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Anodic porous alumina has been widely investigated and used as a nanostructure template in various
nanoapplications. The porous structure consists of numerous hexagonal cells perpendicular to the
aluminum substrate and each cell has several tens or hundreds of nanoscale pores at its center. Because the
nanomorphology of anodic porous alumina is limited by the electrolyte during anodizing, the discovery of
additional electrolytes would expand the applicability of porous alumina. In this study, we report a new
self-ordered nanoporous alumina formed by selenic acid (H,SeO,) anodizing. By optimizing the anodizing
conditions, anodic alumina possessing 10-nm-scale pores was rapidly assembled (within 1 h) during selenic
acid anodizing without any special electrochemical equipment. Novel sub-10-nm-scale spacing can also be
achieved by selenic acid anodizing and metal sputter deposition. Our new nanoporous alumina can be used
as a nanotemplate for various nanostructures in 10-/sub-10-nm-scale manufacturing.

n recent years, the structural control of anodic porous alumina has been widely investigated for use in items

such as templates, filters, magnetic recording media, photonic crystals, and plasmonic devices'™". The porous

structure consists of numerous hexagonal cells perpendicular to the aluminum substrate and each cell has
several tens or hundreds of nanoscale pores at its center'>'*. Porous alumina can be obtained from aluminum via
anodizing in one of several available acidic electrolytes, and the nanostructural features of the porous alumina are
determined by the chosen electrolyte and the applied anodizing potential*'>'°. Specifically, self-ordered porous
alumina is typically obtained via anodizing in the following three types of electrolyte under an appropriate applied
voltage for several hours or days: a) sulfuric acid (H,SO,4) at 19-27 V; b) oxalic acid ((COOH),) at 40 V; and c)
phosphoric acid (H;PO,) at 160-195 V*. Using this technique, the interpore distance (Djy,, identical meaning to
cell size) of the porous alumina is proportional to the applied voltage with a proportional constant k = 2.5 nm
V. These anodizing electrolytes were patented and reported in the 1920s to 1940s for the surface finishing of
aluminum and its alloys to improve their chemical and mechanical properties'’, and they remain well-known,
self-ordering electrolytes for porous alumina fabrication'®. Malonic acid (HOOC-CH,-COOH) and tartaric acid
(HOOC(CHOH),COOH), dicarboxylic acids, were reported for porous alumina by the 1970s, and also afford
self-ordering porous alumina at 120 V and 195 V, respectively". In addition to these five electrolytes, several
other anodizing solutions, including chromic, malic, citric, and glycolic acids, have been reported for anodic
porous alumina fabrication'®**-*>. However, obtaining a self-ordered porous alumina is difficult because of
branching colony-forming nanostructures or the high electric fields required for anodizing (more than
200 V). Therefore, the potential applications of anodic porous alumina are limited by the narrow range of five
self-ordering electrolytes (especially, sulfuric, oxalic, and phosphoric acids).

In this study, we report a self-ordered porous alumina formed via anodizing in a new self-ordered electrolyte,
selenic acid (H,SeO,). This interesting inorganic electrolyte rapidly establishes self-ordering hexagonal cells
within 1 h, which is more than 10-fold faster than the self-ordering times required in sulfuric, oxalic, and
phosphoric acids®*~**. In addition, selenic acid anodizing works effectively at a previously unutilized self-ordering
voltage (48 V) with 110 nm cell size. This self-ordered porous alumina can be obtained using a simple electro-
chemical setup (Supplementary Fig. S1) without the powerful cooling stage employed in hard anodizing or other
previously reported setups*. Finally, the obtained self-ordered porous alumina had a 10-nm-scale pore diameter,
the smallest reported value thus far*>*”. This novel anodic alumina allowed the fabrication of single nanometer-
sized nanostructures.
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Figure 1| Anodizing in a selenic acid solution at 293 K. (a), Current density changes with anodizing time in a 0.3 M selenic acid solution (293 K) at
different constant voltages of 25-45 V. (b), Current-time transients in the initial stage of a). Schematic models of barrier and porous oxide film formation
on aluminum are also shown in the figure. (c), SEM images of the vertical cross-section of a specimen via typical anodizing. The specimen was embedded
onto an epoxy resin and then polished mechanically. (d), Schematic models of anodic porous alumina formed on the aluminum substrate and

nanodimple array formed on the oxide/metal interface. (e), SEM images of the nanodimple array formed on the aluminum substrate via anodizing at 25

and 40 V.

