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Abstract 
     Anodizing of aluminum in an arsenic acid solution is reported for the fabrication of anodic 
porous alumina. The highest potential difference (voltage) without oxide burning increased as the 
temperature and the concentration of the arsenic acid solution decreased, and a high anodizing 
potential difference of 340 V was achieved. An ordered porous alumina with several tens of cells 
was formed in 0.1-0.5 M arsenic acid solutions at 310-340 V for 20 h. However, the regularity of the 
porous alumina was not improved via anodizing for 72 h. No pore sealing behavior of the porous 
alumina was observed upon immersion in boiling distilled water, and it may be due to the formation 
of an insoluble complex on the oxide surface. The porous alumina consisted of two different layers: 
a hexagonal alumina layer that contained arsenic from the electrolyte and a pure alumina honeycomb 
skeleton. The porous alumina exhibited a white photoluminescence emission at approximately 515 
nm under UV irradiation at 254 nm. 
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1. Introduction 
     Anodizing (anodization) is the most important technique for surface finishing of aluminum 
and its alloys in various industrial applications, such as buildings [1], vehicles [2], and electronic 
devices [3]. Anodizing of aluminum in several acidic solutions under the appropriate operating 
conditions causes growth of the porous alumina (porous anodic oxide film) on the aluminum surface 
[4-9]. Porous alumina has a characteristic honeycomb nanostructure that consists of a porous layer 
with numerous high-aspect-ratio nanopores and a thin barrier layer. Therefore, porous alumina is 
widely used in various novel nano-science and engineering, such as storage devices [10], 
optoelectronic devices [11], metamaterials [12], photonic materials [13], surface plasmon resonances 
[14], gas sensors [15], biomaterials [16], and nanowires [17]. 
     The chemical and physical properties and the nanomorphology of porous alumina strongly 
depend on the type of electrolyte species used during anodizing. For example, porous alumina 
formed in a sulfuric acid (H2SO4) solution possesses a relatively small cell size (interpore distance) 
measuring several tens of nanometers [18-20] and shows a high corrosion resistance after the pore 
sealing procedure of the porous layer [21]. Phosphoric acid (H3PO4) [22,23], chromic acid (H2CrO4) 
[24,25], oxalic acid (HOOC-COOH) [26,27], and other dicarboxylic acids [28-30] are widely 
recognized as suitable electrolytes for the formation of porous alumina. 
     Because the chemical and physical properties and the nanomorphology of porous alumina are 
still limited by a few typical electrolyte used during anodizing, the discovery of additional 
electrolytes would expand the applicability of porous alumina. For example, anodizing in etidronic 
and phosphonoacetic acid solutions can occur at high potential differences (voltage), i.e., >200 V 
[31-34], and produces a large-scale ordered porous alumina and generates a bright structural 
coloration from the nanostructured surface. Anodizing in pyrophosphoric acid (H4P2O7) causes 
growth of single nanometer-scale alumina nanofibers, and the nanofiber-covered aluminum surface 
exhibits rapid superhydrophilicity [35-38]. Further additional electrolytes for anodizing allow the 
fabrication of novel anodic aluminum oxides with characteristic properties. 
     Selenic acid (H2SeO4) is a unique, new anodizing electrolyte for porous alumina [39-41]. 
Selenium is located below sulfur on the periodic table, and selenic acid is a strong diacid similar to 
sulfuric acid. The potential difference during anodizing with selenic acid is approximately twice as 
large as anodizing with sulfuric acid, and the resulting cell size of the porous alumina increased. On 
the basis of the sulfuric acid-selenic acid system and the experimental results obtained from 
anodizing with selenic acid, we focused on a new acidic electrolyte, arsenic acid (H3AsO4). Arsenic 
is located below phosphorus on the periodic table, and arsenic acid is a triprotic acid similar to 
phosphoric acid: 

H3AsO4 ⇄ H+ + H2AsO4
-     (pKa1 = 2.24)     (1) 

