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Abstract
Porous anodic aluminum oxide membranes were fabricated via two-step anodization of aluminum in 0.3 M  H2C2O4, 0.3 M 
 H2SO4 and 0.17 M  H3PO4 solutions. The parameters of the oxide film such as: pore diameter  (Dp), interpore distance  (Dc), 
porosity (P) and pore density (ρ) can be completely controlled by the operating conditions of the anodization. Additionally, 
the pore diameters and pore density can be controlled via a chemical treatment (pore opening/widening process). The effect 
of anodizing conditions such as the applied voltage, type of electrolyte and purity of the substrate on the rate of porous oxide 
growth are discussed. The obtained results were compared with the theoretical predictions and data that has been reported 
in the literature. The influence of the duration of chemical etching on the structural features of the oxide membranes was 
studied. On the based on qualitative and quantitative FFT analyzes and circularity maps, it was found that the nanostructures 
of anodized aluminum have the maximum order under certain specified conditions. The presence of alloying elements affects 
not only the rate of oxide growth but also the morphology of the anodic aluminum oxide. The rate of oxide growth depends 
on the electrolyte type and temperature. During chemical treatment of the oxide films pore diameter increases with the pore 
widening time and the highest pore widening was observed in phosphoric acid solution.
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1 Introduction

Recently, many research groups have been intensively work-
ing on fabricating various nanostructured materials such as 
nanowires [1–5], nanotubes [6–9] and nanodots [10–12] that 
have new properties compared to the bulk materials. These 
nanostructures could have many potential applications in 
various fields of science such as medicine (oncology) [13], 
renewable energy, catalysis [14], electronics and in sensors 
[15, 16]. In particular, anodic aluminum oxide (AAO) has 
attracted much interest due to the regular arrangement of 
its nanopore structures, ease of controlling the nanopore 
diameters, large surface area, low fabrication costs, excel-
lent thermal stability, non-toxicity and biocompatibility 
[17]. These highly ordered AAO arrays can be achieved by 
using lithographic techniques [18, 19] or self-organization 

methods [20, 21]. In the lithographic techniques, aluminum 
is directly pre-textured and then anodized to obtain porous 
structures free of defects. However, such a method has two 
disadvantages, i.e.: the high cost of manufacturing and the 
limited working area [22]. Although the self-organization 
method enables a highly ordered structure to be obtained 
over a relatively large surface area with low manufacturing 
cost, the alumina is not free of defects. Anodic aluminum 
oxide which has hexagonally arranged pores, is usually 
obtained via the self-organized two-step potentiostatic or 
galvanostatic anodization of aluminum in acidic electrolytes 
[23, 24]. In this process, after the first anodization step, alu-
minum oxide is chemically removed and the Al substrate 
with concaves is re-anodized. Many researchers have studied 
the preparation, morphology and structure of the oxide film 
on aluminum. Keller et al. [25] described porous alumina 
as a double structure consisting of porous and barrier layers 
and showed the formation of a porous alumina layer that had 
hexagonal cells with nanopores at their centres. At the bot-
tom of the pores, a continuous and dielectric oxide layer was 
built that was called the barrier layer. Wood et al. [24] con-
ducted research on the anodic oxide films for two decades 
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and their paper on the anodization of aluminum to obtain 
porous alumina structures, which was published in 1970 by 
O’Sullivan and Wood, is one of the most cited papers. Fur-
ther, Masuda and Fukuda developed a multi-step anodization 
technique to improve the periodicity of the porous structure 
of AAO [23, 26].

