minimum current density corresponding to stage
I of pore growth occurs faster and that higher current values are reached with increasing voltage and
temperature of the solution, in accordance with that previously reported by Sulka [3].

The effect of oxalic acid concentration on anodic synthesis can be observed by comparing the
initial current density peaks for each synthesis condition. In general, an increase in the initial maximum
j is observed with the increase in acid concentration, a fact that favors mainly the dissolution process
(stage III). Such is the case that, during anodic oxidations in 0.9 M oxalic acid at 60 V at different
temperatures, an excessive dissolution of the oxide was induced, causing an increase in the current
density (up to around 2 A/cm2) and an uncontrollable increase in the temperature of the solution
(results not shown), which made anodic synthesis impossible for 1 h under such conditions.

3.2. Influence of Variables (C, T and V) on the Morphology of Coatings

Figures 2 and 3 show the SEM micrographs of the AAO coatings obtained at different temperatures
and voltages and with 0.3 and 0.9 M oxalic acid, respectively. In all cases, nanoporous structures, with three
types of structures, can be observed: (A) defined by branched pores (pores within pores), predominant in
synthesis at 30 V and 20 and 30 ◦C; (B) defined by unbranched pores of thin wall, as a consequence of high
synthesis temperatures and voltages; (C) defined as the transition from the first structure to the second,
because voltage and temperature increases with respect to the minimum levels evaluated (20 ◦C and 30
V). These morphological differences observed in the porous structure of the AAO films coincide with the
results described in the analysis of the current density vs. time curves for each synthesis condition. Thus,
the formation of branched pores may be due to low rates of oxide dissolution and lack of reordering of
the porous matrix, while the non-branching of pores may be achieved with higher rates of oxidation and
dissolution, as the voltage and temperature of synthesis increase.

Figure 4 shows the variation of the morphological parameters of nanostructured AAO films
synthesized in 0.3 and 0.9 M oxalic acid as a function of voltage and temperature, and Table 2 shows
the mean values and dispersion of these parameters for each structure. Figure 4a shows the variation of
the average pore diameter (dp) with the anodizing voltage [3,9] and the electrolyte temperature [3,39].
In the films synthesized in 0.3 M oxalic acid, at 20 ◦C, although the error bars of dp overlapped and
the differences were not significant between 30 and 40 V and between 40 and 60 V, the increase in dp
with the voltage was clear and significant between 30 and 60 V, with pore sizes ranging between 21
and 38 nm. The same occurs with AAO films synthesized at a constant temperature of 30 ◦C, with dp
ranging between 29 and 80 nm with 30 and 60 V, respectively. However, at 40 ◦C the increase of dp,
is significant in the whole range of voltage studied, 30, 40 and 60 V, with mean values of 35.9, 64.0
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and 97.4 nm, respectively. This could be due to an increase in oxide dissolution assisted by an electric
field and favored by increased oxide solubility at high temperatures [3]. Moreover, for each constant
anodizing voltage, the dp increase with temperature between 20 and 40 ◦C, and the range of increase
is higher with higher voltage.
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Figure 2. SEM images of nanostructured anodic aluminum oxide (AAO) films obtained by means of a
one-step anodization process of 1 h in 0.3 M oxalic acid at different temperatures and voltages.

Table 2. Average values of the morphological parameters of nanostructured AAO coatings obtained in 0.3
and 0.9 M oxalic acid at different temperatures and anodization voltages (C is the oxalic acid concentration,
T the electrolyte temperature, V the anodization voltage and S is the nanoporous structure).

Sample C (M) T (◦C) V (V) S dp (nm) di (nm) ρ (pores/cm2) e (µm)