H2AsO4
- ⇄ H+ + HAsO4

2-     (pKa2 = 6.94)     (2) 
HAsO4

2- ⇄ H+ + AsO4
3-     (pKa3 = 11.50)     (3) 

where pKa1, 2, 3 are the acid dissociation constants at 298 K [42]. Although these pKa values are 
slightly higher than those of phosphoric acid (pKa1 = 1.83, pKa2 = 6.43, pKa3 = 11.46 at 298 K), 
arsenic acid may have potential as a suitable anodizing electrolyte for the formation of porous 
alumina because of its similar acid dissociation constants. In addition, higher potential difference 
anodizing may be achieved via anodizing with arsenic acid. The aim of this investigation is a) to 
demonstrate the growth behavior and nanostructural characterization of porous alumina formed via 
anodizing in a new electrolyte: arsenic acid solution, and b) to find novel characteristic properties of 
the porous alumina. This paper describes in detail the anodizing behavior of porous alumina during 
arsenic acid anodizing at extremely high potential differences. Simultaneously, we report a novel 
white photoluminescence emission from the porous alumina under ultraviolet irradiation. 
 
2. Experimental 
2.1 Pre-treatment of the aluminum specimens 
     Pure aluminum plates (99.999 wt%, 0.25-0.50 mm thick, GoodFellow, UK) were used as the 
anodizing specimens. The aluminum plates were cut into 5 mm × 20 mm pieces with a handle and 
were ultrasonically degreased in ethanol for 10 min at room temperature. After ultrasonication, the 
lower half of the handle was covered with a silicone resin (KE45W, Shin-Etsu, Japan) to prevent 
electrochemical reactions on the handle. The resin-coated specimens were electropolished in a 13.6 
M CH3COOH/2.56 M HClO4 (78 vol% CH3COOH/22 vol% 70%-HClO4) solution at 280 K and 28 
V for 1 min. 
 
2.2 Arsenic acid anodizing 
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     The electropolished aluminum specimens were used as the anode, and a platinum plate (26 
mm × 25 mm, 99.95 wt%, Furuya Metal, Japan) was used as the cathode. The electrodes were 
immersed in 0.1-1.0 M arsenic acid solutions (150 mL, Kanto Chemical, Japan) at 273-293 K. The 
anode and cathode were 20 mm apart and parallel to each other in an electrochemical cell with an 
inner diameter measuring 55 mm. The arsenic solution was vigorously stirred at v = 814 rpm using a 
cross-head magnetic stir bar. The aluminum specimens were anodized at a constant current density 
of 1-50 Am-2 or at a constant potential difference (voltage) of 160-350 V for up to 72 h. A direct 
power supply (PWR400H, Kikusui Electronics, Japan) was used for each anodizing process, and the 
current density and potential difference were measured using the power supply and a digital 
multimeter (DMM4040, Tektronix, USA) connected to a PC. In the initial stage of constant potential 
difference anodizing, the potential difference was linearly increased for the first 2.5 min to avoid 
oxide burning as much as possible, and then maintained at each constant potential difference. After 
anodizing, the specimens were removed from the arsenic acid solution and were washed with 
distilled water. To compare the nanomorphologies of the porous alumina, we also anodized 
aluminum specimens in 0.3 M phosphoric acid at 273 K and in 0.3 M oxalic acid at 293 K. 
 
2.3 Post-treatment of anodized specimens 
     After anodizing, several anodized specimens were boiled in distilled water at 373 K for 15 min 
to seal the nanopores in the porous alumina. The non-sealed specimens were immersed in a 0.2 M 
CrO3/0.51 M H3PO4 solution at 353 K to dissolve the anodic oxide completely. The exposed 
aluminum substrate possessed a nanoscale dimple array configuration, which corresponded to the 
negative shape of the bottom of the porous alumina. The ordering behavior of the porous alumina 
was evaluated using fast Fourier transform (FFT) with the Image-J software package (Wayne 
Rasband, National Institute of Health, USA) [43-45]. After oxide dissolution, several nanostructured 
specimens were anodized again in arsenic acid solutions under the same operating conditions 
(two-step anodizing). 
 
