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Optimum Exploration for the Self-Ordering of Anodic Porous
Alumina Formed via Selenic Acid Anodizing
Shunta Akiya, Tatsuya Kikuchi,z Shungo Natsui, and Ryosuke O. Suzuki

Faculty of Engineering, Hokkaido University, Sapporo, Hokkaido 060-8628, Japan

Improvements of the regularity of the arrangement of anodic porous alumina formed by selenic acid anodizing were investigated
under various operating conditions. The oxide burning voltage increased with the stirring rate of the selenic acid solution, and the
high applied voltage without oxide burning was achieved by vigorously stirring the solution. The regularity of the porous alumina was
improved as the anodizing time and surface flatness increased. Conversely, the purity of the 99.5–99.9999 wt% aluminum specimens
without second phases of metals and metallic compounds was not affected by the regularity of the porous alumina formed by selenic
acid anodizing. The porous alumina was also self-ordered on/around a defect, such as a grain boundary, under self-ordering high
voltage anodizing conditions. A highly ordered cell arrangement measuring 111 nm in diameter was successfully fabricated over the
whole aluminum surface by selenic acid anodizing using a 99.999 wt% aluminum plate at 273 K and 46 V for 24 h under vigorous
stirring conditions.
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Anodic porous alumina with numerous nanoscale pores has been
widely used as a template and membrane in nanofabrication, such
as optical applications,1–3 sensors,4–6 electronic devices,7–9 and other
novel nanotechnologies.10–13 In nanofabrication using porous alumina,
it is important to fabricate and use “highly ordered” porous alumina
with an ideal honeycomb cell arrangement because of the improve-
ment of their optical, sensing, and electronic properties. Highly or-
dered porous alumina can typically be obtained via aluminum an-
odizing in several acidic electrolyte solutions under the appropriate
electrochemical conditions.14–16 Sulfuric, oxalic, and phosphoric acids
are well known major self-ordering electrolytes for anodizing alu-
minum and are widely used for the fabrication of ordered porous
alumina films.17 The self-ordering behavior of the porous alumina
during anodizing in these three electrolyte solutions has been carefully
studied by high resolution scanning electron microscopy (SEM) ob-
servations and quantitative arrangement analysis based on fast Fourier
transform (FFT).18–20 The periodicity of the self-ordered porous alu-
mina (i.e., the periodicity is determined as cell diameter or interpore
distance) was measured as approximately 50–60 nm at 19–25 V of
applied voltage for sulfuric acid, 100 nm at 40 V for oxalic acid,
and 405–500 nm at 160–195 V for phosphoric acid.15,21 However, be-
cause the cell diameters obtained via typical anodizing are limited to
the narrow nanoscale range as described above, the location of novel
additional electrolytes is required for various nanofabrications using
ordered porous alumina films.

From this background, several research groups have studied the
electrochemical behavior during aluminum anodizing in various un-
known electrolyte solutions.22–35 In addition, the mixture of the
electrolyte solutions has also been investigated to control the an-
odizing voltage and corresponding cell diameter.36–42 Very recently,
we reported novel self-ordering electrolytes (selenic acid (H2SeO4),
etidronic acid (CH3C(OH)[PO(OH)2]2, and phosphonoacetic acid
(HO)2P(O)CH2COOH) for the fabrication of porous alumina with
a different periodicity.43–47 These electrolytes exhibit a novel period-
icity measuring 95–112 nm at 42–48 V, 530–670 nm at 210–270 V,
500–550 nm at 205–225 V, respectively. Typically, the regularity of
the porous alumina formed by anodizing is strongly affected by var-
ious operating factors, including electrochemical conditions and the
micro-/nanostructure of the starting aluminum substrate.23 However,
the details of the self-ordering behavior of the porous alumina formed
via anodizing in these novel electrolyte solutions have not yet been
reported.

zE-mail: kiku@eng.hokudai.ac.jp

In the present investigation, we describe the effect of various oper-
ating conditions on the self-ordering behavior of the porous alumina
formed by anodizing in a selenic acid solution. In addition, we fab-
ricated a highly ordered anodic porous alumina with an ideal cell
arrangement via selenic acid anodizing based on the optimum oper-
ating conditions obtained in the present investigation. The results for
self-ordering will be valuable in anodizing using other self-ordering
electrolytes.

