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Highlights 
 
Etidronic acid anodizing caused self-ordering behaviors between 165 and 270 V. 
 
Large-scale pore arrays measuring 470 nm in diameter could be fabricated. 
 
Hexagonal phosphorus-free distribution was measured in the porous alumina. 
 
A truly honeycomb alumina structure consisting of hexagonal pores was formed. 
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Abstract 
     Ordered porous alumina (OPA) with large-scale circular and hexagonal pores was 
fabricated via etidronic acid anodizing. High-purity aluminum plates were anodized in 
0.2-4.2 M etidronic acid solution at 145-310 V and 288-323 K. Self-ordering of porous 
alumina was observed at 165 V and 313 K in 4.2 M, at 205 V and 303 K in 1.0 M, and 
at 260 V and 298 K in 0.2 M, and the cell diameter was measured to be 400-640 nm. 
The ordering potential difference decreased with the electrolyte concentration 
increasing. OPA without an intercrossing nanostructure could be fabricated on a 
nanostructured aluminum surface via two-step anodizing. Subsequent pore-widening in 
etidronic acid solution caused the circular dissolution of anodic oxide and the expansion 
of pore diameters to 470 nm. The shape of the pores was subsequently changed to a 
hexagon from a circle via long-term pore-widening, and a honeycomb structure with 
narrow alumina walls and hexagonal pores measuring 590 nm in its long-axis was 
formed in the porous alumina. Transition of the nanostructure configuration during 
pore-widening corresponded to differences in the incorporated phosphorus distribution 
originating from the etidronic acid anions. 
 
Keywords: Aluminum; Anodizing; Etidronic Acid; Porous Alumina; Self-Ordering 
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1. Introduction 
     Anodizing of aluminum and its alloys under appropriate electrochemical 
conditions allows the formation of ordered porous alumina (OPA) with nanoscale 
honeycomb structures on aluminum substrates [1-6]. OPA has many nanoscale pores 
with a high regularity, and can be easily fabricated via a simple anodizing technique 
without any special equipment or technique such as photolithography, electron-beam 
lithography, and nanoimprinting (self-ordering). Therefore, it is widely used by many 
researchers as a template for novel and challenging nanodevices in the fields of 
electronic and optical applications [7-14]. It is a well-known experimental fact that the 
periodic size of the OPA, which is called the “cell size” or “interpore distance”, strongly 
depends on the applied potential difference (voltage) and electrolyte species used for 
anodizing in the aqueous solutions [2,5,15,16]. Sulfuric acid at an ordering potential 
difference of 19 V (corresponding cell size: 50 nm) - 25 V (60 nm) [4,5,17-19], oxalic 
acid at 40 V (100 nm) [4,5,20], selenic acid at 42 V (95 nm) - 48 V (112 nm) [21-23], 
malonic acid at 120 V (300 nm) [24], phosphonic acid at 150 V (370 nm) - 180 V (440 
nm) [25], phosphoric acid at 160 V (405 nm) - 195 V (500 nm) [26,27], and tartaric acid 
at 195 V (500 nm) [24] have been reported as anodizing electrolytes to date. The bottom 
shape of the porous alumina exhibits a self-ordered cell structure as a result of 
rearrangement of the initially disordered cells under the potential difference applied [2]. 
     OPA with large-scale cell sizes and pores is required for expanding the 
application field in nano- and micro-structure fabrication [28,29]. Recently, we reported 
an OPA formed via anodizing in the novel electrolyte etidronic acid 
(1-hydroxyethane-1,1-diphosphonic acid, CH3C(OH)[PO(OH)2]2) [30]. Etidronic acid 
anodizing at 210-270 V at appropriate temperatures caused the self-ordering behavior of 
porous alumina, and OPA with large-scale cell diameters of 530-670 nm could be 
successfully fabricated on aluminum substrates. An ordered aluminum dimple array 
created from etidronic acid anodizing and subsequent selective oxide dissolution led to 
a bright structural coloration with a rainbow spectrum due to submicrometer-scale 
periodic structures. We demonstrated the transfer of the ordered nanostructures to 
polydimethylsiloxane (PDMS) and ultraviolet (UV) curable polymers via 
nanoimprinting [31]. In these previous investigations, whole anodizing investigations 
were carried out in a 0.3 M etidronic acid solution, which is a frequently used 
electrolyte concentration for anodizing including other electrolyte solutions such as 
sulfuric, oxalic, and phosphoric acid [17,20,26]. In contrast, we found that anodizing at 