2.4 Characterization of the porous alumina 
     The anodized specimens were examined by field-emission scanning electron microscopy 
(FE-SEM, JSM-6500F, JEOL, Japan). To observe the porous alumina using SEM, we coated a thin 
platinum electroconductive layer onto the anodic oxide using a platinum sputter coater (MSP-1S, 
Vacuum Device, Japan). The anodized specimens were also examined by image-aberration-corrected 
scanning transmission electron microscopy (STEM, Titan G2 60-300, 300 kV, FEI). For the STEM 
observation of porous alumina, the specimens were prepared as follows (a–d): a) The porous 
alumina on one side of the specimen was covered with a corrosion-resistant sheet, and the specimen 
was immersed in a 2.5 M NaOH solution at room temperature. The porous alumina on the other side 
was completely dissolved, and the aluminum substrate was exposed to the solution. b) The 
aluminum-exposed specimens were immersed in a 0.5 M SnCl4 solution at room temperature to 
completely dissolve the aluminum substrate. A free-standing porous alumina film was formed via 
these chemical dissolution processes. c) The porous alumina was fixed on a molybdenum single-hole 
grid (Nisshin EM, Japan) with an epoxy resin. d) The porous alumina was thinned via an argon-ion 
beam using a precision ion polishing system (PIPS, 5 kV, Gatan). The elemental distribution of 
aluminum, oxygen, arsenic, and phosphorus in the porous alumina was analyzed using 
energy-dispersive X-ray spectrometry (EDS). 
     The photoluminescence properties of the porous alumina were also examined using an 
ultraviolet (UV) mercury lamp (SLUV-8, 365 nm/254 nm, AS ONE, Japan) and a PC-controlled 
multi-channel spectrometer (USB2000+, Ocean Optics, USA). Three-dimensional 
photoluminescence maps were obtained by a fluorescence spectrometer (FP-8300, JASCO) with a 
150 W xenon lamp as the excitation source (excitation range: 250-700 nm, emission range: 250-700 
nm). 
 
3. Results and Discussion 
3.1 Constant current (CA) anodizing in arsenic acid solutions 
     Figure 1a shows the changes in the potential difference, U, with the anodizing time, t, during 
anodizing in a 0.5 M arsenic acid solution at 273 K and different current densities of 1-50 Am-2 for 
up to 20 h. At j = 1 Am-2, the potential difference linearly increased to 210 V during the initial 5 h 
and then reached a steady value of 150 V after a slight decrease. The shape of the potential 
difference-time curve from CA anodizing can typically be measured via the growth of the porous 
alumina on the aluminum substrate [5,6]. When the current density increased to j = 2 Am-2, the rate 
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of increase of the potential difference was approximately 2 times greater than that for j = 1 Am-2. In 
addition, the potential difference reached a peak value of 310 V, and the overall value after the peak 
was approximately 100 V higher than that for j = 1 Am-2. At larger current densities of j = 10 and 50 
Am-2, the potential differences reached 300 V or higher during anodizing. However, the potential 
differences for the initial stage when j = 10 Am-2 and for the whole stage at 50 Am-2 exhibited 
unstable oscillations. Several burning oxide spots with a black hue were formed on the aluminum 
specimen under these conditions. 
     Figure 1b shows an SEM image of the fracture cross-section of the specimen anodized in the 
0.5 M arsenic acid solution at 273 K and 1 Am-2 for 20 h. The lower white area corresponds to the 
aluminum substrate; the middle stripe region corresponds to the anodic oxide; and the top gray 
surface corresponds to the surface of the anodic oxide. A porous alumina film with branching 
nanopores measuring 2.5 µm thick was uniformly formed on the aluminum substrate. Arsenic acid 
can easily create a porous alumina via CA anodizing, similar to phosphoric acid anodizing. 
Importantly, the potential difference during CA anodizing was greater than 300 V. Therefore, we 
examined constant potential difference anodizing in various arsenic acid solutions to identify the 
growth behavior of the large-scale porous alumina. 
 