Experimental

Starting aluminum specimens and their pretreatment.— The fol-
lowing five types of aluminum plates and foils with different purities
were used as the anodizing specimen: a) 99.9999 wt% (6N) alu-
minum, 0.25 mm thick, impurities: C < 2 ppm, O < 1 ppm, N < 1
ppm (Alfa Aesar, USA); b) 99.999 wt% (5N) aluminum, 0.25–1.0 mm
thick, impurities: Mg 1.2 ppm, Si 0.8 ppm, Cu 0.3 ppm, Fe 0.3 ppm
(GoodFellow, UK); c) 99.99 wt% (4N) aluminum, 0.11 mm thick, im-
purities: Cu 57 ppm, Fe 10 ppm, Si 9 ppm (Showa Aluminum, Japan);
d) 99.5 wt% aluminum, 0.10 mm thick, impurities: Fe < 4000 ppm,
Si < 3000 ppm, Zn < 1000 ppm, Cu < 500 ppm, Mn < 500 ppm
(GoodFellow); and e) 94.5 wt% aluminum, 3.0 mm thick, impurities:
Cu 5 wt%, Fe 0.3 wt%, Si 0.2 wt% (Showa Denko, Japan).

Several aluminum specimens were mechanically polished with a
SiC waterproof abrasive paper of #600 before electropolishing. All of
the specimens were ultrasonically degreased in an ethanol solution for
10 min and were then electropolished in a 13.6 M CH3COOH/2.56 M
HClO4 (78 vol% CH3COOH/22 vol% 70%-HClO4) mixture at a con-
stant voltage of 28 V for 1–10 min. To obtain a smoother aluminum
surface, the following additional pretreatments, including barrier ox-
ide formation and subsequent oxide dissolution, were carried out:48

the electropolished specimens were anodized in a 0.5 M H3BO3/0.05
M Na2B4O7 mixture solution (T = 293 K) at a constant current den-
sity of j = 2.5 Am−2 up to U = 100 V to form a barrier anodic oxide
film on the aluminum substrate and then were immersed in a 0.2 M
CrO3/0.51 M H3PO4 solution (T = 353 K) to selectively dissolve the
barrier oxide film and expose the ultra-smooth surface.

Selenic acid anodizing.— The pretreated aluminum specimens
were immersed in a 3.0 M selenic acid solution (Kanto Chemical,
Japan, T = 273 K, 150 mL) and were anodized under a) a linear volt-
age sweep (0.1 V s−1) and b) constant voltage (U = 46 V) conditions
using a direct current power supply (PWR-400H, Kikusui, Japan) con-
nected to a computer. At the low temperature of 273 K, selenic acid
anodizing is an effective way to form a self-ordered anodic porous
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alumina without burning.43 The inner diameter of the electrochemical
cell used for anodizing was 55 mm, and the selenic acid solution was
stirred at v = 0–814 rpm with a magnetic cross-head stirrer bar during
anodizing. The stirring behavior of the solution in the electrochemi-
cal cell at each stirring rate was recorded from the side by a digital
camera. A glassy carbon plate (Tokai Carbon, Japan, 1 mm thick) was
used as the counter electrode. The current density during the linear
voltage sweep and constant voltage anodizing were measured using a
digital multi-meter (DMM4040, Tektronix, Japan).

After selenic acid anodizing, the anodized specimens were im-
mersed in a CrO3/H3PO4 solution to selectively dissolve the porous
alumina formed on the aluminum substrate. Therefore, the nanos-
tructured aluminum surface, with an aluminum nanodimple array
corresponding to the shape of the bottom of the porous alumina,
was exposed to the surface.44 The nanostructured aluminum surface
was used for the quantitative analysis of the regularity of the porous
alumina.

The surface and the cross-section of the aluminum specimens
were examined by a field-emission SEM (JSM-6500F and JIB-
4600F/HKD, JEOL, Japan) and atomic force microscopy (AFM,
Nanocute, Hitachi, Japan). To observe the cross-section, the an-
odized specimens were embedded in an epoxy resin and polished
mechanically.