	 6 

different electrolyte concentrations expanded the ordering potential difference and 
corresponding cell size ranges [22,25]. Therefore, etidronic acid anodizing in various 
electrolyte concentrations may exhibit undiscovered self-ordering at potential 
differences over 210-270 V. 
     In the present investigation, we demonstrated etidronic acid anodizing at various 
electrolyte concentrations and electrochemical operating conditions. OPA with 
large-scale cell sizes and pore diameters was successfully fabricated via two-step 
etidronic acid anodizing and subsequent pore-widening. Evaluation and characterization 
of the OPA, including its nanostructures and elemental distributions, were investigated 
via high-resolution electron microscopy. A unique honeycomb nanostructure with 
narrow alumina walls could be fabricated via long-term slow pore-widening and based 
on the hexagonal distribution of the phosphorus originating from the electrolyte. 
 
2. Experimental 
     High-purity aluminum plates (99.999 wt%, 0.25-1.0 mm thick, GoodFellow, UK) 
were cut into 10 mm × 20 mm pieces with a handle. The aluminum pieces were 
ultrasonically degreased in ethanol for 10 min at room temperature. The lower half of 
the handle of the aluminum specimen was coated with a silicone resin (KE45W, 
Shin-Etsu, Japan) to avoid the electrochemical reaction on the handle. Prior to silicone 
resin coating, the aluminum surface on the coated region was mechanically polished 
with a SiC paper for adhesion improving. After resin coating, the specimens were 
immersed in a 13.6 M CH3COOH/2.56 M HClO4 (78 vol% CH3COOH/22 vol% 70% 
HClO4) solution at 280 K and were electropolished at 28 V for 1-10 min. A large 
aluminum plate (99.99 wt%, Nippon Light Metal, Japan) was used as the cathode, and 
the solution was slowly stirred with a magnetic stirrer during electropolishing. After 
electropolishing, the specimens were washed with distilled water and then stored in a 
drying container. 
     The electropolished specimens were immersed in 0.2-4.2 M etidronic acid 
solution (150 mL, Tokyo Chemical Industry, Japan) at 288-323 K and then anodized at 
145-310 V for up to 24 h using a direct power supply (PWR400H, Kikusui Electronics, 
Japan) connected to a PC. In the initial stage of anodizing, the potential difference was 
linearly increased for the first 2.5 min to avoid oxide burning phenomenon as much as 
possible, and then held at each target potential difference. The inner diameter of the 
electrochemical cell used for anodizing was 55 mm. A platinum plate (26 mm × 15 mm, 
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99.95 wt%, Nilaco, Japan) was used as the cathode and was set 15 mm apart from and 
parallel to the aluminum specimen. The solution was vigorously stirred with a 
cross-head stir bar. The current density was measured by a digital multimeter 
(DMM4040, Tektronix, USA) during the anodizing. Details of the anodizing setup have 
been shown elsewhere [16] 
     After anodizing, the anodic oxide formed on the aluminum specimens was 
selectively dissolved in a 0.2 M CrO3/0.51 M H3PO4 solution at 353 K to expose the 
aluminum substrate. The nanoscale aluminum dimple array corresponding to the 
negative shape of the bottom of the porous alumina was formed on the aluminum 
substrate. The extent of the self-ordering behavior was evaluated by fast Fourier 
transform (FFT). The nanostructured aluminum specimens were anodized again in 
etidronic acid solution under the same anodizing conditions to fabricate the OPA 
(two-step anodizing). This process was carried out for the formation of OPA with whole 
vertical regions. After the two-step anodizing, the specimens were immersed in a 1.0 M 
etidronic acid solution at 298 K for up to 72 h to expand the diameter of the pores in the 
OPA (pore-widening). 
     The aluminum specimens in each step were examined by field emission scanning 
electron microscopy (FE-SEM, JSM-6500F and JIB-4600F/HKD, JEOL, Japan). For 
the observation of anodic oxide, a thin platinum electroconductive layer was coated 
onto the anodic oxide with a platinum sputter coater (MSP-1S, Vacuum Device, Japan). 
OPA fabricated via two-step anodizing was also examined by 
image-aberration-corrected scanning transmission electron microscopy (STEM, Titan 
G2 60-300, 300 kV, FEI). For the STEM observation, specimen preparation was carried 
out with the following four steps: 1) porous alumina on one side of the specimen was 
completely dissolved in a 2.5 M NaOH solution at room temperature to expose the 
aluminum substrate; 2) the specimens were immersed in a 0.5 M SnCl4 solution at room 
temperature to completely dissolve the aluminum substrate and a free-standing porous 
alumina film without the aluminum substrate was obtained via the chemical dissolution 
processes; 3) the oxide film was pasted on a molybdenum single-hole grid (Nisshin EM, 
Japan) with an epoxy resin, and 4) the oxide layer was thinned by an argon ion beam 
using a precision ion polishing system (PIPS, Gatan). The distribution of aluminum, 
oxygen, phosphorus, and carbon in the porous alumina was examined by STEM-energy 
dispersive X-ray spectrometry (EDS).  
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3. Results and Discussion 
3.1 Anodizing in a low concentration etidronic acid solution 
     The current-time curves during anodizing of aluminum in etidronic acid were 