3.2 Constant potential difference (CPD) anodizing in arsenic acid solutions 
     Figure 2a shows the changes in the current density, j, with the anodizing time, t, at constant 
potential differences of 255-265 V in a 0.5 M arsenic acid solution at 293 K. In the CPD anodizing, 
the potential difference increased linearly during the first 2.5 min and was then held constant at each 
operating value to avoid oxide burning as much as possible. Therefore, a transient current density of 
approximately 50 Am-2 was measured during the first 2.5 min. After this transition period, the 
current densities decreased rapidly to approximately 5 Am-2. The current decrease and stagnation are 
typically measured in the first stage during CPD anodizing. As the anodizing time increased to 15 
min, the current densities increased rapidly and reached nearly steady values of approximately 70 
Am-2 at 255 V and 85 Am-2 at 260 V. A uniform oxide film with a gray hue was formed on the 
aluminum specimen after anodizing at these potential differences. In contrast, the current density 
increased to greater than 200 Am-2 after 15-min-anodizing at 265 V, and a non-uniform oxide film 
with several black spots was formed on the surface via oxide burning. 

Figure 2b and 2c show the current-time curves during anodizing in a 0.5 M arsenic acid 
solution at 283 K and 273 K, respectively. The length of the current stagnation in the initial stage of 
anodizing increased as the temperature decreased (15 min at 293 K, 30 min at 283 K, and 70 min at 
273 K). In addition, the highest potential difference without oxide burning increased as the 
temperature decreased (260 V at 293 K, 285 V at 283 K, and 310 V at 273 K). These changes are 
due to the low solubility and the thickening of the barrier layer in the arsenic acid solutions at lower 
temperatures. 
     The authors and other research groups have reported previously that ordered porous alumina 
could be formed via anodizing at the highest potential difference without oxide burning [28,31]. 
Therefore, we used SEM to examine the regularity of the porous alumina formed via arsenic acid 
anodizing under the highest potential difference conditions. Figure 3 shows the exposed aluminum 
substrate after arsenic acid anodizing for 20 h at a) 260 V and 293 K, b) 285 V and 283 K, and c) 
310 V and 273 K, as described in Fig. 2. Because the anodized specimens were immersed in a 
CrO3/H3PO4 solution to completely dissolve the porous alumina, numerous aluminum dimples that 
corresponded to the bottom shape of the porous alumina were exposed to the surface in Fig. 3. At 
260 V and 293 K (Fig. 3a), disordered aluminum dimples measuring approximately 200 nm to 1 µm 
in diameter were distributed over the surface, and the dimples exhibited various shapes, such as 
circles, pentagons, hexagons, and heptagons, on the array. The inset figure in the lower left of Fig. 3 
shows the FFT image obtained from the aluminum dimple array. The FFT image exhibited a halo 
pattern based on the corresponding irregularity of the dimple array. As the anodizing temperature 
decreased to 283 K and 273 K and the highest potential difference increased to 285 V and 310 V 
(Figs. 3b and 3c), honeycomb dimple arrangements with several tens of hexagonal cells were 
observed on the surface. Although many defects still remained on the surface, the resulting FFT 
image with weak spots was observed because of the regularity of the porous alumina. At 310 V, the 
average dimple diameter was approximately 690 nm. The regularity of the porous alumina worsened 
with increasing temperature, which may have been due to irregular growth and pore branching in 
arsenic acid solutions at high temperatures. Phosphoric acid anodizing exhibits a similar tendency, 
and a low temperature phosphoric acid solution is generally used to form ordered porous alumina 
[22]. Therefore, the following investigations were performed in arsenic acid solutions at 273 K. 
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     Figure 4 shows the current-time curves from the CPD anodizing in 0.1-1.0 M arsenic acid 