Anodic porous alumina, which is produced by the self-
organization process of mild anodization, is characterized by 
a uniform pore structure that is suitable for nanotechnologi-
cal applications. Such materials are usually obtained by a 
voltage-controlled two-step anodization in sulfuric [20, 21, 
27], oxalic [28–31] and phosphoric [26, 28, 32] acid solu-
tions. Other electrolytes such as tartaric acid, citric acid or 
malonic acid can also be used but their use is rather infre-
quent [33, 34]. The best nanopore arrangement in a self-
organized alumina membrane is observed at the optimal 
value of the anodizing voltages for the individual acids. It 
was found that at anodizing voltages below the designated 
range, low-ordered nanostructures are produced, while at 
the higher voltages, there is always a breakdown or burning 
of the oxide film due to destructive flow of electric current 
coupled with the large amount of reaction heat. The inter-
pore distance of anodic alumina oxide is linearly dependent 
on the applied voltage and has a proportionality constant of 
about 2.5  nmV−1 regardless of the electrolyte that is used 
for the anodization [28]. Some literature data uses the term 
“anodizing potential” when referring to the anodizing pro-
cess [27, 28, 30, 35]. However, the potential in chemistry or 
electrochemistry, according to the IUPAC definition, is the 
electromotive force of a cell consisting of two electrodes: 
there is a standard hydrogen electrode (SHE) on the left 
side of the cell diagram, while the electrode in question is 
on the right side. Therefore term “anodizing voltage” is 
more appropriate [15, 36–38]. The anodic alumina that is 
produced via the typical industrial process of hard anodi-
zation is characterized by non-uniform pore structures and 
numerous defects. The hard anodization process applies high 
current densities that are usually one or two orders of mag-
nitude higher than a mild anodization. This results in a 25 
to 35 times faster alumina growth during hard anodization.

In this paper was reported how the anodizing temperature 
and voltage affected on both the structural features and pore 
arrangement of alumina oxide layer formed in three different 
acid solutions. The anodization of high purity aluminum foil 
in sulfuric, oxalic and phosphoric acids at different voltages 
and temperatures is presented. For comparison, the anodiza-
tion of an AA 1050 aluminum alloy in oxalic acid solution 
was also performed. Here for the first time, the influence of 
the duration of chemical etching on the pore diameter and 
pore density of the oxide membranes was studied. A special 
emphasis is put on the quantitative and qualitative analyses 
of hexagonal arrangement of pore arrays. Therefore, qualita-
tive and quantitative analyses of the pore arrangement were 

performed and the fast Fourier Transformation (FFT) images 
are presented.

2  Experimental

Two aluminum materials of different purities were used 
as the substrates. These were a high purity 0.3 mm thick 
annealed aluminum foil (99.999%; Alfa-Aesar) and an 
annealed AA1050 alloy (min. 99.5% Al). The AA1050 alloy 
contained iron (< 0.3%) and silicon (< 0.2%) as principal 
alloying elements. The substrates were cut to obtain samples 
with a working surface of 0.8  cm2.

Firstly, the samples were degreased ultrasonically in ace-
tone and ethanol for 3 min. Then, they were polished elec-
trochemically using an electropolisher (Stuers LectroPol-5). 
A mixture of 60%  HClO4 and 96%  C2H5OH (1:4 volume 
ratio) with methylcellulose added to increase the solution 
viscosity, constant voltage of 48 V, a polishing time of 20 s 
and a temperature of 16 °C were used [5].

Self-ordered porous aluminum oxide was formed via 
two-step anodization at a constant cell voltage. The detailed 
anodizing conditions are summarized in Table 1.

The oxide layer that formed on the Al substrate during 
the first anodization was chemically removed by chemical 
etching in a mixture of 6 wt%  H3PO4 and 1.8 wt%  H2CrO4 
at 80 °C. After the oxide was removed, the samples were 
re-anodized in the same conditions as in the first step. The 
Al substrate was removed to produce the AAO membrane. 
This was performed by immersing oxidized substrate in a 
mixture of 18.2% HCl and 3.3%  CuCl2 solutions (1:3) at a 
room temperature. After this process, the pores were opened. 
The barrier layer of the oxide film was etched in a 5 wt% 
 H3PO4 solution at 30 °C. Membranes with different pore 
diameters were obtained by monitoring the duration of the 
pore opening/widening process. The working conditions that 
were used for the pore widening are summarized in Table 1.

The sample morphology was determined using an FE 
Gemini LEO 1530 field emission scanning electron micro-
scope (FE-SEM). The design features of the alumina mem-
branes, i.e.: the pore diameter  (Dp), interpore distance  (Dc), 
porosity (δ), pore density (P) and oxide layer thickness (h) 
were evaluated based on the FE-SEM images using a WSxM 
v. 12.0 image processor [39] and ImageJ software [40].

