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Abstract 
     The self-ordering behavior of anodic porous alumina that was formed by anodizing 
in selenic acid electrolyte (H2SeO4) at various concentrations and voltages was 
investigated with SEM and AFM imaging. A high purity aluminum foil was anodized in 
0.1-3.0 M selenic acid solutions at 273 K and at constant cell voltages in the range of 37 
to 51 V. The regularity of the cell arrangement increased with increasing anodizing 
voltage and selenic acid concentration under conditions of steady oxide growth without 
burning. Anodizing at 42-46 V in 3.0 M selenic acid produced highly ordered porous 
alumina. By selective dissolution of the anodic porous alumina, highly ordered convex 
nanostructures of aluminum with diameters of 20 nm and heights of 40 nm were 
exposed at the apexes of each hexagonal dimple array. Highly ordered anodic porous 
alumina with a cell size of 102 nm from top to bottom can be fabricated by a two-step 
selenic acid anodizing process, that includes the first anodizing step, the selective oxide 
dissolution, and the second anodizing step. 
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1. Introduction 
     Barrier anodic oxide films and porous anodic oxide films on aluminum have been 
widely investigated by many researchers in the fields of surface finishing [1-3], 
electrolytic capacitor application [4-6], and micro- and nano-structure fabrication [7-9]. 
Recently, highly ordered anodic porous alumina with a cell size on the scale of 10-100 
nm has been studied for potential use in various ordered-nanostructure applications 
[10-21]. Anodic porous alumina is typically fabricated on an aluminum substrate using 
electrochemical anodizing (or anodization) [22-26]. In several acidic electrolyte 
solutions, the porous alumina fabricated by anodizing is self-ordered when prepared at 
the appropriate electrochemical conditions, including appropriate concentrations, 
temperatures, and voltages (or electrochemical potentials) [27-30]. 
     Sulfuric (H2SO4) [31], oxalic ((COOH)2) [7, 32], and phosphoric (H3PO4) [33] acids 
are the three major electrolytes used for anodic porous alumina fabrication; many 
researchers have investigated the highly ordered anodic porous alumina formed by 
anodizing in these three electrolytes [34-36]. Malonic (HOOC-CH2-COOH) [28, 37-39] 
and tartaric (HOOC(CHOH)2COOH) [28, 40] acids are also known self-ordering 
electrolytes, as reported previously. However, malonic and tartaric acids have seldom 
been used for nanostructure fabrication because they do not perform as well with 
regards to self-ordering as the three major electrolytes. Chromic (H2CrO4) [41-43], 
formic (HCOOH) [44], malic (HOOC-CH(OH)-CH2-COOH) [27, 45, 46], citric 
(HOOC-CH2-C(OH)(COOH)-CH2-COOH) [27, 47, 48], glycolic (CH2OH-COOH) [27], 
squaric (3,4-dihydroxy-3-cyclobutene-1,2-dione) [49], tartronic 
(HOOC-CH(OH)-COOH) [50], and acetylenedicarboxylic (HOOC-C≡C-COOH) [51] 
acids have also been reported as electrolytes used to fabricate porous alumina that has 
characteristic nanostructure morphologies. 
     In addition to these acidic electrolytes, alkaline and neutral solutions used for porous 
alumina fabrication were reported by several research groups. Takahashi et al. reported 
that a porous anodic oxide film could be formed by anodizing in an H3BO3/Na2B4O7 
neutral borate solution at a high temperature [52]. Baron-Wiechec et al. investigated 
aluminum anodizing in a borax (Na2B4O7) solution at 333 K and successfully obtained 
porous alumina [53]. Noguchi et al. investigated the anodizing behavior of aluminum in 
propylenediamine and choline alkaline solutions containing ammonium fluoride, 
ammonium tartrate, ammonium carbonate, and ammonium tetraborate, and obtained 
anodic porous alumina with nanopores that were 10-150 nm in diameter [54]. However, 
it is difficult to form a highly ordered porous alumina by anodizing in these neutral and 
alkaline solutions. Therefore, acidic solutions, especially the three major electrolytes 
(sulfuric, oxalic, and sulfuric acids), are typically used for anodic porous alumina 
fabrication. 
     In 2013, we first reported a new self-ordered anodic porous alumina fabrication 
method that used selenic acid (H2SeO4) anodizing [55]. Selenic acid is easily soluble in 
water, and is a strong diacid with dissociation constants of pKa1 = -3.0 and pKa2 = 1.7, 
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which are the same as those of sulfuric acid. Selenic acid solution dissolves silver, gold, 
and palladium metals. Standard electrode potentials related to selenic acid are as 
follows: 