solutions at 273 K for up to 20 h. The highest potential difference decreased as the concentration of 
the arsenic acid solution increased (340 V in 0.1 M to 290 V in 1.0 M) because of thinning of the 
barrier layer during arsenic acid anodizing at high concentrations. In addition, the current density 
under the highest potential difference during anodizing increased with increasing concentration, and 
the growth rate of porous alumina is expected to increase as the concentration of the arsenic acid 
solution increases. The CPD methods demonstrated that arsenic acid anodizing allows for a high 
potential difference greater than 300 V. The corresponding aluminum dimple arrays formed under 
the highest potential difference conditions are shown at the bottom of Fig. 4. Disordered aluminum 
dimples with an FFT halo pattern were formed in a 1.0 M arsenic acid solution (Fig. 4d), similar to 
the results obtained via high temperature anodizing (Fig. 3a). This irregularity may also be due to 
pore branching during arsenic acid anodizing at high concentrations. In 0.1-0.5 M arsenic acid 
solutions (Figs. 4a-4c), slightly ordered dimple arrays with weak spots were observed on the surfaces. 
Large-scale dimples measuring approximately 740 nm in diameter were formed at 340 V. However, 
many defects remained on these dimple arrays. Figure 5 summarizes the changes in the highest 
potential difference with a) temperature and b) concentration during arsenic acid anodizing, and 
there are linear relationships. 
     During typical self-ordering anodizing using sulfuric, oxalic, phosphoric, selenic, or etidronic 
acid, ordered porous alumina can be fabricated via rearrangement of the cell configuration during 
long-term anodizing [46]. Figure 6a shows the current-time curve during CPD anodizing in a 0.3 M 
arsenic acid solution at 273 K and 320 V for up to 72 h; the corresponding dimple arrays formed 
after 1-72 h are shown in Figs. 6b-6e. The shape of the aluminum dimples after 1 h of anodizing was 
not clear (Fig. 6b) because no steady-state porous alumina growth was observed (Fig. 6a). A dimple 
array was clearly formed via 2.5 h of anodizing (Fig. 6c), and a honeycomb nanostructure with 
several tens of cells was formed via further anodizing for 10 h (Fig. 6d) and 72 h (Fig. 6e). However, 
the regularity of the dimple array was low after the 72 h anodizing, and a similar FFT pattern with 
weak spots was obtained. Highly ordered porous alumina with a wide-range honeycomb distribution 
could not be obtained via arsenic acid anodizing under any operating condition. 
     Why highly ordered porous alumina could not be fabricated via long-term arsenic acid 
anodizing is difficult to explain. In the high potential difference anodizing using citric acid and malic 
acid without imprint techniques, obtaining wide-region ordered porous alumina is hard. The same 
may be true in arsenic acid anodizing. In addition, the products formed via reduction on the cathode 
may be related to the disordering of porous alumina. During arsenic acid anodizing, gray arsenic 
deposits were formed on the platinum cathode due to the reduction of arsenate with hydrogen gas 
evolution. Electrodeposition on the cathode has also been observed in selenic acid anodizing (i.e., 
electrodeposition of selenium on the cathode) [39]. The adhesion of arsenic deposits to the cathode 
was inferior, and the arsenic deposits were easily removed from the cathode as small arsenic 
particles during anodizing. Figure 7 shows the appearance of the electrochemical cell after arsenic 
acid anodizing. The arsenic particles removed from the cathode were observed at the surface of the 
solution and on the stir bar. These arsenic particles also adhered to the aluminum specimen during 
the anodizing. Although the particles were easily washed away with distilled water after the 
anodizing, the adhesion of the arsenic particles may have negatively affected the growth and 
rearrangement of porous alumina. For fabrication of the ideal porous alumina, combine 
nanoimprinting techniques with short-time arsenic acid anodizing may be useful. 
 