3  Results and discussion

Figure  1 shows the current–time transients that were 
recorded during the second anodization step, which was 
performed in 0.3 M sulfuric acid for an anodizing voltage 
ranging from 15 to 30 V (Fig. 1a) and in 0.3 M oxalic acid 
for an anodizing voltage ranging from 30 to 60 V (Fig. 1b). 
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During the first stage of the anodization, the current den-
sity decreased rapidly with time due to the formation of 
a compact, high-resistant oxide film (i.e. barrier layer) on 
the aluminum substrate (stage I marked in Fig. 1b). Next, 
at the minimum of the current density, individual path-
ways through the barrier layer were generated and then 
the pore precursors were formed, which caused the current 
density to increase (II). During the next stage, the recon-
structed pores were visible on the current–time curves as 
the local maximum (III). This was followed by the growth 
of a porous oxide layer that corresponded with the con-
stant current density in time (IV). It was observed that 
an increasing voltage enabled higher current densities to 

be generated. However, when the anodizing voltage was 
more than 25 V for sulfuric acid solution, high current 
was accompanied by an intense gas evolution on the entire 
sample surface. This was associated with the disordered 
growth of the pores in an uncontrolled manner. For the 
oxalic acid solution, there was a similar behavior at high 
currents at 50 V (Fig. 1b). Ono et al. [38] revealed that 
the electronic current that is caused by the electric break-
down of the barrier layer due to an intense gas evolution 
is preferential to an ionic current. The opposite effect was 
observed for the phosphoric acid solution in which the 
thickening of the local layer was observed at 200 V. This 
was accompanied by the flow of high anodic currents 

Table 1  Experimental conditions applied during anodization and the structural features of the nanoporous alumina membranes

U—anodizing voltage,  t1 and  t2—time of the first and second anodization steps, T—temperature,  Dp—pore diameter,  Dc—interpore distance, 
h—oxide layer thickness, P—pore density, δ—porosity, λp—proportionality constants calculated from Eq.  (1), λc – proportionality constants 
calculated from Eq. (2)
*Higher temperature

Starting material Anodizing parameters Characteristic membrane parameters

Electrolyte U (V) T (°C) t1/t2 (h) λp Dp (nm) λc Dc (nm) h (µm) P  (cm−2) δ (%)

Al 99,999% 0.3 M  H2SO4 15 1/8* 24/3 0.66 10 ± 3 2.90 44 ± 5 29/50* 5.96 ×  1010 4.7
20 0.85 17 ± 3 3.20 62 ± 6 3.00 ×  1010 6.8
25 0.84 21 ± 3 2.64 66 ± 4 2.65 ×  1010 9.2
30 0.56 17 ± 8 2.43 73 ± 14 2.16 ×  1010 4.9

Al 99,999% 0.3 M  H2C2O4 30 0.60 18 ± 6 2.76 83 ± 7 1.68 ×  1010 4.3
40 2/8* 24/6 0.67 27 ± 3 2.47 99 ± 8 20/26* 1.18 ×  1010 6.7
50 0.67 31 ± 6 2.60 130 ± 7 6.83 ×  109 5.2
60 0.66 40 ± 14 2.43 146 ± 12 5.42 ×  109 6.8

Al 1050 0.3 M  H2C2O4 40 2 24/6 0.55 22 ± 4 2.65 103 ± 13 14 1.03 ×  1010 4.1
Al 99,999% 0.17 M  H3PO4 120 0.78 94 ± 29 2.40 288 ± 2 1.39 ×  109 9.6

140 0.55 77 ± 32 2.19 307 ± 50 1.22 ×  109 5.7
160 0.32 52 ± 17 1.07 171 + 99 3.94 ×  109 8.4
180 − 1/3* 2/10 0.61 111 ± 42 2.36 425 ± 98 16/29* 6.39 ×  108 6.2
200 0.60 121 ± 83 2.39 478 ± 94 5.05 ×  108 5.8