SeO4
2- + 4H+ + 2e- = H2SeO3 + H2O, E° = 1.151 V     (1) 

H2SeO3 + 4H+ + 4e- = Se + 3H2O, E° = 0.739 V     (2) 
In our previous study, self-ordered porous alumina was rapidly produced by 0.3 M 
selenic acid anodizing using a simple electrochemical setup, and the porous alumina 
obtained had nanopores on the scale of 10 nm at the center of each cell. The 
concentration of the selenic acid solution was fixed at the typical anodizing 
concentration of 0.3 M. Stirring vigorously at low temperature (273 K) during selenic 
acid anodizing was required to achieve self-ordering. The anodic porous alumina 
produced by anodizing in the solution was only self-ordered at 48 V. However, the 
details of the self-ordering behavior of the anodic porous alumina during selenic acid 
anodizing at different solution concentrations and voltages had not been studied so far, 
and further investigation will be required for highly ordered nanostructure applications. 
     In the present investigation, we report on the self-ordering behavior of anodic porous 
alumina fabricated by anodizing at various voltages in various concentrations of selenic 
acid solution. The anodic porous alumina fabricated by selenic acid anodizing was 
examined in details by scanning electron microscopy (SEM) and atomic force 
microscopy (AFM). We found that the regularity of the anodic porous alumina formed 
by selenic acid anodizing was greatly improved with increasing anodizing voltage and 
electrolyte concentration. This observed improvement expands the range of voltages 
that can be used for the fabrication of self-ordered anodic porous alumina as well as the 
range of ideal hexagonal cell sizes, and it therefore expands the applicability of anodic 
porous alumina. 
 
2. Experimental 
2.1 Pretreatment and selenic acid anodizing 
     Aluminum foils (99.99 wt%, 110 µm thick, Showa Aluminum Co., Japan, 
impurities: Fe 10 ppm, Si 9 ppm, and Cu 57 ppm) were used as the anodizing specimens. 
The specimens were cut into 20 mm x 20 mm pieces with a handle and then 
ultrasonically degreased in an ethanol solution for 10 min. After degreasing, the 
specimens were electropolished in a 13.6 M CH3COOH/2.56 M HClO4 mixed solution 
at 280 K at a constant voltage of 28 V for 60 s. A large aluminum plate (99.99 wt%) 
was used as the counter electrode, and the solution was slowly stirred with a magnetic 
stirrer during electropolishing. The electropolished specimens were then washed with 
distilled water and dried in a desiccator. 
     Figure 1 shows a schematic model of the selenic acid anodizing setup. An extremely 
simple two-electrode electrochemical cell with a low temperature water bath was used 
in the anodizing process. For the fabrication of anodic porous alumina, selenic acid 
(80.0 wt%, Kanto Chemical Co., Japan) was used as the anodizing electrolyte. The 
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electropolished specimens were immersed in H2SeO4 solutions with concentrations in 
the range of 0.1 to 3.0 M at 273K and were placed parallel to and 15 mm from a glassy 
carbon cathode (1 mm thick, Tokai Carbon Co., Japan). Using the anodizing electrolyte 
at the low temperature of 273 K is an effective way to fabricate a self-ordered anodic 
oxide without burning [55]. After placement in the solutions, the specimens anodized 
for 180 min at a constant voltage in the range of 37 to 51 V (direct current power supply 
PWR400H, Kikusui, Japan). During anodizing, the solutions were vigorously stirred 
with a magnetic stirrer and the current densities were recorded using a digital 
multimeter (DMM4040, Tektronix) connected to a computer. After anodizing, the 
specimens were quickly removed from the solution, washed with distilled water, and 
dried in a desiccator. 
 