Results

The changes in current density with anodizing time at several vol-
tages in a 0.3 M selenic acid solution at 293 K are shown in Fig. 1a.
According to the growth model of anodic porous alumina, the
current-time transient obtained via constant-voltage anodizing
results in two overlapping oxide growths: barrier and porous layer
formations®®. The current density at the beginning of anodizing cor-
responded to a period of barrier layer (approximately 0.5 min,
Fig. 1b), and the period after the barrier layer formation corre-
sponded to porous layer formation. At 45 V, the current density
increased rapidly to over 100 A m™ within 1.5 min, and intense
oxygen gas evolution was observed from the aluminum specimen
because of “burning” by the electric current®. At other voltages, the
current maintained a constant value after the initial stage because of
steady growth of the anodic porous alumina. The plateau current
densities at 25-40 V increased with anodizing voltage. During anod-
izing, reddish selenium was deposited on the counter electrode
because of the reduction of selenate jons with hydrogen gas evolution
(Supplementary Fig. S2). An SEM image of the vertical cross-section
of the specimen obtained via typical anodizing is shown in Fig. 1c
(here, the anodic oxide was etched in K;[Fe(CN)¢]/NaOH solu-
tion for 20 s to clearly observe the porous layer). An approximately

5-um-thick uniform anodic oxide film was formed on the aluminum
substrate, and many nanopores grew linearly into the oxide. The
obtained oxide consisted of amorphous Al,O; containing 1.6 at%
selenate jon (Supplementary Fig. S3). Figures unambiguously illus-
trate selenic acid’s potential as a new electrolyte for anodic porous
alumina fabrication.

When porous alumina is formed on aluminum via anodizing, its
nanopores are generally created in a disorderly fashion in the anodic
oxide. The nanopores then gradually become ordered at the oxide
and aluminum substrate interface under appropriate applied vol-
tages'®. Therefore, studying the oxide and aluminum substrate
interface is important for understanding the porous alumina’s self-
ordering behavior (Fig. 1d). Figure 1le displays SEM images of the
interface after anodizing at 25 and 40 V for 60 min; the interface was
exposed by selective oxide film removal. At 25 V, disordered dimples
were distributed on the aluminum substrate. There dimples mea-
sured approximately 60 nm in mean diameter; however, the dimple’s
boundaries were little unclear because of insufficient oxide growth at
the low electric current density. The mean nanodimple diameters
increased linearly with anodizing voltage (Supplementary Fig. S4).
Nevertheless, the dimple array was also disordered at 40 V despite
the large current density. Self-ordering of anodic porous alumina can
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generally be achieved at the maximum voltage required to induce
high current density without burning'>**. To achieve self-ordering in
selenic acid, we found that stirring vigorously at low temperature
(273 K) during the anodizing was required to avoid oxide burning.

Current-time transients during selenic acid anodizing at 273 K is
shown in Fig. 2a. The solution was stirred vigorously to suppress
oxide breakdown. With appropriate solution cooling, steady anodic
alumina growth without burning was observed at voltages as large as
48 V. Accordingly, the regularity of nanodimple arrays increased
with the anodizing voltage (Fig. 2b), and it is clear that an ideal
hexagonal nanodimple array was obtained at 48 V in 1 h. The cor-
responding convex nanostructures of the barrier layer was also
obtained by aluminum substrate dissolution (Supplementary Fig.
S5). Through SEM, the interpore distance was determined to be
112 nm at 48 V, and the obtained proportional constant (k =
2.33 nm V') was consistent with those of other previously reported
anodizing electrolytes*.