Fig. 1  Current density vs. 
anodizing time that was recoded 
for various anodizing voltages 
during the first 60 min of the 
second anodization step. The 
anodization process was per-
formed in: a 0.3 M  H2SO4, 1 °C 
and b 0.3 M  H2C2O4, 2 °C
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and a phenomenon that is commonly called “burning”. 
Moreover, a longer stabilization and fluctuations on the 
current–time curves at a high anodizing voltage can be 
explained by the excessive heating of the electrolyte, 
which can lead to the secondary local dissolution of the 
oxide layer and damage to the pore walls. At high anodiz-
ing voltages, the chemical dissolution rate at the oxide/
solution interface as well as the Joule heat increases [36].

The influence of anodization voltage on the nanostruc-
tures that formed in sulfuric acid was investigated via the 
qualitative (SEM) and quantitative (FFT) analyzes of the 
regularity of the pore arrangement. The Fourier transform 
gives helpful information about the periodicity of a struc-
ture. For an ideal triangular lattice with a hexagonal pore 
arrangement, the FFT pattern consists of six distinct spots 
on the edges of a hexagon as is shown in Fig. 2c. In addition, 
the visible points on the second circle indicate an ordering 
of 1st and 2nd degrees, which means a regularity of the pore 
diameter and wall thickness (the example in Fig. 2c). The 
occurrence of any disturbances in the lattice order results in 
a ring-shaped or even disk-shaped form in the FFT image 
(non-ideal structure) as is shown in Fig. 2a. Moreover, as the 
pore diameter increases, the visible points form a smaller 
ring.

Figures 2, 3, and 4 present the typical top view of the 
SEM images and FFT of the nanoporous alumina that was 
produced under various anodization voltages in the acid 
solutions. It was found that for  H2SO4 at 1 °C, the best 
arrangement was obtained for a voltage of 25 V. The FFT 
image showed six distinct dots at the edges of the hexa-
gon, which confirmed a good arrangement of the nanopores 
(Fig. 2c). Above 25 V, there was a decrease in and regular-
ity of the arrangement and the occurrence of oval-shaped 
pores (Fig. 2d). In turn, for voltages lower than 25 V, the 
dots in the FFT image were not so distinct (a less circular 
shape of the pores Fig. 2a, b) and the FFT image even had a 
disk-shape pattern, which indicated much less regularity of 
the pore arrangement. There was no second ring in the FFT 
image for a voltage of 15 V, which indicates a variable wall 
thickness or a variable pore diameter (less circular shape of 
the pores Fig. 2a).

Figure 3 shows the SEM images and FFT of the nano-
structures that formed in the oxalic acid solution at 2 °C 
under anodizing voltages of 30–60 V. The pores on the 
surface that are presented in Fig. 3a were distributed rela-
tively regularly but the well-ordered domains with an excel-
lent arrangement of the nanoholes was rather small. As a 
result, the ring shape in FFT image indicated a relatively 

Fig. 2  SEM top view images with their FFT images of the porous alumina after the second anodization step in the 0.3 M sulfuric acid solution at 
1 °C under anodizing voltages of 15 (a), 20 (b), 25 (c) and 30 V (d). The duration of each anodization step was 2 h
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large number of domains that did not have sharp boundaries 
between them. The best arrangement of the nanopores was 
obtained for 40 V for which the FFT image consisted of six 
distinct dots at the edges of the hexagon (Fig. 3b). For an 
anodizing voltage of 50 V, the narrow ring structure with six 
more noticeable intensive patterns in the FFT image indi-
cated a less circular shape of the pores and a decrease in the 
regularity of the arrangement (Fig. 3c). For voltages higher 
than 50 V, the dots in the FFT image were not so distinct 
(less round shape of the pores in Fig. 3d) or the FFT image 
was even a disk-shape pattern, thus indicating a lesser regu-
larity of the pore arrangement.