2.2 Second selenic acid anodizing 
     The aluminum specimen that was anodized at 46 V for 180 min in the 3.0 M H2SeO4 
solution, as described above, was immersed in a 0.20 M CrO3/0.51 M H3PO4 solution at 
353 K to dissolve selectively the anodic porous alumina. This specimen was then 
anodized again at a constant voltage of 46 V for 3 min in a 3.0 M H2SeO4 solution 
(two-step anodizing). Thus, the two-step anodizing process includes the first anodizing, 
the oxide dissolution, and the second anodizing. To widen the pores in the anodic 
porous alumina, the specimen was immersed in a 0.86 M H3PO4 solution at 293 K for 
10 min. 
 
2.3 Characterization of the anodic porous alumina 
     The surface morphologies of the specimens were examined after the first anodizing, 
after the oxide dissolution, and after the second anodizing using an SEM (JSM-6500F 
and JIB-4600F/HKD, JEOL, Japan, and Miniscope TM-1000, Hitachi, Japan) and an 
AFM (Nanocute, Hitachi, Japan, with the internal sensor type of cantilever). For the 
SEM observations of the anodic porous alumina, a platinum electro-conductive layer 
was sputter-coated on the specimens using a sputter coater (MSP-1S, Vacuum Device 
Co., Japan). To examine the vertical cross sections, two treated specimens were 
prepared: a) one group of specimens was mechanically cut. b) the other group of 
specimens was embedded in an epoxy resin, polished mechanically, and then immersed 
in a 0.25 M K3[Fe(CN)6]/4.17 M NaOH solution at room temperature to clearly observe 
the anodic oxide. 
 
3. Results and discussion 
     Figure 2a shows the changes in the current density with anodizing time at several 
voltages in the 0.1 M H2SeO4 solution at 273 K. At 37 V, the current density increased 
rapidly to over 15 A m-2 and then decreased to 0.6 A m-2 during the initial 4 min. After 
this initial stage, the current density gradually increased to 1.8 A m-2 and then held a 
steady value of 1.8 A m-2 from 40 to 180 min. The current-time transients show changes 
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that are typical for porous alumina. The formation behavior is explained as follows: The 
rapid increase and decrease of the current density at the beginning of the anodizing 
process correspond to a period of barrier layer formation. A thin, compact barrier layer 
with a withstand voltage of 37 V was rapidly formed on the aluminum substrate by 
constant voltage anodizing according to the following equation: 