Results and Discussion

Effect of stirring the solution on the oxide burning phenomenon.—
During typical anodizing, the self-ordering of the anodic porous alu-
mina can be achieved under the maximum voltage required to induce
a high current density without the oxide burning phenomenon.23 To
avoid oxide burning, the electrolyte solution should be stirred vig-
orously at a low temperature during anodizing and the Joule heat
generated by anodizing should be efficiently removed from the spec-
imens. Therefore, the effect of stirring the solution on the burning
phenomenon during selenic acid anodizing was investigated first.

Figure 1 shows the appearance of the electrochemical anodizing
cell at various stirring rates of the solution, from a) v = 0 to e) 814
rpm. During stirring, a glassy carbon cathode was immersed at the
center of the electrochemical cell, and an aluminum anode was set at
the left side of the cell and parallel (15 mm) to the cathode without
voltage being applied (Fig. 1a). When the solution was stirred with
a magnetic stirrer bar at v = 257 rpm (Fig. 1b), the liquid surface at
the center position fell slightly toward to the bottom because of the
rotation of the solution and a small whorl was formed on the surface
of the solution. The solution whorl gradually became larger with the
stirring rate of the solution (Figs. 1c through 1e), and an extremely
large whorl was observed in the solution under vigorously stirring
at v = 814 rpm (Fig. 1e). The electropolished aluminum specimens
(99.999 wt%) were anodized in selenic acid solution under these five
sets of stirring conditions.
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Figure 2. Changes in the current density, j, with anodizing voltage, U, during
a linear voltage sweep (0.1 V s−1) in a 3.0 M selenic acid solution at 273 K
under various stirring conditions of v = 0–814 rpm, described in Fig. 1.

Figure 2 shows changes in the current density, j, with applied volt-
age, U, using a linear voltage sweep method (voltage scan rate: 0.1
V s−1) in a 3.0 M selenic acid solution (T = 273 K) under various
stirring conditions. Without stirring the solution (Fig. 2a), the current
density gradually increased with the applied voltage and then rapidly
increased to a value above 1000 Am−2 at U = 43 V. Oxygen gas was
vigorously generated from the aluminum specimen with the rapid in-
crease and a non-uniform anodic oxide was formed on the aluminum
surface. This “oxide burning” is observed due to the large Joule heat
generation by the high current density and the subsequent high electric
field applied in a localized region.49,50 As the stirring rate increased
to 257 (Fig. 2b) and 563 rpm (Fig. 2c), the burning voltages became
considerably larger (4–5 V) than the voltages measured by anodizing
without stirring. This burning voltage increase is due to the efficient
removal of the Joule heat generated from the aluminum specimen
by strong stirring of the solution, as described in Fig. 1. The burn-
ing voltage showed almost the same value of approximately 48 V at
v = 665 (Fig. 2d) and 814 rpm (Fig. 2e), although the burning voltage
increased very slightly with the rate of stirring. Therefore, the exces-
sive stirring of the solution does not contribute to the burning voltage
increase. When the aluminum anode was set perpendicularly to the
glassy carbon cathode (i.e., the aluminum specimen was rotated to 90◦

from the parallel position, as described in Fig. 1a), similar burning
voltages at each stirring rate were measured by selenic acid anodizing.

As described in Fig. 1 and Fig. 2, it is important to stir the elec-
trolyte solutions vigorously to avoid oxide burning, although excess
stirring of the solution causes a similar burning voltage. In the previ-
ous investigation, we found that highly ordered porous alumina could
be successfully obtained via selenic acid anodizing under the most
appropriate voltage of 46 V.44 In addition, from experimental knowl-
edge, it is difficult to operate at the high current density condition

2 cm 2 cm 2 cm 2 cm 2 cm

a) v = 0 b) v = 257 rpm c) 563 rpm d) 665 rpm  e) 814 rpm

Al GC

Stirrer bar

Figure 1. Video images of the electrochemical anodizing cell with an aluminum anode and a glassy carbon cathode under various stirring conditions at v = 0–814
rpm using a magnetic cross-head stirring bar.
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Figure 3. Change in the current density, j, with anodizing time, t, during
selenic acid anodizing at a constant cell voltage of U = 46 V. The insert figure
shows the current-time transient for the initial 15 min.

of above 200 Am−2 (dotted line in Fig. 2) for steady-state constant
anodizing. Therefore, further anodizing in the next experiments was
performed at U = 46 V under the vigorous stirring condition of v
= 563 rpm. In this vigorous stirring condition, the contact area be-
tween the electrode and selenic acid solution may be little changing
during anodizing. However, relative stable current densities without
an oscillation were measured during selenic acid anodizing under the
vigorous stirring condition. On the other hand, anodizing must be car-
ried out in an improved electrochemical cell without whorl formation
for large-scale anodizing or industrial applications.