A random arrangement of pores and lack of uniform-
ity in the pore diameter and pore shape were observed in 
the  H3PO4 for all of the anodizing voltages (120–200 V). 
This fact was confirmed by the wide ring shapes in the 
FFT images (Fig. 4). At a voltage of 120 V, the FFT image 
showed a blurry disk-shape pattern, which indicated a low 
regularity of the distribution of the pores (Fig. 4a). Fur-
thermore, there was no uniformity in the diameters and 
shapes of the pores. With an increasing anodizing voltage, 
the pore diameters increase gradually. For anodizing under 
140 V and 160 V, there was a disorderly distribution of the 

pores and a less round pore shape (Fig. 4b, c), which was 
confirmed by the elongated ring-shape of the pores in the 
FFT images. Moreover, with an increasing anodizing volt-
age of up to 180 V, the regularity of the pore arrangement 
and their roundness increased, but the perfectly circular 
pore shape was not been achieved as had been expected 
(Fig. 4d). Above 180 V, the porous anodic alumina films 
exhibited a complex structure with sub-pores that had 
formed beneath the surface (Fig. 4e).

Figure 5 shows the SEM micrographs for the samples 
obtained by the anodization of AA1050 alloy (Fig. 5a 
and b) and high purity aluminum (Fig. 5c and d) in the 
oxalic acid. The anodization of pure aluminum (99.999%) 
resulted in the formation of a nanoporous alumina layer 
that had an almost ideal, hexagonal arrangement of the 
pores. It was clearly visible that the two-step anodization 
of the AA1050 alloy resulted in the formation of alumina 
layers that had a worse pore arrangement and many defects 
in the hexagonal assembly of the pores had been gener-
ated. These defects were also visible on a cross-section 
of the oxide film. This means that the structures that 
were obtained via the anodization of the high purity alu-
minum had a perfect hexagonal arrangement of the pores. 

Fig. 3  SEM top view images with their FFT images of the porous alumina after the second anodization step in the 0.3 M oxalic acid solution at 
2 °C under anodizing voltages of 30 (a), 40 (b), 50 (c) and 60 V (d). The duration of each step was 2 h
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Alloying elements such as Si, Mg, Fe, Mn and Cu cause 
defects in the porous alumina structure.

An important parameter is the anodizing voltage. For the 
process that was performed in 0.3 M  H2SO4 at 1 °C, an 
increase in the applied voltage from 15 to 30 V resulted in a 
significant increase in the growth rate of the alumina layer. 
Simultaneously, the higher applied voltage also increased the 
pore diameter  (Dp) and interpore distance  (Dc) but worsened 
the regularity of the nanopore arrangement. These observa-
tions are also confirmed by other studies [38, 41].

The average pore diameter was calculated for various 
electrolytes using ImageJ software [40], however, it should 
be noted that estimating the pore diameters from the SEM 
images was especially difficult for the samples that had 
been fabricated via the anodization in the phosphoric acid 
solution and the AA1050 alloy in the oxalic acid solution 
due to the low uniformity of the pore shapes.

In accordance with Eq. (1):

Fig. 4  SEM top view images with their FFT images of the porous alumina after the second anodization step in the 0.17 M phosphoric acid solu-
tion at − 1 °C under anodizing voltages of 120 (a), 140 (b), 160 (c), 180 (d) and 200 V (e). The duration of each step was 2 h
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the anodization that had been performed in the oxalic acid 
and phosphoric acid solutions resulted in larger pore diam-
eters than those in the sulfuric acid at a lower anodizing volt-
age where λp is proportionality constant and U—anodizing 
voltage. It should be noted, that pore diameter is strongly 
dependent on both on applied anodizing voltage, but also on 
the type and concentration of the electrolyte.

The average interpore distance of the porous structures 
(Eq. 2)

Along with the λc proportionality constant are pre-
sented in Table 1. As can be seen from Table 1 the struc-
tural features, such as pore diameter, interpore distance, 
porosity and pore density of porous anodic alumina formed 
on AA1050 are a little different from those obtained for 
high purity Al. The pore diameter and the rate of oxide 
growth of AAO membranes formed from the AA1050 
alloy were a bit smaller from those obtained for a high 

(1)Dp = �pU

(2)Dc = �cU

purity Al foil. Whereas the observed values of interpore 
distance and standard deviation were slightly higher for 
anodizing of the AA1050 alloy than those for anodic films 
on high purity Al.