investigated to fabricate OPA. Figure 1 shows changes in the current density, j, with the 
anodizing time, t, at potential differences of U = 255-265 V in a 0.2 M etidronic acid 
solution at 298 K. Because the potential difference increased linearly for the first 2.5 
min to avoid sudden oxide burning, steady current densities measuring approximately 
50 Am-2 were measured during the initial stage of anodizing. At this stage, barrier 
anodic oxide with the initial nanopores was formed [2]. As the potential differences 
reached each constant value after 2.5 min, the current densities rapidly dropped to 
approximately 10 Am-2. After dropping, the current densities gradually increased due to 
the initial formation of nanopores in the anodic oxide film. While anodizing at 255 V 
and 260 V, the current densities reached steady values for the steady growth of porous 
alumina. The steady current density increased with the applied potential differences due 
to the rapid growth of the porous alumina which was approximately 100 Am-2 at 255 V 
to 130 Am-2 at 260 V. As the applied potential difference increased to 265 V, the 
current density increased more rapidly to above 200 Am-2 during the first 15 min and 
gas was vigorously generated from the surface of the aluminum specimen. Non-uniform 
oxide spots with a dark brown hue were partially observed on the specimen anodized 
under the high potential difference. This non-uniform oxide formation with many cracks 
is known as the oxide burning phenomenon [32-35], and uniform porous alumina could 
not be obtained on the aluminum surface under the oxide burning condition. Therefore, 
the maximum potential difference without oxide burning in 0.2 M etidronic acid 
solution at 298 K was determined to be 260 V from the electrochemical measurements 
(Fig. 1). 
     Previous investigations have shown that OPA can be typically fabricated via 
anodizing at maximum potential difference without oxide burning [24, 25]. Thus, the 
maximum potential differences for a 0.2 M etidronic acid solution at 288-323 K were 
investigated via the same anodizing method. The current densities under anodizing at 
maximum potential difference are summarized in Figure 2. The maximum potential 
difference without oxide burning at 288 K was determined to be a relatively high 
potential difference of 310 V. This decreased gradually with increasing solution 
temperatures and was determined to be 205 V at 323 K. This is due to the thinning of 
the barrier layer at the bottom of the porous alumina in the high temperature acidic 
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environments. The current density increased with the solution temperature. Although a 
relatively high current density of approximately 470 Am-2 was measured in the initial 
stage of anodizing at 205 V and 323 K, no oxide burning was observed on the specimen 
surface because of the immediate decrease in current density after the initial stage. The 
self-ordering behavior in these maximum potential differences was investigated by 
SEM observations. 
     Figure 3a shows an SEM image of the surface of the specimen anodized in a 0.2 
M etidronic acid solution at 303 K and 240 V for 120 min, which is described in Fig. 2. 
Numerous nanopores measuring several tens of nanometers in diameter were disorderly 
formed on the surface of the anodic oxide. Because the nanopores are formed in a 
disorderly fashion during the initial stage of anodizing, irregularly arranged nanopores 
are observed [16]. To observe the growth plane of the porous alumina, i.e., the interface 
between the porous alumina and the aluminum substrate, anodic oxide was selectively 
dissolved in a CrO3/H3PO3 mixture solution at 353 K. The exposed aluminum surface is 
shown in Fig. 3b. A submicrometer-scale aluminum dimple array corresponding to the 
bottom shape of the porous alumina can be observed on the surface, and each dimple, 
which measured approximately 590 nm in diameter, was regularly arranged. Therefore, 
the porous alumina was ordered during anodizing under this anodizing condition. In our 
investigation, self-ordering of the porous alumina was defined by the formation of an 
ideal cell arrangement containing more than 50 hexagonal cells. 
     Figure 4 shows SEM images of the typical aluminum surface obtained by 
anodizing in 0.2 M etidronic acid solution at 205-310 V (Fig. 2). An ideal dimple 
arrangement measuring 640 nm in dimple diameter was successfully obtained via 
anodizing at 260 V (Fig. 4b). Conversely, a disordered dimple array with many different 
cell diameters was formed at higher potential differences of 300 V (Fig. 4c) and 310 V 
(Fig. 4d), though large-scale cell diameters above 500 nm were also measured under 
these high potential differences. Thus, no ordering of the porous alumina can be 
confirmed via etidronic acid anodizing under these conditions. It was previously 
reported that long-term anodizing under ordering conditions improved the regularity of 
porous alumina due to the rearrangement of the porous alumina [1]. Therefore, 24-hour 
anodizing at the same potential differences of 300 V and 310 V was also conducted to 
improve its regularity. However, similarly disordered dimple arrays were observed on 
the aluminum surface after long-term anodizing (Figs. 4c and 4d, right figures). By 
anodizing at 300 V and 310 V, the current densities during steady-state growth are 