2Al  +  3H2O  =  Al2O3  +  6H-  +  6e-     (3) 
After the barrier oxide formation, the current then gradually decreased with increasing 
anodizing time because of the repairing of defects in the barrier oxide. The gradual 
increase in current density and its subsequent steady value correspond to the formation 
of pores in the barrier oxide and the steady growth of the porous layer, respectively. The 
voltages of 42 V and 50 V show that the plateau current density for the formation of 
porous alumina increased with increasing anodizing voltage. This is due to the rapid 
growth of the anodic porous alumina at high anodizing voltages. At 51 V, the current 
density increased rapidly to over 300 A m-2 in the initial period, and intense oxygen gas 
production from the aluminum specimen was observed during anodizing. This “burning 
phenomenon” caused by the electric current during anodizing was previously reported 
at ultra-high current densities in many acidic electrolytes [28, 29, 56-59]. 
     The current density changes with anodizing time in H2SeO4 solutions at a higher 
concentration (1.0 M, 273 K) are shown in Fig. 2b. The initial transition periods, during 
which the barrier layer forms and the pore opening stage of the porous alumina 
formation occurs, were shortened to 10 min at voltages in the range of 37 to 47 V, and 
each plateau current density was considerably larger than that at the same anodizing 
voltage in the 0.1 M H2SeO4 solution. These effects occurred because of the rapid 
growth of the anodic porous alumina caused by the high concentration of the electrolyte. 
In addition, the critical voltage of burning decreased to 48 V in the 1.0 M H2SeO4 
solution. This is due to the impediment to joule heat radiation from the aluminum 
specimen during anodizing at a high oxide growth rate. The current density effects 
including the rapid initial transition, the large plateau current density, and the decrease 
in burning voltage are even more pronounced in the 3.0 M H2SeO4 solution (Fig. 2c). 
The current density for porous alumina at 46 V gradually decreased with anodizing time, 
in contrast with the current densities at the other voltages. This may be because this 
voltage condition is the critical state between “steady state oxide growth” and “burning”. 
Selenic acid anodizing produced a colorless, transparent anodic oxide film at all 
anodizing conditions that did not in burning (Fig. 3a). The mean thickness of the 
transparent anodic porous alumina was determined to be approximately 17 µm from the 
SEM observation. During selenic acid anodizing, reddish selenium was deposited on the 
glassy carbon cathode because of the reduction of selenate ions with hydrogen gas 
evolution (equations (1) and (2)). 
     Figure 4 shows low magnification SEM images of a typical surface of the anodized 
specimen a) at 46 V in a 3.0 M H2SeO4 solution (which exhibits porous layer growth) 
and b) at 51 V in a 0.1 M H2SeO4 solution (which exhibits burning); the current density 
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changes for these surfaces are shown in Figs. 2a and 2c. Figure 4a shows that the anodic 
oxide film, which appears as a dark gray region, was uniformly formed on the whole 
aluminum surface after anodizing at 46 V for 180 min in a 3.0 M H2SeO4 solution and 
that there were no imperfection on the anodic oxide film. In contrast, several cracks that 
are a few hundred µm in length are observed on the uneven anodic oxide film that 
formed during the burning phenomenon at 51 V in a 0.1 M H2SeO4 solution. These 
cracks are caused by the high current density resulting from the application of a high 
electric field. Oxygen gas evolution occurs at these cracks during anodizing as 
described previously. The formation of an anodic oxide with many imperfections has 