O0.3 T20 V30 0.3 20 30 A 20.8 ± 5.6 58.9 ± 6.0 2.7 × 1010 ± 2.0 × 109 14.6 ± 1.2

O0.3 T20 V40 0.3 20 40 B 35.2 ± 8.2 90.9 ± 12.8 1.7 × 1010 ± 8.4 × 108 18.7 ± 1.6

O0.3 T20 V60 0.3 20 60 B 37.5 ± 3.1 116.0 ± 14.5 1.0 × 1010 ± 8.9 × 108 80.3 ± 0.8

O0.3 T30 V30 0.3 30 30 A 28.5 ± 7.3 59.2 ± 11.8 2.6 × 1010 ± 7.1 × 108 21.3 ± 0.9

O0.3 T30 V40 0.3 30 40 B 34.1 ± 6.4 88.2 ± 9.2 1.5 × 1010 ± 1.6 × 108 30.3 ± 2.8

O0.3 T30 V60 0.3 30 60 C 80.5 ± 7.3 115.1 ± 19.7 8.6 × 109 ± 2.5 × 108 144.6 ± 7.5

O0.3 T40 V30 0.3 40 30 A 35.9 ± 7.9 73.6 ± 10.0 2.6 × 1010 ± 1.0 × 109 28.4 ± 0.8

O0.3 T40 V40 0.3 40 40 C 64.0 ± 4.2 91.3 ± 7.5 1.3 × 1010 ± 4.3 × 108 75.5 ± 1.0

O0.3 T40 V60 0.3 40 60 C 97.4 ± 27.6 138 ± 20.1 5.4 × 109 ± 7.2 × 108 124.2 ± 2.8

O0.9 T20 V30 0.9 20 30 A 24.1 ± 5.7 63.4 ± 13.8 3.0 × 1010 ± 1.5 × 109 19.7 ± 0.6

O0.9 T20 V40 0.9 20 40 A 21.1 ± 6.1 62.7 ± 17.8 2.8 × 1010 ± 2.3 × 108 38.2 ± 1.0

O0.9 T30 V30 0.9 30 30 A 23.4 ± 6.3 61.7 ± 11.9 2.6 × 1010 ± 2.0 × 108 34.4 ± 1.4

O0.9 T30 V40 0.9 30 40 B 26.9 ± 5.0 61.5 ± 10.7 2.6 × 1010 ± 4.8 × 108 77.8 ± 0.7

O0.9 T40 V30 0.9 40 30 C 44.6 ± 6.4 62.8 ± 7.5 1.9 × 1010 ± 9.1 × 108 66.0 ± 2.0

O0.9 T40 V40 0.9 40 40 C 63.8 ± 7.8 88.3 ± 9.3 1.4 × 1010 ± 6.8 × 108 80.2 ± 3.0



Coatings 2019, 9, 115 7 of 12

Coatings 2019, 9, x FOR PEER REVIEW 6 of 12 

 

 
O0.3 T40 V30 

 
O0.3 T40 V40 

 
O0.3 T40 V60 

Figure 2. SEM images of nanostructured anodic aluminum oxide (AAO) films obtained by means of 

a one-step anodization process of 1 h in 0.3 M oxalic acid at different temperatures and voltages. 

 
O0.9 T20 V30 

 
O0.9 T20 V40 

 
O0.9 T30 V30 

 
O0.9 T30 V40 

 
O0.9 T40 V30 

 
O0.9 T40 V40 

Figure 3. SEM images of nanostructured AAO films by means of a one-step anodization process of 1 h 

in 0.9 M oxalic acid at different temperatures and voltages. 

Figure 4 shows the variation of the morphological parameters of nanostructured AAO films 

synthesized in 0.3 and 0.9 M oxalic acid as a function of voltage and temperature, and Table 2 shows 

the mean values and dispersion of these parameters for each structure. Figure 4a shows the variation 

of the average pore diameter (𝑑𝑝̅̅̅̅ ) with the anodizing voltage [3,9] and the electrolyte temperature 

[3,39]. In the films synthesized in 0.3 M oxalic acid, at 20 °C, although the error bars of 𝑑𝑝̅̅̅̅  overlapped 

and the differences were not significant between 30 and 40 V and between 40 and 60 V, the increase 

in 𝑑𝑝̅̅̅̅  with the voltage was clear and significant between 30 and 60 V, with pore sizes ranging 

between 21 and 38 nm. The same occurs with AAO films synthesized at a constant temperature of 30 

°C, with 𝑑𝑝̅̅̅̅  ranging between 29 and 80 nm with 30 and 60 V, respectively. However, at 40 °C the 

Figure 3. SEM images of nanostructured AAO films by means of a one-step anodization process of 1 h
in 0.9 M oxalic acid at different temperatures and voltages.

For films synthesized in 0.9 M oxalic acid, there were no variation of dp with increases in voltage
(from 30 to 40 V) and electrolyte temperature of 20 and 30 ◦C (dp ∼= 24 nm), but dp increased with
voltage at 40 ◦C, from 45 (30 V) to 64 nm (40 V) (Figure 4a). Thus, it can be seen that, for both oxalic
acid concentrations, the highest dp values were obtained with the highest temperature and voltage
levels. On the other hand, the increase in oxalic acid concentration from 0.3 to 0.9 M had a negligible
effect on the dp at 30 and 40 V (Figure 4a).

Figure 4b shows that the average interpore distance (di) increased from 59 to 138 nm with the
increases in voltage and temperature in oxalic acid 0.3 M. However, di values did not show significant
differences at 20, 30 and 40 ◦C. For films synthesized in 0.9 M oxalic acid, the variation of di with
the increase in voltage (from 30 to 40 V) was observed only at 40 ◦C, with di values of 63 to 88 nm,
whereas, at 20 and 30 ◦C, di remained constant at 62 nm. In this sense, it was also observed that the
combination of high voltages and temperatures gave rise to the highest values of di and vice versa.
In addition, the effect of the concentration of oxalic acid on di was negligible at 30 and 40 V. It should
be noted that the di in type A and B structures was measured by calculating the distances between
primary and secondary pores. This explains the greater dispersion obtained in the estimation of the
values of di, which can be observed in the error bars of Figure 4b.
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Figure 4c shows the variation of pore density (ρ) of the nanostructured AAO coatings synthesized
in 0.3 and 0.9 M oxalic acid as a function of temperature and voltage. For coatings obtained in 0.3 M
oxalic acid, the highest ρ (2.7 × 1010 pores/cm2) was obtained at 20 ◦C and 30 V, while the lowest
(5.4 × 109 pores/cm2) was obtained at 40 ◦C and 60 V. Likewise, for coatings obtained in 0.9 M
acid, the maximum ρ was observed at 20 ◦C and 30 V, while, as the voltage and temperature of the
electrolyte increased, ρ decreased. This decrease was consistent with the increase in dp and di observed
at high voltages and temperatures. On the other hand, significant differences were observed in ρ when
increasing the oxalic acid concentration from 0.3 to 0.9 M at 40 V and 20–30 ◦C, with an increase of
approximately 1.2 × 1010 pores/cm2. Likewise, the decrease in ρ at 30 V and 40 ◦C, with respect to
the values measured for the other synthesis temperatures, was notable. This could indicates that the
process of nanopore formation is a complex mechanism that strongly depends on the combination of
anodic synthesis variables.