The porous alumina layer is often characterized by 
its porosity (δ) and pore density (P), which are given by 
Eqs. (3) and (4), respectively. Porosity is defined as the 
ratio of the surface area that is occupied by the pores to 
the entire surface area of a sample. Equation 3:

shows that porosity is inextricably correlated with both the 
pore diameter and the distance between the pores. Moreover, 
for a perfect hexagonal arrangement of the nanopores that 
are formed under optimum anodizing conditions, the poros-
ity should be about 10% [28].

For the hexagonal pore arrangement, the pore density, 
which is defined as the total number of pores per 1 µm2 of 
the surface area, is inversely proportional to the square of 
the anodizing voltage.

(3)� =
�

2
√

3
×

�

Dp

Dc

�2

= 0.907 ×

�

Dp

Dc

�2

Fig. 5  SEM top view (a, c) and cross section (b, d) images of the porous alumina after the second anodization step in the 0.3 oxalic acid solution 
under 40 V on the AA1050 aluminum alloy (a, b) and high purity Al (c, d)
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The experimental values of the porosity and pore density 
that were calculated for the electrolytes that were used in 
this study are listed in Table 1. They show that the porosity 
and pore density of the membranes formed in the phosphoric 
acid solution are slightly higher than those obtained for the 
oxalic acid and sulfuric acid solutions. The porosity of the 
alumina samples that were produced only in the sulfuric acid 
solution was close to the literature value of 10%. Addition-
ally, the porous anodic alumina films that had been fabri-
cated in the oxalic acid from the high purity Al had a higher 
degree of pore order and, consequently, a better packed 
network of the pores compared to the Al1050 alloy. These 
results are in good agreement with the literature data [42].

The thickness of the anodic layer that had grown was 
estimated for both the substrate materials and various pro-
cess durations from the FE-SEM cross-sectional views of the 
porous oxide layers, which had been taken for the samples 
that had been anodized in the sulfuric acid, oxalic acid and 
phosphoric acid solutions (Fig. 6).

It is clearly visible that the rate of the growth of the alu-
mina layer was dependent on the type of electrolyte and 
temperature. A distinct increase in the oxide growth rate 
was recorded when the anodization was performed in the 
sulfuric acid solution, while the lowest growth rate was 

(4)P =
2 ⋅ 1014
√

3 ⋅ D2
c

=
2 ⋅ 1014

√

3 ⋅ �2
c
⋅ U2

observed for the phosphoric acid solution. Moreover, the 
data that is presented in Fig. 6; Table 1 indicate that the 
rates of anodic oxide growth were higher for the high purity 
aluminum substrate than for the AA1050 alloy. The lower 
rate of the growth of the alumina layer on the AA1050 alloy 
can be attributed to the presence of the alloying elements. 
For the higher temperatures of the anodization process, there 
was a higher formation rate of the alumina layer regardless 
of the electrolyte that was used. Besides, with an increasing 
duration of the anodization, there was a curvilinear increase 
of the thickness of the oxide layer at higher temperatures for 
all of the electrolytes in the studied time range. The process 
of oxide growth on aluminum was studied by Zarazka et al. 
[43], however, for a shorter period time and at much higher 
temperatures. A porous alumina layer was fabricated during 
a two-step anodization process at 20 °C and 1 °C and the 
linear relationships between the thickness of the oxide layer 
and anodizing time were obtained. However, this study was 
carried out for an extended time (up to 50 h) and indicated a 
non-linear increase in the thickness of the alumina layer. At 
higher temperatures, the oxide growth rate decreased with 
a longer duration of the process (more than 40 h) in most 
cases. This behavior can be explained by the diffusion lim-
ited of aluminum oxidation at the bottom of the pores on the 
one hand. For the prolonged anodization, the oxide layer was 
thick, and the that was time required for the diffusion of the 
reactant species over the entire pore length was much longer. 
Therefore, when the porous layer grew, the diffusion of the 
electrolytes to the pore bottoms became more difficult, and 
the process of oxide formation slowed down. In addition, 
the anodization process was accompanied by a secondary 
dissolution of the alumina on the electrolyte/oxide interface 
due to the interaction of the oxide with the acid electrolyte 
(Eq. 5).