	 10 

smaller than that at 240 V and 260 V, being below 100 Am-2 (Fig. 2). In such low 
current density conditions, ordering may not be achieved due to low viscous flow of the 
anodic oxide during anodizing [24,36-38]. An SEM image of an aluminum dimple array 
fabricated via anodizing in 0.2 M etidronic acid solution at 205 V and 323 K is shown 
in Fig. 4a. Although a high current density (150-470 Am-2) was measured during 
anodizing at 205 V (Fig. 2), disordered dimple arrays were also observed on the 
aluminum substrate. The porous alumina has a branching colonial structure due to the 
active chemical dissolution of anodic oxide in etidronic acid solution at such high 
temperatures. Therefore, it may be difficult to obtain the OPA under high temperature 
etidronic acid anodizing such as 323 K. In summary, the ordering region could be 
determined to be 240-260 V for 590-640 nm cell sizes when anodizing in 0.2 M 
etidronic acid at 298-303 K. 
 
3.2 Anodizing in a high concentration etidronic acid solution 
     To expand the ordering region of etidronic acid anodizing, electrochemical 
behavior was also investigated via anodizing in 1.0-4.2 M etidronic acid solutions. It 
was expected that the decrease in the ordering potential difference region would occur 
by etidronic acid anodizing. As a result, the appropriate anodizing conditions such as 
temperature were significantly changed. Therefore, the maximum potential difference 
anodizing under various different conditions were investigated to fabricate OPA. Figure 
5 shows the current-time curves at 145-245 V and 293-323 K in 1.0 M and 4.2 M 
etidronic acid solutions under the maximum potential differences. The following similar 
electrochemical behaviors were measured during etidronic acid anodizing at these high 
concentrations: 1) the maximum potential differences without oxide burning decreased 
with solution temperature and 2) the current density increased with solution temperature. 
In contrast, although the concentration of the solution is high, the current densities 
measured in 4.2 M etidronic acid solution were considerably lower than those in 0.2 M 
and 1.0 M solutions. This decrease may be due to the conductivity of the electrolyte 
solutions; 8.48 Sm-1 in 4.2 M etidronic acid solution at 298 K and 9.95 Sm-1 in 1.0 M at 
298 K. The regularity of the aluminum dimple array under these anodizing conditions 
was also investigated by SEM observations. 
     Figure 6 shows SEM images of the aluminum dimple array fabricated with 1.0 M 
etidronic acid anodizing at 170-245 V and 293-323 K (the current-time curves were 
shown in Fig. 5a). Ideal dimple arrangements with more than 50 dimples and the 
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following anodizing conditions were observed on the aluminum surface via these 
operating conditions: 1) 520 nm at 215 V, 2) 520 nm at 205 V, and 3) 500 nm at 200 V. 
In contrast, ordered and disordered structures were mixed on the aluminum specimens 
anodized at 185 V and 313 K. The dimple array was also clearly disordered over the 
aluminum surface under the following anodizing conditions: 1) 245 V and 293 K and 2) 
170 V and 323 K. It is difficult to fabricate OPA at these low and high temperatures, 
which is similar to 0.2 M etidronic acid solution. The ordering region was determined to 
be 200-215 V for 500-530 nm diameters in the 1.0 M etidronic acid solution, and it 
expanded with lower potential differences using a high concentration solution. 
     As the concentration increased to 4.2 M, which is a commercially available high 
concentration etidronic acid, it is possible to further expand the ordering region. Figure 
7a shows an SEM image of an aluminum surface after 4.2 M etidronic acid anodizing at 
165 V and 313 K for 24 h. An aluminum dimple measuring 400 nm in diameter was 
ideally arranged on the surface. However, an irregular dimple array was observed in 4.2 
M etidronic acid anodizing under other operating conditions (Fig. 7b). Figure 8 shows 
SEM images of ordered dimple arrays on wider view fields. The resulting FFT image of 
each specimen exhibited a spot pattern based on the ordered nanostructure. However, 
several disordered pores were also observed on the wider field. For the formation of 
OPA with higher regularity, it may be useful to combine nanoimprinting techniques 
with anodizing. The experimental results show that anodizing at 165-260 V in 0.2-4.2 
M etidronic acid solutions causes the ordering behavior of porous alumina with 
large-scale cell sizes measuring 400-640 nm in diameter. Considering our previous 
investigations in a 0.3 M etidronic acid solution, the ordering potential differences was 
determined to be 165-270 V for 400-670 nm. Therefore, the ordering of the porous 
alumina at a wide range of potential differences and corresponding cell sizes can be 
achieved through etidronic acid anodizing. Ordering behaviors at 165-270 V may be 
achieved by fine adjusting of the concentration and temperature. 
 