been previously reported for anodizing at a high electric field in other electrolytes such 
as sulfuric, phosphoric, and various carboxylic acids [28, 29, 56-59]. To avoid the 
formation of the uneven anodic oxide film caused by burning, the self-ordering behavior 
of anodic porous alumina should be examined by anodizing below the burning voltage. 
     When anodic porous alumina grows on aluminum during constant voltage anodizing, 
nanoscale pores are created in a disorderly fashion during the initial stage of anodizing. 
At the appropriate anodizing conditions, the nanopores gradually become ordered at the 
interface between the oxide and aluminum substrate [28]. Therefore, studying the 
oxide-aluminum interface is important to understanding the self-ordering behavior of 
the anodic porous alumina. The anodized specimens prepared by selenic acid anodizing 
at various voltages and selenic acid concentrations were immersed in a CrO3/H3PO4 
solution to dissolve the anodic oxide selectively, and the exposed aluminum substrates 
(which correspond to the bottoms of the anodic porous alumina specimens) were 
examined by SEM observations. Figure 5 shows SEM images of the typical aluminum 
substrate after anodizing at voltages in the range of 37 to 50 V in 0.1-3.0 M H2SeO4 
solutions for 180 min. In the 0.1 M�H2SeO4 solution (the left column in Fig. 5), 
disordered dimple arrays were distributed on the aluminum substrate at all anodizing 
voltages: 37, 42, and 50 V. A large number of dimple junctions with four and five 
points were observed on the surface due to the incomplete self-ordering of the anodic 
porous alumina. The regularity of the dimple arrangement gradually increased with 
increasing anodizing voltage. However, the nanostructures obtained by these anodizing 
conditions cannot be described as well-ordered. The average cell size (which is the same 
as the dimple diameter and the interpore distance) also increased with increasing 
anodizing voltage. 
     As the concentration of H2SeO4 increases from 0.1 M to 1.0 M (the middle column 
in Fig. 5), it is clear that the regularity of the dimple arrangement improved at each 
anodizing voltage. Within the results for the 1.0 M in H2SeO4 solution, the regularity 
improved with increasing anodizing voltage. An ideal cell arrangement (which consists 
of an ordered hexagonal structure) that contains more than 50 cells is observed at 42 V 
and 47 V. The regularity of the cell arrangement was further improved by using a 3.0 M 
H2SeO4 solution (the right column in Fig. 5). In this solution, ideal cell arrangements 
with more than 100 cells were formed at 42 V and 46 V. Note that highly ordered 
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anodic porous alumina can be obtained at 42-46 V in this solution. With SEM 
observations, the cell size of the anodic porous alumina was determined to be 102 nm at 
46 V. These SEM observations also show that the regularity of the anodic porous 
alumina was strongly affected by the selenic acid concentration and that highly ordered 
anodic porous alumina can be fabricated by anodizing in high concentrations of selenic 
acid electrolyte. 
     The relation between the cell size and the anodizing voltage in selenic acid and other 
self-ordering electrolytes is now discussed below. The effects of the anodizing voltage, 
V, on the corresponding cell size, D, in different H2SeO4 concentrations were shown in 
Fig. 6. The mean cell size increased linearly with anodizing voltage in 3.0 M and 1.0 M 
selenic acid solutions. However, there is no linear relationship between these two 
parameters in 0.1 M selenic acid solution. The linear relation between the anodizing 
voltage and the cell size at the appropriate self-ordering condition has been reported by 
several research groups [28, 30], and it is described as follows: 