Recently, Houser et al. postulated that metal-oxide interface
motion occurs through the combination of ionic migration in the
oxide and the stress-driven interface diffusion of metal atoms during
anodizing®®*'. Ono et al. reported that self-ordering anodizing is per-
formed at a high electric field by choosing an adequate electrolyte'.
Those researchers asserted that highly-ordered porous alumina can
be formed at high voltages. Our results further demonstrated that the
anodic oxide could be formed at up to 51 V in selenic acid with low
electrolyte concentrations (0.1-0.03 M H,SeO,, Supplementary Fig.
S6). However, the regularity of these anodic oxides is lower than that
of the anodic oxides obtained at 48 V in 0.3 M selenic acid. Notably,
the most appropriate voltage for cell ordering was 48 V during selenic
acid anodizing, and this self-ordering was achieved via for 1 h. The
self-ordering voltage and the corresponding interpore distance are
summarized in Supplementary Fig. S7.

Figure 2c shows three-dimensional atomic force microscopy
(AFM) images of the self-ordered nanodimple arrays formed on
the aluminum substrate. The cell possessed six convex parts with
approximately 20 nm in diameter at the apices of the hexagonal cell,
and the bottom of each cell was hemispherical in shape. Using this
nanodimple array as a template, a highly-ordered porous alumina
from the surface to bottom can be obtained by selenic acid “re-
anodizing” (two-step anodizing'). This re-anodizing can occur
because the pores are generated at the nanodimple bottom in the
initial anodizing stage. We found that the anodic porous alumina
formed by two-step anodizing in selenic acid had the smallest 10-
nm-scale pore diameter.

Figure 3a shows a typical surface image of the anodic porous
alumina fabricated by two-step anodizing at 48 V for 10 min (first
anodizing = 1 h, second anodizing = 10 min). The pore diameters
are notably smaller than those of porous alumina obtained in the
other previously reported electrolytes”, and the diameters were 7.1-
13.4 nm in the figure. The mean diameter of a 25-nanopore sample
was measured to be 9.4 nm by SEM surface observations. This ano-
dic porous alumina produced by two-step anodizing is the first report
of a self-ordered anodic porous alumina with 10-nm-scale pores.
Vertical cross-sectional views of the porous alumina are shown in
Fig. 3b, and the pores and the barrier layer are observable. The pore
diameters were 9.3-12.0 nm, and the mean diameter was 10.3 nm.
This value, obtained from the cross-sectional image, agrees well with
the value measured at the surface (9.4 nm, Fig. 3a). We believe that
the anodic oxide formed in the initial stage is not dissolved into the
selenic acid solution during the 10-min short anodizing®. Similar
porous alumina with 10-nm-scale pores were also obtained by anod-
izing for 1 h (Fig. 3c). The barrier layer thickness, measured from
Fig. 3b, was approximately 54 nm, affording a calculated proportion-
ality constant (1.13 nm V') consistent with the previous reported
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Figure 2 | Self-ordering of anodic porous alumina formed in selenic acid solution at 273 K. (a), Current-time transients during anodizing at 273 K and
different constant voltages of 42-48.5 V. (b), SEM images of the nanodimple array formed on the aluminum substrate by anodizing at 42, 45, and 48 V.
(c), Three-dimensional AFM height images of the self-ordered nanodimple array at low and high magnifications.
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Figure 3 | Anodic porous alumina with 10-nm-scale pore arrays fabricated by two-step selenic acid anodizing. (a), Low- and high-magnification SEM
images of the surface of the specimen that was anodized at 48 V for 10 min. The numbers in the figure represent the diameters of each nanopore. The
mean pore diameter, averaged from 25 pores, is 9.4 nm. (b), SEM images of the vertical cross-section of the anodized specimen. Porous and barrier layers
in the anodic oxide are visible. (c), SEM image of the vertical cross-section of the anodized specimen for 1 h. For panels (a) through (c), no conducting
layer was deposited on the surface or cross-section of the anodized specimens to clearly observe the pores. (d), Nanostructural features of the self-ordered

anodic porous alumina fabricated by two-step anodizing at 48 V.

value (1.15 nm V~')**. The nanostructural features of the anodic
porous alumina were summarized in Fig. 3d.