3.3 Nanostructural engineering of self-ordered porous alumina 
     For various nanoapplications such as nanotemplates and nanofilters, two-step 
etidronic acid anodizing and subsequent pore-widening were carried out. Figure 9a 
shows an ordered dimple array fabricated via anodizing in a 0.2 M etidronic acid 
solution at 298 K and 260 V for 24 h, considering the experimental results described 
above. An ordered dimple array consisting of several hundred dimples measuring 640 
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nm in diameter was successfully fabricated via etidronic acid anodizing. For the 
fabrication of OPA through the vertical cross-section, the nanostructured aluminum 
specimen was anodized again in etidronic acid solution under the same conditions for 
120 min (two-step anodizing). A high magnification SEM image of the OPA fabricated 
via two-step anodizing is shown in Fig. 9b. A hexagonal unit cell with a pore measuring 
330 nm in diameter at its center was ideally distributed on the surface. A slight ledge at 
the lower right of each pore (yellow arrow shown in Fig. 9b) was formed in the initial 
stage of etidronic acid anodizing because the applied potential difference increased 
linearly during the first 2.5 min to avoid the oxide burning phenomenon due to the 
anodizing at high potential differences. 
     The OPA was immersed in an etidronic acid solution to expand the pore diameter 
(pore-widening). Phosphoric acid was generally used as the pore-widening solution in 
previous investigations [41-43]. However, a 1.0 M etidronic acid (pH = 0.79 at 298 K) 
was used as the etching solution to slowly dissolve the anodic oxide in our investigation. 
Figure 9c shows an SEM image of the surface of the porous alumina after the 
pore-widening process for 48 h. The shape of the pores in each unit cell expanded 
circularly via 48-h-pore-widening, and large-scale circular pores measuring 470 nm in 
diameter were fabricated in the porous alumina. Such large pores cannot be fabricated 
via phosphoric acid anodizing because the maximum hexagonal cell size is 500 nm [2]. 
Accordingly, OPA with large-scale pore diameters measuring 330-470 nm can be 
fabricated via pore-widening in etidronic acid solution for appropriate amounts of time 
and at specific solution temperatures. Interestingly, white honeycomb walls measuring 
50-60 nm in width were clearly observed at the cell boundaries (Fig. 9c). Additionally, a 
narrow gray oxide with inner circular and outer hexagonal features was also located on 
the inside of the honeycomb walls. The details of these unique nanostructures will be 
discussed later. As the pore-widening time increased to 72 h (Fig. 9d), the gray oxide 
was completely dissolved into the etidronic acid solution, and an ideal honeycomb 
nanostructure with narrow alumina walls was fabricated. The lengths of both the long- 
and short-axis directions of the hexagonal pore were measured to be 590 nm and 540 
nm, respectively, and large-scale pores above 500 nm in diameter could be formed. 
Notably, it is difficult to fabricate these unique hexagonal nanostructures via the 
high-speed chemical etching of anodic alumina because aluminum oxide was rapidly 
dissolved into the solution. Figures 9e-9g show the fracture cross-sections of the OPA. 
High aspect-ratio OPA without an intercrossing structure were successfully obtained. 
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The inner oxide in the porous layer was also dissolved into the solution by the 
pore-widening process, and a thinned barrier layer measuring 65 nm in thickness was 
also observed at the bottom of pores. Such a hexagonal pore array may be useful as a 
nanotemplate for the fabrication of hexagonal nanostructures [44]. 