At higher temperatures, the rate of the alumina dissolu-
tion was also higher. The growth of the porous alumina layer 
of a combination of two competitive concurrent processes, 
i.e. electrochemical oxide formation and secondary dissolu-
tion of the oxide layer.

A chemical treatment after the second anodizing process, 
is a very important stage for obtaining the membranes that 
are to be used as templates to produce of nanowires. Chemi-
cal etching was used to obtain larger pore diameters. This 
was done by immersing the samples in the acid solutions 
that had been used in the anodizing step, for a short time 
at a temperature of 30 °C. The next stage of the membrane 
preparation is to widen the pores. It should be mentioned 
that the speed of pore widening depends on the type of elec-
trolyte and the anodizing conditions, especially the anodiz-
ing voltage and temperature that are used.

(5)Al2O3 + 6H+

(aq)
→ 2Al3+

(aq)
+ 3H2O

Fig. 6  The dependence between the thickness of the oxide layer and 
the duration of the second anodization step in 0.3 M  H2SO4, 0.3 M 
 H2C2O4 and 0.17 M  H3PO4 at the different temperatures
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Figure 7 shows the SEM images of the top view of the 
AAO layer that was formed by anodizing of the high-purity 
Al substrate in the phosphoric acid under 180 V at − 1 °C. 
The duration of the first and second anodizing steps were 2 
and 10 h, respectively. The pore widening procedure was 
performed using with the same electrolyte as the one that 
had been used in the anodizing process at 30 °C. The rela-
tionships between the pore widening time and the uniformity 
of the pore diameter were found. The initially after ano-
dization process formed oxide layers exhibit significantly 

different pore diameters and a lack of a distinct hexagonal 
pore ordered (Fig. 7a). After 120 min of chemical treatment 
in a phosphoric acid solution, uniformity in pore diame-
ter was observed (Fig. 7d). For the pore widening time of 
180 min, an over fourfold increase in porosity was observed 
for both phosphoric, sulfuric and oxalic acid solutions 
(Table 2).

The pore diameters of the membranes were determined 
based on the SEM images using the ImageJ software. The 
results are presented in Table 2 and in Fig. 8. The wall 

Fig. 7  SEM top view images of the porous alumina after the second 
anodization step in the 0.17 M phosphoric acid solution under 180 V 
on the aluminum high purity Al substrate (a) and after the pore wid-

ening, which was performed in 0.17 M  H3PO4 at 30 °C. The duration 
of the pore openings was 30 min (b), 60 min (c), 90 min (d), 120 min 
(e) and 150 min (f)
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thickness (W) of the pores for the perfect hexagonal arrange-
ment can be given as follows:

The results indicated that the duration of the chemical 
treatment and the electrolyte type significantly affect the 

(6)W =
Dc − Dp

2

pore diameter. When the duration of the pore widening 
in phosphoric acid solution was extended to 180 min, the 
average pore diameter increased to about 230 nm (Table 2; 
Fig. 8). For the sulfuric and oxalic acid solutions, the pore 
diameters increase with a widening time of about 120 min, 
while above this time,  Dp remains constant. Notice, that 
after the second anodizing step, the nanochannels in the 
anodic alumina layer had their own starting diameter, which 
increased during the pore widening process. Furthermore, 
the rate of pore widening was also related to their size. For 
pores with larger diameters, the electrolyte diffusion into 
them was easier and the solution dissolved the oxide walls 
more quickly. The greatest pore widening was observed in 
the phosphoric acid solution, while the increase in the pore 
diameter during the chemical treatment in sulfuric acid and 
oxalic acid solutions was comparable.