We combined the selenic acid anodizing technique with metal
sputter deposition, and we found that the combination afforded
interesting sub-10-nm-scale spacing. Figure 4a shows SEM images
of the platinum layer deposited by sputtering onto the self-ordered
anodic porous alumina that was fabricated by two-step selenic acid
anodizing. Platinum metals were preferentially deposited on the six
apices of each hexagonal cell (Supplementary Fig. S8), and equilateral
triangle nanoparticles having a uniform shape were formed on each
apex. From the high-magnification SEM image, we determined that
each nanoparticle was separated by approximately 6.1 nm (Fig. 4b).
Deposited platinum particles were easily removed by applying a
small mechanical stress (Fig. 4a inset), and spaces were clearly visible
between each nanoparticle. Sub-10-nm-scale gaps, such as those
described in this technique, can be used in novel nanostructure
applications such as transmitting optical signals in plasmonic
devices.

Discussion
For an ideal self-ordering porous alumina, the density of pores,
d[pores cm™?], can be calculated by the following equation*:

8=1.155x10" /D, (1)

By substituting 112 nm for Djy, 8 is estimated to be 9.2 X 10° pores
cm ™. The porosity of anodic alumina, o [%], can also be calculated
using the following equation®*:

=3.628(r/Din;)* x 100 (2)

where r is the radius of nanopores. By substituting 5.2 nm for r, o is
estimated to be 0.8%. Because our anodic oxide had the smallest pore
diameter, the porosity was smaller than those of anodic alumina
formed using typical anodizing electrolytes (3-10%)***. The pore
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Figure 4 | Sub-10-nm-scale spacing and equilateral triangle nanoparticle
fabrication. (a), SEM image of the highly ordered platinum nanostructure
deposited on the anodic porous alumina by sputter deposition. The porous
alumina was fabricated by the two-step selenic acid anodizing procedure
shwon in Fig. 3a. The blue hexagonal schematic model represents a unit cell
of the anodic porous alumina. (b), High-magnification SEM image of the
platinum nanostructure on the anodic oxide. (c), Schematic model of the
highly ordered platinum nanostructure on the anodic porous alumina.
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diameter strongly depends on the anodic alumina dissolution rate at
the pore bottom during anodizing®. To fabricate the smallest pores
(less than 20 nm in diameter), sulfuric acid was generally selected as
the anodizing electrolyte to date.

Masuda and co-workers investigated on the anodizing behavior of
aluminum in highly concentrated H,SO, solution at high temper-
ature®, and long-range-ordered anodic porous alumina with pore
diameters of 12-18 nm and pore intervals of 25-30 nm was fabri-
cated. Martin et al. worked on aluminum anodizing in H,SO,/ethyl-
ene glycol mixed solution, and obtained an ordered anodic porous
alumina <15 nm in diameter and with a large aspect ratio”. These
porous alumina films with 10-nm-scale pores have relatively small
pore intervals (25-30 nm). Conversely, our porous alumina with 10-
nm-scale pores possessed more larger pore interval (approximately
90-100 nm). Sulfuric acid possesses a similar chemical structure as
selenic acid. When acids have different elements at the center from
the same periodic table group, acid strengths generally decrease as
the size of the central atom increases in the same oxidation state.
Therefore, selenic acid is slightly less soluble than sulfuric acid. It is
noted that the solubility has important effects on the pore diameter
and interval during aluminum anodizing. Moreover, the solubility of
selenic acid is very low at the experimental anodizing temperature of
273 K. Our results suggest that this weak solubility caused the forma-
tion of 10-nm-scale pores in the anodic porous alumina. However,
further studies are required to understand the mechanism of pore
formation via selenic acid anodizing under various electrochemical
conditions. The large pore interval via selenic acid anodizing is not
suitable for ultra-high density nanostructure fabrication such as
magnetic recording media application. However, controlling and
changing of the pore intervals in anodic porous alumina is important
for photonics applications. The pore interval formed via selenic acid
anodizing may be controlled under appropriate anodizing con-
ditions (H,SeO, concentration, temperature, voltage, etc.). The
nanostructural features via selenic acid anodizing under these elec-
trochemical conditions should be further investigated, and the
results will be reported in the near future.