     For nanocharacterization of OPA fabricated via etidronic acid anodizing, the OPA 
was physically thinned via an argon ion beam. Figure 10 shows a SEM image, a TEM 
diffraction pattern, and STEM-EDS mapping images of the aluminum, oxygen, 
phosphorous, and carbon element distributions of the OPA. This OPA was fabricated 
via two-step etidronic acid anodizing at 298 K and 215 V, and the average diameter of 
the pores was measured to be approximately 160 nm in a SEM image. The TEM 
diffraction pattern showed that the porous alumina was amorphous, which is similar to 
typical porous alumina. 
     Although aluminum, oxygen, and carbon were distributed over the entire anodic 
oxide region, practically phosphorus-free cell boundaries with a honeycomb 
configuration were measured by STEM-EDS. Whereas the outer alumina around the 
pores contained approximately 3.5% phosphorus, the inner alumina with a hexagonal 
distribution contained 0.07% phosphorus. The shapes of the hexagonal alumina 
nanostructures shown in Figs. 9c and 9d may correspond to this phosphorus distribution. 
Generally, the chemical dissolution rate of anodic alumina increases with the amounts 
of incorporated anions originating from the electrolyte during anodizing. In fact, the 
successive fabrication of ordered through-hole porous alumina membranes due to 
differences in the dissolution rate has been reported by Yanagishita et al. [45] In our 
investigation, the following dissolution behavior can be considered during 
pore-widening: 1) the anodic oxide with incorporated phosphorus around the pores 
dissolves isotropically into etidronic acid solution, and large circular pores were formed 
in the porous alumina and 2) subsequent pore-widening causes the complete dissolution 
of the phosphorus containing anodic oxide, but phosphorus-free hexagonal alumina 
walls remains due to the slow dissolution rate. 
     Etidronic acid used as an anodizing electrolyte has two phosphorus atoms and 
two carbon atoms in the molecular structure. Etidronic acid is a tetra acid with the 
following acid dissociation constants (pKa) [46-47]: 

C2H8O7P2 ⇄ 4H+ + C2H4O7P2
4- 

(pKa1 = 1.43, pKa2 = 2.70, pKa3 = 7.02, pKa4 = 11.20) 
The anions that dissociate in the aqueous solution were incorporated into the anodic 
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oxide by a high electric field during anodizing [48-50]. Interestingly, the distribution of 
phosphorus and carbon elements originating from the anions is clearly different in the 
porous alumina from the STEM-EDS measurements; phosphorus was distributed in the 
honeycomb, while carbon was distributed uniformly in the oxide. The right of Fig. 10 
shows an EDS spectrum measured for the OPA formed via anodizing in etidronic acid 
and sulphate (SO4

2-) solutions. Here, these specimen preparations were carried out with 
the same procedure at the same time for the STEM observations. There is a clear peak 
for carbon only in the porous alumina formed via etidronic acid anodizing. Therefore, it 
is difficult to explain the reason of the uniform carbon distribution with hydrocarbon 
contaminants, and the distribution may show the carbon elements incorporated in the 
porous alumina. These different distributions of carbon and phosphorus may suggest 
that the chemical bonds of incorporated anions with a large molecular structure are 
cleaved in the anodic oxide during incorporation. Whether anions decompose or not 
depend on the electrolyte spices used. However, there is no direct evidence supporting 
the molecular structure of etidronic acid in the porous alumina, and the 
chemical-bonding state of the molecules should be further investigated to better 
understand anion incorporation during anodizing in etidronic acid.  
 