Effect of anodizing time on the self-ordering behavior.— Figure 3
shows the change in the current density, j, with anodizing time, t, at
a constant anodizing voltage of U = 46 V in a 3.0 M selenic acid
solution (T = 273 K) under vigorous stirring conditions of v = 563
rpm. Before anodizing, 99.999 wt% aluminum specimen was elec-
tropolished for 5 min as a pretreatment. As the voltage was applied,
the current density increased rapidly and then decreased to approxi-
mately 17 Am−2 in the initial anodizing period of 20 s due to barrier
oxide formation on the aluminum substrate. After the initial stage,
the current density increased again to approximately 280 Am−2 and
then gradually decreased with anodizing time due to the initiation
of nanopore formation in the anodic oxide and subsequent steady
growth of the porous alumina. This current-time transient is typically
measured by constant voltage anodizing for the fabrication of anodic
porous alumina.15,51 To observe the regularity of porous alumina for
each anodizing step, the interface between the porous alumina and
the aluminum substrate (i.e., the bottom shape of the porous alumina)
was exposed to the surface by the selective dissolution of the anodic
oxide in the CrO3/H3PO4 solution.

SEM images of the exposed aluminum substrate after selenic acid
anodizing for 5 min through 24 h are shown in Figure 4. For a) t
= 5 min, a disordered aluminum dimple array with different dim-
ple diameters can be observed on the aluminum substrate due to the
disordered nucleation of the nanopores in the initial stage of anodiz-
ing. The regularity of the porous alumina was clearly improved with
an increase in the anodizing time (Fig. 4b through 4e), and a highly
ordered dimple array with a diameter of approximately 110 nm was
successfully formed via long-term anodizing (t = 24 h). Typically,
long-term anodizing in major electrolyte solutions under appropriate
conditions results in the formation of ordered porous alumina with an
ideal cell arrangement due to the rearrangement of each cell.14 Selenic
acid anodizing also has the same self-ordering behavior as these typ-
ical electrolytes, and long-term anodizing in the selenic acid solution
is the effective way of self-ordering. In the previous investigation,
we found that anodic alumina formed via selenic acid anodizing con-
sisted of amorphous Al2O3 containing selenate ion.43 Selenate ions are
incorporated in anodic porous alumina during selenic acid anodizing.

a) t = 5 min

b) 10 min

c) 1 h

d) 6 h

e) 24 h

300 nm

300 nm

300 nm

300 nm

300 nm

Figure 4. SEM images of the nanostructured aluminum surface formed by
selenic acid anodizing for a) 5 min to e) 24 h and the subsequent selective
oxide dissolution.

On the surface of the disordered aluminum dimple array (for exam-
ple, shown in Fig. 4a), a large number of white spots can be observed
at the interface between each of the dimples (indicated by yellow
arrows). These spots are the fourth and fifth points formed by the
incomplete self-ordering of the porous alumina. Figure 5a shows an
SEM image of the fifth point on the disordered aluminum dimple ar-
ray by the rotation of the specimen. A fine aluminum pillar measuring
approximately 25 nm in diameter and 100 nm in length was formed at
the junction of the fifth point. Such an aluminum pillar was typically
observed on the disordered dimple array.27,52 Conversely, triple points
without the pillar are clearly formed at apexes on the self-ordering
dimple array (Fig. 5b). Therefore, a number of these fourth and fifth
points exhibit the irregularity of the porous alumina formed via se-
lenic acid anodizing. For the quantitative evaluation of the regularity
of the porous alumina, the number of these defects was measured
using SEM images of the nanostructured aluminum surface.