D = 2.5 V [nm]     (4) 
The linear relation obtained at our self-ordering condition was consistent with those 
previously reported for other anodizing electrolytes, such as sulfuric, oxalic, and 
phosphoric acids [27, 28, 30], although the constant (k = 2.22 nm V-1) was little smaller 
than that of other electrolytes. 
     Figure 7 shows a) low and b) high magnification two-dimensional AFM images of 
an ideal cell arrangement fabricated by 3.0 M selenic acid anodizing at 46 V. Regular 
hexagonal dimples were formed on the aluminum substrate, and the bottom of each 
dimple was hemispherical in shape. Note that the sides of the hexagonal dimples were 
not flat and that characteristic convex parts that were approximately 20 nm in diameter 
formed at the triple points (indicated by the yellow arrows in Fig. 7b), where they were 
surrounded by three adjacent hexagonal dimples. These convex parts correspond to the 
most last anodizing point that is surrounded by the hexagonal alumina cells (shown in 
the schematic diagram insert in Fig. 7b). Three-dimensional AFM image of the ideal 
cell arrangement is shown in Fig. 8a, in which colors in the figure indicate the relative 
heights of the surface. Six convex parts (the dark blue and green regions, indicated by 
the yellow arrows) were located at the apexes of each hexagonal dimple (the violet and 
pink hemispherical regions). The height of the convex parts was approximately 40 nm, 
measured from the bottom of the hemispherical pores (Fig. 8b). These convex 
aluminum nanostructures with hexagonal arrangements may be useful as nanoelectrodes 
in various nanodevice applications, although further investigation of the electrodes will 
be required. Highly ordered nanosized electrodes may be able to be fabricated by 
selenic acid anodizing and selective oxide dissolution, as shown by the data in Figs. 7 
and 8. 
     Figure 9 shows SEM images of a) the surface and b) the cross-section of the anodic 
porous alumina fabricated by the two-step selenic acid anodizing process. Two-step 
anodizing at an appropriate anodizing voltage enables the formation of highly ordered 
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anodic porous alumina without a nanoimprint technique because the nanopores are 
created at the bottom of the highly ordered hemispherical dimples formed by the first 
anodizing step (Fig. 8) [7]. For two-step anodizing, the aluminum foil was first 
anodized at 46 V for 180 min in a 3.0 M selenic acid solution, then the anodic oxide 
was selectively dissolved, and the aluminum foil was anodized again at 46 V for 3 min. 
After anodizing, the anodized specimen was immersed in an H3PO4 solution for 10 min 
to widen the pores. Highly-ordered anodic porous alumina that possessed a defect-free 
arrangement and has cell diameters of approximately 102 nm and pore diameters of 
approximately 40 nm was successfully fabricated by two-step anodizing in selenic acid. 
The porous alumina had parallel cylindrical nanoholes without an intercrossing 
structure and that had a high aspect ratio, as shown in Fig. 9b. Each wall of the anodic 
oxide was a slightly irregular straight line, which may be due to the mechanical cutting 
of the anodic porous alumina. The results of the selenic acid anodizing show its 
potential as an electrolyte for self-ordered anodic porous alumina fabrication much like 
the sulfuric, oxalic, and phosphoric acid electrolytes, previously reported. However, 
note that the cell size of the self-ordered porous alumina fabricated in selenic acid is 
different than the cell size that results from using other self-ordering electrolytes, as 
described bellow. 
     The self-ordering voltages of anodic porous alumina in various anodizing 
electrolytes and the corresponding oxide colors are summarized in Table 1. In addition 
to the voltage that resulted in the highly ordered alumina obtained by selenic acid 
anodizing in our present and previous investigations (V = 42, 46, and 48 V [55]), typical 
self-ordering voltages obtained in sulfuric (V = 19-25 V), oxalic (V = 40 V), malonic (V 
= 120 V), tartaric (V = 195 V), and phosphoric (V = 160-195 V) acid solutions are 
presented in Table 1 [28, 30]. Anodizing in selenic acid or oxalic acid causes the 
fabrication of ordered nanostructures at the voltage range of approximately 40 V, as 
shown in Table 1. However, note that the anodic oxide formed by selenic acid is 
colorless and transparent, whereas the oxide formed by oxalic acid has a yellowish color 
(Fig. 3). In addition, the saturated solubility of selenic acid in water is lager than that of 
oxalic acid. Therefore, selenic acid allows high speed anodizing at a high current 
density condition. Moreover, selenic acid anodizing can be used for fundamental 
research of anodizing science and engineering. A difference of the growth behaviors 
during anodizing in similar electrolyte solutions, selenic and sulfuric acid, should be 
investigated to understand the mechanism of porous alumina growth. 
     In summary, we demonstrated that highly ordered anodic porous alumina with a cell 
size different from that formed by anodizing in other electrolytes can be successfully 
fabricated by anodizing in selenic acid solution at appreciate electrochemical conditions. 
The ordered porous alumina can be fabricated by anodizing using a simple 
electrochemical setup and without using any special procedures such as the nanoimprint 
technique. Increasing the solution concentration is an effective method to achieve 
self-ordering with selenic acid anodizing. The regularity of the porous alumina obtained 
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by selenic acid anodizing is similar to the regularity obtained by anodizing with sulfuric, 
oxalic, or phosphoric acid. However, selenic acid anodizing works effectively at 
previously unutilized self-ordering voltages (V = 42-48 V) and the corresponding cell 
sizes (D = 95-110 nm). Therefore, selenic acid anodizing provides novel nanostructures 
in the field of highly ordered nanostructure applications. The self-ordered anodic porous 
alumina fabricated by selenic acid anodizing may be useful in various nanodevice 
applications including photonic crystals, plasmonic devices, magnetic recording media, 
and nanosensors. In addition, the convex aluminum nanostructures obtained by selenic 
acid anodizing and selective oxide dissolution may be useful as highly ordered 
nanoelectrodes in various nano-electronic devices. 
 