Figure 4d shows the thicknesses (e) of the coatings synthesized in 0.3 and 0.9 M oxalic acid as a
function of the anodizing temperature and voltage. In Figure A2 (Appendix A) optical micrographs of
the thickness of some samples synthesized in different anodization conditions are presented. In general,
an increase in e can be seen with increases in oxalic acid concentration, electrolyte temperature and
voltage. Thus, at 30 V in 0.3 M oxalic acid, e increased by 15, 21 and 28 µm as temperature increased
to 20, 30 and 40 ◦C respectively, whereas at a constant temperature of 30 ◦C, e increased by 21, 30
and 145 µm as voltage increased to 30, 40 and 60 V, respectively. In addition, the increase in oxalic
concentration from 0.3 to 0.9 M for each combination of temperature and voltage allowed thickness to
increase from 4 to 48 µm.

The longitudinal growth of the pores depends on the dynamic equilibrium between oxidation
and oxide dissolution [9]. In this sense, high values of acid concentration, electrolyte temperature and
voltage increase the rates of oxidation and dissolution of the barrier layer, and consequently increase
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the thickness of the coating. Particularly, the increase of the electrolyte concentration generates a greater
ionic conductivity that increases the rate of oxide growth, producing thicker coatings [9]. This can be
correlated with the current density vs. time curves in Figure 1a,b by comparing the current density
values recorded in each of the anodization stages. However, certain conditions of anodic synthesis,
such as O0.3 T40 V60 and O0.9 T40 V40, favored the oxide dissolution process over the oxidation
process, limiting the growth of the porous layer to high voltages and electrolyte temperatures.

Depending on the anodization conditions used, the nanoporous AAO coatings obtained showed
dp values between 21 and 97 nm, di between 59 and 138 nm, ρ between 2.8 × 1010 and 5.4 × 109

pores/cm2 and e between 15 and 145 µm. Although the morphology of the nanopores obtained is
far from the ideal hexagonal packaging defined by a central pore surrounded by six neighboring
pores, typical of AAO films obtained by a two-step anodization process [35], this characteristic is
not a limiting factor to promote technological applications such as catalysis, filtration and molecular
separation. In addition, since these nanopores were obtained by means of a one-step anodization
process, the costs and time synthesis are considerably reduced.

4. Conclusions

In this study, aluminum oxide coatings were synthesized with a low-cost, single-step anodization
process under various experimental conditions, and pore diameter, interpore distance, pore density
and film thickness were measured. The results obtained allow concluding that:

• By varying the oxalic acid concentration (0.3 and 0.9 M), the electrolyte temperature (20, 30 and
40 ◦C) and the voltage (30, 40 and 60 V), it is possible to obtain nanoporous AAO coatings with
dp values between 21 and 97 nm, di between 59 and 138 nm, ρ between 2.8 × 1010 and 5.4 × 109

pores/cm2 and e between 15 and 145 µm. In this way, selecting the appropriate combination of
synthesis variables allows synthesizing AAO coatings with the morphological characteristics that
best suit each particular application, mainly in catalysis, where pore sizes between 40 and 300 nm
and thicknesses between 50–250 µm are commonly required.

• The pore diameter, interpore distance and pore density of anodic films vary significantly with
the voltage and temperature of the electrolyte. In general, the highest values of dp and di were
obtained with the highest levels of voltage and temperature, whereas the highest values of ρ were
obtained with the lowest levels of voltage, temperature and concentration.

• Film thickness increased with increases in oxalic acid concentration, electrolyte temperature and
voltage. However, certain anodic synthesis conditions favored the oxide dissolution process over
the oxidation process, limiting the growth in thickness.

• The shape of the anodic curves strongly depended on the concentration of oxalic acid, temperature
and anodizing voltage. These results coincide with those obtained from the characterization
by optical microscopy and scanning microscopy, demonstrating the usefulness of the current
density vs. time curves to predict some morphological characteristics of the oxides in a simple
and fast way.
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Appendix A

X-ray energy dispersion spectrometry (EDS) mapping of substrate AA 1050 was performed in
SUPRA 40 scanning electronic microscope (Carl Zeiss NTS GmbH, Buenos Aires, Argentina, Figure A1).
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