Figure 5c shows the change in the defect densities, n, with anodiz-
ing time, t, during the self-ordering of the porous alumina. The defect
density after an anodizing time of 5 min was measured as approx-
imately n = 8.8 μm−2. The density decreased with the increase in
anodizing time and was measured to be the small value of 1.4 μm−2

via the long-term anodizing period of 24 h. Long-term anodizing is
an extremely effective method of self-ordering for the porous alu-
mina. The defect density formed at the interface during selenic acid
anodizing under the self-ordering conditions can be expressed by the
following equation:

n = 3.8 t−0.29 [1]

Considering this relationship, the following anodizing times are
required for the fabrication of ordered porous alumina: n = 1.0 μm−2

for t = 100 h (4.2 days) and 0.1 μm−2 for 280,721 h (32 years).
The length of the anodizing period required for the ordered porous
alumina with near perfect cell arrangement is completely unrealistic.
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Figure 5. SEM images of a) the fifth and b) triple points of the aluminum
dimple array formed via selenic acid anodizing at tilted viewing angles. c)
Effect of anodizing time, t, on the defect density formed on the aluminum
dimple array, n, for selenic acid anodizing at the self-ordering voltage of 46 V.

In the case of the formation of the ideal porous alumina, it is useful to
combine nanoimprinting techniques with anodizing.53 However, such
an irregularity of the porous alumina, measuring 1–10 μm−2 in defect
density, may be allowed in many nanoapplications. In addition, the
near-ordered porous alumina shown in Fig. 4e can easily be fabricated
via the simple anodizing technique.

Effect of surface roughness on the self-ordering behavior.— Typi-
cally, the aluminum specimens were electropolished before anodizing
because of the dissolution of a thin native oxide film formed on the
aluminum substrate and also the smoothing of the surface. In this
section, the effect of surface roughness on the self-ordering behavior

during anodizing was investigated. An upper stage of Figure 6 shows
SEM images of the surface of several pretreated aluminum specimens.
The following pretreatments were carried out before selenic acid an-
odizing: a) mechanical polishing (MP) with a SiC paper of #600, b)
electropolishing (EP) in a CH3COOH/ HClO4 mixture for 1 min after
mechanical polishing, c) EP for 5 min, and d) EP for 10 min. The
mechanically polished aluminum substrate had an extremely uneven
surface (Fig. 6a). As the mechanically polished specimen was elec-
tropolished in the CH3COOH/HClO4 mixture for 1–10 min (Figs. 6b
through 6d), the flatness of the aluminum surface clearly improved
with the increase in the electropolishing time because electropolishing
resulted in the microsmoothing of the aluminum surface with prefer-
ential electrochemical dissolution at the micro- and nano-scale convex
part.54 From the AFM measurement, the calculated mean roughness
of the electropolished aluminum surface for 10 min was measured
as 1.19 nm. This nanoscale roughness resulted in the formation of
uneven nanostructure with periodic patterns formed on the aluminum
surface after electropolishing, as reported previously.55 Therefore, it is
difficult to obtain a smooth surface of an aluminum specimen with fur-
ther electropolishing. To fabricate an ultra-smooth aluminum surface,
post-treatments of the electropolished aluminum specimen were car-
ried out.48 Figure 6e shows the aluminum surface treated by forming
a barrier oxide by anodizing in a neutral borate solution with subse-
quent selective oxide dissolution using an electropolished aluminum
specimen for 10 min (EP/AP). The roughness of this post-treated alu-
minum specimen decreased to 0.88 nm by AFM observation. These
five types of aluminum specimens with different roughnesses were
anodized in a selenic acid solution at 46 V for 60 min.

The bottom portion of Figure 6 shows SEM images of the nanos-
tructured aluminum surface after selenic acid anodizing using sev-
eral pretreated specimens. In the mechanically polished specimen
(Fig. 6a), a disordered dimple array was distributed on the aluminum
substrate, and the diameter of each of the dimples was quite different.
The regularity of the dimple arrangement improved with the increase
in electropolishing time (Figs. 6b through 6d), and an ordered dimple
array was formed on the aluminum substrate using the electropolished
specimen for 10 min, although several defects were also observed on
the surface. In the EP/AP specimen (Fig. 6e), a well-ordered dimple
array with a cell arrangement similar to Fig. 6d was formed on the
aluminum substrate.