4. Conclusions 
     This paper described the self-ordering behavior of anodic porous alumina fabricated 
using selenic acid anodizing at constant applied voltages and at various selenic acid 
concentrations. Anodizing in concentrated selenic acid solution causes rapid fabrication 
of anodic porous alumina with a highly regular cell arrangement. The self-ordered 
anodic porous alumina formed by selenic acid anodizing under the most appropriate 
electrochemical conditions, a concentration of 3.0 M and an anodizing voltage of 46 V, 
possesses a nanoporous structure with a cell size of 102 nm. Highly ordered convex 
nanostructures with diameters of approximately 20 nm and heights of approximately 40 
nm were fabricated at the triple points by selenic acid anodizing and subsequent 
selective oxide dissolution and were surrounded by three adjacent hexagonal cells. 
Anodic porous alumina that is highly ordered from top to bottom can be successfully 
fabricated by two-step selenic acid anodizing. 
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Captions 
 
Fig. 1 Schematic representation of the experimental apparatus for the selenic acid 
anodizing. The solution was stirred vigorously during anodizing. 
 
Fig. 2 Change in current density, i, with anodizing time, ta, in a a) 0.1 M, b) 1.0 M, and 
c) 3.0 M H2SeO4 solutions for 180 min at 273 K and constant cell voltages in the range 
of V = 37-51 V. Electropolished aluminum foils were anodized in the H2SeO4 solutions, 
and each solution was vigorously stirred by a magnetic stirrer during anodizing. 
 
Fig. 3 Surface appearances of specimens anodized a) at 37 V in a 3.0 M H2SeO4 
solution and b) at 40 V in a 0.22 M (COOH)2 solution. After anodizing, the specimen 
was immersed in 0.5 M SnCl4 solution to dissolve selectively the aluminum substrate. 
 
Fig. 4 SEM images of the surface of the specimen anodized a) at 46 V in a 3.0 M 
H2SeO4 solution (uniform oxide formation) and b) at 51 V in a 0.1 M H2SeO4 solution 
(burning). 
 
Fig. 5 Surface images of the anodized specimens after selective oxide removal by a 0.20 
M CrO3 / 0.51 M H3PO4 solution. The aluminum specimens were anodized in 0.1-3.0 M 
H2SeO4 solutions at various constant voltages in the range of 37 to 50 V for 180 min, as 
shown in Fig. 1. 
 
Fig. 6 Effects of anodizing voltage, V, on the corresponding cell size, D, for 0.1-3.0 M 
selenic acid anodizing. 
 
Fig. 7 a) Low and b) high magnification AFM images of the self-ordered nanodimple 
array. The specimen was anodized at 46 V for 180 min in a 3.0 M H2SeO4 solution. 
 
Fig. 8 Three-dimensional AFM height images of the self-ordered nanodimple array at a) 
small and b) large angles. 
 
Fig. 9 SEM images of the a) surface and b) cross section of the highly ordered anodic 
porous alumina fabricated with two-step anodizing. The second anodizing was carried 
out at 46 V for 3 min in 3.0 M H2SeO4 solution. The specimen was then immersed in a 
0.86 M H3PO4 solution at 293 K to widen the pores. 
 
Table 1 Electrolytes, self-ordering voltage, and the corresponding colors for anodic 
porous alumina formed in various acidic electrolytes (sulfuric, oxalic, malonic, tartaric, 
and phosphoric acids) reported previously [28, 30, 60, 61], as well as that of selenic acid 
found in the present and previous investigations [55]. 
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Table 1 

 
Electrolyte             Chemical formula                Color                     Self-ordering voltage 
Sulfuric acid          H2SO4                                   Transparent            19-25 V 
Oxalic acid            (COOH)2                               Yellowish               40 V 
Selenic acid           H2SeO4                                  Transparent            42-48 V 
Malonic acid          HOOC-CH2-COOH              Yellowish              120 V 
Tartaric acid           HOOC-(CHOH)2-COOH     Yellowish               195 V 
Phosphoric acid      H3PO4                                   Light blue              160-195 V 
 




