After the pores were widened, the Al substrate was 
removed in 0.2 M HCl and 0.1 M  CuCl2 solution. Despite 
this, the bottom of the pores was still closed by the barrier 
layer. Therefore, the last step of the through-hole membrane 
preparation was pore opening (and simultaneous widening) 
which was performed in a phosphoric acid solution. Impor-
tantly, the thickness of the barrier layer was not the same for 
all of the AAO membranes and was dependent on the type 
of electrolyte and the anodizing conditions, primarily the 
applied voltage. The etching rate of the alumina membrane 
strongly depended on the concentration of the phosphoric 
acid solution and the temperature. Because that the thick-
ness of the AAO barrier layers obtained in the sulfuric and 
oxalic acid solutions were smaller than in the phosphoric 
acid, acid solutions at two different concentrations were used 
to open the pores. Therefore, the oxide samples that had 
been obtained in the sulfuric and oxalic acid solutions were 
chemically etched in 5%  H3PO4, while the samples that had 
been obtained in the phosphoric acid were etched in 10% 
 H3PO4. The membranes that had been prepared in this way 

Table 2  Experimental parameters and structural features of nanoporous alumina layer in chemical treatment process, where:  Vw—pore widening 
rate, t—pore widening time,  Dp—pore diameter,  Dc—interpore distance, W—wall thickness, δ—porosity

t Electrolyte

0.3 M  H2SO4 0.3 M  H2C2O4 0.17 M  H3PO4

Dp Dc W δ Vw Dp Dc W δ Vw Dp Dc W δ Vw

(min) nm nm nm % nm  min−1 nm nm nm % nm  min−1 nm nm nm % nm  min−1

0 18 ± 4 66 ± 4 24.0 7 0.38 ± 0.15 30 ± 5 99 ± 17 34.5 8 0.68 ± 0.29 105 ± 12 425 ± 98 160.0 6 2.41 ± 1.28
30 20 ± 7 23.0 8 37 ± 9 31.0 13 152 ± 32 136.5 12
60 28 ± 5 19.0 16 50 ± 4 24.5 23 164 ± 17 130.5 13
90 33 ± 5 16.5 23 60 ± 9 19.5 33 201 ± 24 112.0 20
120 36 ± 6 15.0 27 65 ± 3 17.0 39 204 ± 17 110.5 21
150 38 ± 4 14.0 30 65 ± 6 17.0 39 218 ± 23 103.5 24
180 39 ± 4 13.5 32 65 ± 4 17.0 39 232 ± 15 96.5 27

Fig. 8  The effect of the pore widening time on the pore diameter 
for the alumina layer that had been obtained via anodization in the 
0.3 M sulfuric acid, 0.3 M oxalic acid and 0.17 M phosphoric acid 
solutions. The pore widening was performed in the acid solutions in 
which the anodic oxidation had been performed at a temperature of 
30 °C
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were used to produce the Co, Fe and CoFe nanowires in the 
next stage of the study [5, 32, 44].

4  Conclusion

Specimens of high purity aluminum were anodized in 0.3 M 
sulfuric, 0.3 M oxalic and 0.17 M phosphoric acid solutions 
while the AA1050 alloy samples were anodized in a 0.3 M 
oxalic acid solution. The regularity of the pore arrangement 
and structural features of the AAO membranes that had been 
formed by two-step anodization under various electrolysis 
voltages and temperatures for the three electrolytes were 
compared. The following conclusions were drawn:

• The presence of the alloying elements in the AA1050 
alloy affects the microstructure of the anodic oxide films, 
which causes the formation of cracks and defects on the 
alloy surface together with a branching and discontinuity 
of the pores.

• The rate of oxide growth, pore diameter, porosity and 
pore density of the oxide layers that are formed from the 
AA1050 alloy are smaller while the interpore distance 
and wall thickness are larger than those that are obtained 
for high purity aluminum.

• The rate of oxide growth depends on the type of electro-
lyte—the highest growth rates were observed for anodiz-
ing in the sulfuric acid, whereas the lowest growth rates 
were recorded for phosphoric acid.

• The rate of oxide growth depends on the temperature—
the highest oxide growth rates were observed at higher 
temperatures.

• During the chemical treatment of the oxide films in the 
sulfuric and oxalic acid solutions, the pore diameter 
increases with the pore widening time to about 120 min 
after which  Dp remains constant. In turn, for the phos-
phoric acid solution, the pore diameter increases in the 
studied time range.
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