A change in the defect densities, n, with pretreated electropolishing
time, t, during selenic acid anodizing is shown in Figure 7. The defect
density using the electropolished specimen for 1 min was measured as
8.7 μm−2 due to the incomplete electrochemical polishing on the alu-
minum surface. Additional electropolishing caused a decrease of the
defect density, and the defect density formed by an electropolishing

10 m

300 nm 300 nm 300 nm 300 nm 300 nm

a) MP b) EP for 1 min c) EP for 5 min d) EP for 10 min  e) EP/AP

10 m10 m10 m10 m

Figure 6. SEM images of the surface before (upper stage) and after (bottom stage) selenic acid anodizing using various pretreated aluminum specimens: a)
mechanical polished (MP); b) electropolished (EP) for 1 min, c) 5 min, and d) 10 min; and e) barrier oxide formation and the subsequent selective oxide dissolution
(EP/AP).
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Figure 7. Effect of the electropolishing time before anodizing, t, on the defect
density formed on the aluminum dimple array, n, for selenic acid anodizing at
the self-ordering voltage of 46 V.

time of 10 min was measured as 2.3 μm−2. Therefore, the regular-
ity of the anodic porous alumina is strongly affected by the surface
roughness of the aluminum specimen before anodizing and is eas-
ily improved by long-term electropolishing as pretreatment. As the
EP/AP specimen with the ultra-smooth surface was anodized in se-
lenic acid under the same experimental conditions, the defect density
was measured as 2.6 μm−2, which is almost same value as the elec-
tropolished specimen for 10 min (a dotted line in Fig. 7). Accordingly,
the flatness of the aluminum specimen below 1 nm was not affected
by the regularity of the porous alumina during selenic acid anodizing.
In summary, the electropolished aluminum surface of approximately
1 nm in mean roughness is an optimum specimen for the self-ordering
of the porous alumina.

Effect of purity of the aluminum specimen on the self-ordering
behavior.— To study the effect of the purity of the starting aluminum
specimen on the self-ordering behavior, five types of aluminum spec-
imens with different purities (94.5–99.9999 wt%) were anodized in a
3.0 M selenic acid solution (T = 273 K) at U = 46 V under vigorous
stirring conditions of v = 563 rpm. During selenic acid anodizing
using a 94.5 wt% aluminum specimen, intense oxygen gas evolution
was observed from the aluminum specimen, and anodic oxide was not
formed on the aluminum specimen according to the SEM observations
of the vertical cross section (Figure 8a). In this low purity aluminum
specimen, copper added as the alloying element formed second phases
of metals and metallic compounds, such as Al2Cu, in the aluminum
matrix.56 These second phases exposed on the surface led to the prefer-
ential anodic dissolution and oxygen gas evolution during selenic acid
anodizing under the highest voltage applied. Therefore, selenic acid
anodizing and subsequent regularity analysis were carried out using a
relatively high purity aluminum specimen with a 99.5–99.9999 wt%
purity. From the SEM observations before selenic acid anodizing, a
second phase or metallic compound was confirmed to not be observed
in the matrix of these aluminum specimens.

Figures 8b through 8e show SEM images of the exposed nanostruc-
tured aluminum surface after selenic acid anodizing with aluminum
specimens of different purities and selective oxide dissolution. An
ordered aluminum dimple array measuring approximately 110 nm in
diameter can be observed on each aluminum surface, although several
white defects were observed at the boundary of the hexagonal honey-
comb structure. From these SEM images, it seems that the regularity
of the dimple array is almost the same, regardless of the purity of the
starting aluminum specimen. A change in the defect densities, n, with
the purity of the aluminum, p, during selenic acid anodizing is shown

b) 99.5 wt%

c) 99.99 wt%

d) 99.999 wt%

e) 99.9999 wt%

300 nm

300 nm

300 nm

300 nm

10 m

a) 94.5 wt%

Al

Epoxy resin

Al2Cu

Figure 8. a) SEM image of the cross-section of a 94.5 wt% aluminum spec-
imen after selenic acid anodizing at 46 V for 1 h. b)-e) SEM images of the
aluminum dimple array fabricated on b) 99.5 wt%, c) 99.99 wt%, d) 99.999
wt%, and e) 99.9999 wt% aluminum specimens after selenic acid anodizing
and subsequent selective oxide dissolution.