4. Conclusions 
     We demonstrated the self-ordering behavior of porous alumina fabricated via 
etidronic acid solution, and the resulting nanostructures were investigated in details. 
Self-ordering of porous alumina is observed over a wide range of potential differences 
(at 165 V and 313 K in 4.2 M, at 205 V and 303 K in 1.0 M, and at 260 V and 298 K in 
0.2 M), and the formation of OPA measuring 400-640 nm in cell diameter can be 
achieved. A hexagonal phosphorus-free distribution was formed in the OPA fabricated 
via two-step 1.0 M etidronic acid anodizing at 215 V and 298 K for 24 h and 120 min. 
A honeycomb nanostructure with hexagonal pores can be fabricated via long-term 
pore-widening, and the lengths of both the long- and short-axis directions of the 
hexagonal pore were measured to be 590 nm and 540 nm, respectively. The shape of 
this honeycomb nanostructure corresponds to the phosphorus distribution in the porous 
alumina. 
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Figures 
 
Fig. 1 Changes in the current density, j, with time, t, during anodizing of aluminum in a 
0.2 M etidronic acid solution at 298 K and 255-265 V. The potential difference was 
increased linearly during the first 2.5 min of anodizing and was then held at each 
specific potential difference. 
 
Fig. 2 Changes in the current density, j, with time, t, during anodizing of aluminum 
under the maximum potential differences without oxide burning in a 0.2 M etidronic 
acid solution at 288-323 K. 
 
Fig. 3 SEM images of the surface of the aluminum specimen after a) first anodizing in a 
0.2 M etidronic acid solution at 240 V and 303 K for 120 min and b) selective oxide 
dissolution in a CrO3/H3PO4 solution at 353 K. 
 
Fig. 4 SEM images of the nanostructured aluminum surface after 0.2 M etidronic acid 
anodizing at 205-310 V and 288-323 K for 120 min and 24 h and subsequent selective 
oxide dissolution. 
 
Fig. 5 Changes in the current density, j, with time, t, during anodizing in a) a 1.0 M and 
b) 4.2 M etidronic acid solutions under the maximum potential difference condition. 
 
Fig. 6 SEM images of the nanostructured aluminum surface fabricated via anodizing in 
a 1.0 M etidronic acid solution for 120 min at 170-245 V. 
 
Fig. 7 SEM images of the nanostructured aluminum surface fabricated via anodizing in 
a 4.2 M etidronic acid solution at a) 165 V and b) 145 V. 
 
Fig. 8 High- and low-magnification SEM images of OPA fabricated via etidronic acid 
anodizing at 165-260 V (a) in 4.2 M at 165 V and 313 K for 24 h, b) in 1.0 M at 205 V 
and 303 K for 24 h, c) in 1.0 M at 215 V and 298 K for 24 h, and d) in 0.2 M at 260 V 
and 298 K for 24 h). The insert figure shows the resulting FFT image obtained from the 
aluminum dimple array. 
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Fig. 9 a) An SEM image of the nanostructured aluminum surface fabricated via 0.2 M 
etidronic acid anodizing at 260 V for 24 h. b)-d) SEM images of b) OPA fabricated via 
two-step anodizing at 260 V and subsequent pore-widening at 298 K for c) 48 h, and d) 
72 h in a 1.0 M etidronic acid solution. e)-g) SEM images of the fracture cross-section 
of the honeycomb nanostructure with narrow alumina walls (Fig. 8d). 
 
Fig. 10 SEM image and diffraction pattern of physically thinned OPA fabricated 
two-step 1.0 M etidronic acid anodizing at 215 V and 298 K for 24 h and 120 min, and 
the corresponding STEM-EDS images of aluminum, oxygen, phosphorus, and carbon 
elements. 
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