In summary, we synthesized the first anodic porous alumina
formed using selenic acid as the electrolyte. Clearly, this electrolyte
was identified after more than 40 years of using electrolytes in porous
alumina fabrication. The self-ordered porous alumina could be
rapidly produced (in 1 h) by selenic acid anodizing at 48 V. Our
porous alumina possessed the smallest pore diameters reported to
date (10-nm-scale pores). The use of selenic acid in the anodizing at
low temperature without any special electrochemical equipment and
pretreatment was critical for achieving this small pore diameter. The
solubility in selenic acid solution at low temperature has important
effects on the pore diameter and interval during aluminum anod-
izing. The combination of selenic acid anodizing and metal sputter
deposition allowed the formation of sub-10-nm-scale gaps. We
strongly believe that this new anodizing electrolyte will be used for
fabricating various nanoapplications with interesting 10-/sub-10-
nm-scale features such as nanorods, nanotubes, nanocrystals, and
nanodevices.

Methods

Pretreatment of the aluminum specimens. Highly pure aluminum foil (Showa
Aluminum Co., Japan, 99.99 mass%, 110 um thick, impurities: Fe 10 ppm, Si9 ppm,
and Cu 57 ppm) was used as the anodizing specimen. The foils was cut into 20 mm X
20 mm pieces with a handle and then ultrasonically degreased in ethanol for 10 min.
The degreased specimens were electrochemically polished in a 13.6 M CH3;COOH/
2.56 M HCIO, solution (280 K) at a constant voltage of 28 V for 60 s. An aluminum
plate was used as the counter electrode during electropolishing. After polishing, the
specimens were washed with distilled water and then dried in a desiccator.

Selenic acid anodizing. The electropolished specimens were immersed in 0.03-
0.3 M selenic acid solutions (273-293 K, 100-130 mL, pH of 0.3 M selenic acid
solution is 0.63 at 293 K) and set in the parallel positions with 15 mm from a glassy
carbon counter electrode (Tokai Carbon Co., Japan, 1 mm thick). After setting, the
specimens were anodized up to 180 min at a constant voltage of 25-51 V. During the

anodizing, the selenic acid solutions were vigorously stirred with a magnetic stirrer,
and the current densities were measured using a digital multi-meter (DMM4040,
Tektronix). After anodizing, the specimens were washed with distilled water and then
dried in a desiccator. The anodized specimen was immersed ina 1.0 M SnCl, solution
at room temperature to completely dissolve the aluminum substrate, and a convex
oxide nanostructure was obtained by lift-off. For two-step anodizing, the anodized
specimens were immersed in a 0.20 M CrO5/0.54 M H3PO, solution (353 K) for
20 min to selectively dissolve the anodic oxide, and a nanodimple array was formed
on the aluminum substrate via dissolution. Afterward, the aluminum specimens were
anodized again in a 0.3 M selenic acid solution for 60 min.

Characterization of the anodic porous alumina. The structural changes induced in
the specimens by anodizing were examined by field-emission scanning electron
microscopy (JSM-6500F and JIB-4600F/HKD, JEOL), field emission electron probe
microanalysis (JXA-8530F, JEOL), and AFM (Nanocute, Hitachi). For vertical cross
sections, two treated specimens were prepared. a) For microscale observations, the
specimens were embedded in an epoxy resin, polished mechanically, and then
immersed in a 0.25 M K;3[Fe(CN)¢]/4.17 M NaOH solution at room temperature for
20 s to clearly observe the nanoporous layer in the anodic oxide. b) For nanoscale
observation, the specimens were mechanically cut in liquid nitrogen. No electro-
conductive metal deposition was performed for the surface and cross-sectional
observations of the anodic porous alumina, except for Supplementary Fig. S5. The
phase compositions of the anodized specimen and deposits on the counter electrode
were determined using X-ray diffraction (XRD, XpertPro, Phillips) analysis.

Fabrication of palatinum nanoparticles with sub-10-nm-scale spaces. The self-
ordered anodic porous alumina formed by two-step anodizing was set in a parallel
position 25 mm from a platinum sputtering target (99.99 at%) on a sputter coater
(MSP-18, Vacuum Device Co., Japan), and then platinum was sputter coated on
the anodic porous alumina at 40 mA for 10 min (coating rate on flat surface:

25 nm min').
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