in Figure 9. Clearly, the defect densities were measured to be approx-
imately 3.5 μm−2 for all grades of purity of the aluminum specimens,
and the defect densities exhibit a steady value during the selenic acid
anodizing under self-ordering conditions. This interesting result is
very important for the fabrication of highly ordered porous alumina
in the study of fundamental nanofabrication and also industrial appli-
cations. Notably, well-ordered porous alumina can be fabricated via
anodizing using not only with high purity aluminum but also with low
purity aluminum, such as a commercially available industrial grade
aluminum, AA1000. Therefore, low-cost fabrication of the ordered
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Figure 9. Effect of the purity of aluminum on the defect density formed on
the aluminum dimple array, n, for selenic acid anodizing at the self-ordering
voltage of 46 V.
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Figure 10. SEM image of the nanostructured aluminum surface at a grain
boundary triple junction of the aluminum matrix.

porous alumina can be achieved by anodizing using a low purity alu-
minum plate without a second phase or a metallic compound in the
aluminum matrix.

Figure 10 shows an SEM image of the dimple arrangement formed
via selenic acid anodizing at a grain boundary of the aluminum ma-
trix. Here, the observed area was separated by a grain boundary triple
junction consisting of three aluminum grains. An ordered aluminum
dimple array was also fabricated at a step over the grain boundary,
and clearly, disordered or uneven arrangements along the grain bound-
ary could not be observed. During anodizing under the high voltage
self-ordering conditions without oxide burning, high metal-oxide in-
terface motion occurs through the combination of ionic migration in
the anodic oxide and the stress-driven interface diffusion of metal
atoms.57–60 Therefore, the same ordering of the porous alumina may
occur at a defect in the crystal structure, such as the grain boundary.

Fabrication of self-ordered porous alumina via selenic acid an-
odizing under optimum conditions.— Self-ordering behaviors of an-
odic porous alumina fabricated via selenic acid anodizing were inves-
tigated under different conditions, such as solution stirring, anodiz-
ing time, surface roughness, and purity of the aluminum specimen,
through sections Effect of stirring the solution on the oxide burning
phenomenon to Effect of purity of the aluminum specimen on the
self-ordering behavior. From these experimental results, fabrication
of highly ordered porous alumina can be achieved via selenic acid
anodizing, in well-stirred selenic acid solution, for long-term periods,
using an aluminum specimen with a smooth surface formed by elec-
tropolishing, under the highest anodizing voltage. Figure 11 shows the
SEM image of the highly ordered aluminum dimple array formed via
selenic acid anodizing under the optimum conditions obtained by the
present investigation, at v = 563 rpm and U = 46 V for t = 24 h using

500 nm

Figure 11. SEM image of the highly ordered aluminum dimple array fabri-
cated via selenic acid anodizing at 46 V for 24 h using a 99.999 wt% aluminum
plate electropolished for 10 min. The insert figure shows the FFT image of the
ordered nanostructure.

a 99.999 wt% aluminum plate electropolished for 10 min. The ordered
dimple array measuring 111 nm in diameter was distributed, with an
ideal dimple arrangement over a wide range of the aluminum surface.
An insert figure shows the FFT image of the aluminum dimple array,
and a near perfect six-fold symmetric shape was obtained via selenic
acid anodizing under the optimum conditions. Such a high regularity
of the porous alumina can easily be achieved via simple self-ordered
selenic acid anodizing without high-cost processes such as nanoim-
printing or hard anodizing. Self-ordered selenic acid anodizing works
effectively at a previously unutilized self-ordering voltage. Therefore,
the comparison of the growth behavior and the corresponding nanofea-
tures of the porous alumina formed in selenic and other acid may be
useful for understanding the mechanism of porous oxide growth. In
addition, the self-ordered behaviors and the optimum conditions ob-
tained in the present investigation will be useful for anodizing in other
self-ordered electrolyte solutions such as etidronic acid.

Conclusions

We demonstrated the self-ordering behavior of anodic porous alu-
mina fabricated via selenic acid anodizing under various operating
conditions. The vigorous stirring of the electrolyte solution is very
important to remove the Joule heat and avoid oxide burning during
anodizing, although excess stirring improves the situation very little.
The regularity of the porous alumina is improved as the anodizing time
and surface flatness increase. The flatness of the aluminum specimen
below 1 nm did not improve the regularity. In addition, the purity of
the aluminum specimen without second phases of metals and metallic
compounds is not affected by the regularity of the porous alumina.
Considering these experimental results, a highly ordered aluminum
dimple array with a cell diameter measuring 111 nm can be fabricated
successfully via selenic acid anodizing under the optimum operating
conditions.
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