3.3 Pore sealing treatment of porous alumina 
     To protect aluminum and its alloys from corrosion, numerous nanopores in the porous alumina 
were sealed via immersion in boiling distilled water [47,48]. This process seals the nanopores 
through the hydration of the alumina and the subsequent volume expansion via the following 
chemical reaction: 

Al2O3 + nH2O → Al2O3•nH2O     (4) 
Figure 8 shows SEM images of the surface and fracture cross-section of the porous alumina before 
and after immersion in boiling distilled water for 15 min. To compare the pore sealing behaviors, we 
carried out a two-step anodizing in three different electrolyte solutions: a) oxalic acid (c = 0.3 M; U 
= 40 V; T = 293 K; first anodizing time, t1 = 2 h; second anodizing time, t2 = 10 min), b) phosphoric 
acid (0.3 M; 180 V; 273 K; 2 h; 10 min), and c) arsenic acid (0.3 M; 320 V; 273 K; 4 h; 4 h). Porous 
alumina measuring approximately 100 nm (oxalic acid), 450 nm (phosphoric acid), and 800 nm 
(arsenic acid) in cell diameter was formed on the aluminum specimens. When the specimen formed 
via oxalic acid anodizing was immersed in boiling distilled water for 15 min, numerous plate-like 
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boehmites measuring several hundreds of nanometers in width were formed on the surface of the 
porous alumina (pore sealing, Fig. 8a). Conversely, the nanostructural features of the porous alumina 
formed via phosphoric and arsenic acid anodizing remained unchanged after immersion in boiling 
water (Figs. 8b and 8c). The hydration rate of alumina formed via phosphoric acid anodizing was 
previously reported to be extremely slower than that formed via sulfuric and oxalic acid anodizing 
because of the formation of an insoluble complex on the oxide surface [49]. The reason why the 
porous alumina formed via arsenic acid anodizing could not be sealed may be related to the same 
considerations. However, pore sealing may be achieved via other sealing procedures using a nickel 
acetate or lithium hydroxide solution; further investigations are required. 
 
3.4 Nanostructural characterization of the porous alumina 
     Figures 9a-9d show a HAADF-STEM image and the corresponding STEM-EDS elemental 
distribution maps (Al, O, and As) for the porous alumina formed via arsenic acid anodizing. The 
porous alumina was fabricated via a two-step anodizing in a 0.3 M arsenic acid solution at 273 K 
and 320 V for 20 h/4 h. From the HAADF-STEM image, the average diameter of the pores formed 
in the porous alumina was approximately 200 nm. Notably, the porous alumina consisted of white 
hexagonal oxides around the nanopores and a gray honeycomb skeleton. This contrast corresponded 
to the distribution of the arsenic in the porous alumina; i.e., the white hexagonal oxide contained 
arsenic, and the gray honeycomb skeleton consisted of almost pure alumina (Figs. 9b-9d). Figure 9e 
shows the aluminum, oxygen, and arsenic concentration profiles (at%) for the porous alumina; the 
amount of arsenic in the skeleton is clearly near zero. The arsenic content in the white hexagonal 
oxide is almost same, and the average arsenic atomic percent in the hexagonal oxide is 
approximately 9% (45%-AsO4

3- and 55%-Al2O3). The TEM diffraction pattern indicates that the 
porous alumina consisted of an amorphous oxide (Fig. 9f). 
     The arsenic distribution is due to the incorporation of arsenate anions (AsO4

3-) into the anodic 
oxide via a high electric field during arsenic acid anodizing. The incorporation depth of the anions 
into the oxide depends on the electrolyte species used during anodizing. For example, whereas 
sulfate anions (SO4

2-) were incorporated into the cell boundary, phosphate anions (PO4
3-) and 

etidronate anions (C2H4O7P2
4-) were incorporated into the middle of the oxide, and the honeycomb 

configuration without the anions was formed in the porous alumina [5,33]. Interestingly, the width of 
the skeleton formed via arsenic acid anodizing is much longer than that formed via other previously 
reported electrolyte species. The anion incorporation ratio, Rai, into the porous alumina is defined as 
follows: 

Rai = 1 - (Wsk / Dcell)     (5) 
where Wsk corresponds to the width of the skeleton (the pure alumina region) and Dcell is the cell size 
(interpore distance) of the porous alumina. Specifically, the Rai value increases as the anions are 
deeply incorporated into the oxide. The Rai values for several electrolyte species decrease in the 
order [33,50,51] 
   Sulfate at 28 V (0.95) > Phosphate at 180 V (0.90) >  

Etidronate at 215 V (0.89) > Arsenate at 320 V (0.75)    
The Rai for the porous alumina formed via arsenic acid anodizing is small compared to the Rai for the 
porous alumina formed via the other electrolytes. In addition, the Rai value decreases with an 
increase in potential difference, and a relationship exists between the incorporation depth and the 
potential difference during anodizing. 
     Figure 10 shows the HAADF-STEM images and the corresponding elemental distribution 
maps of the porous alumina formed via anodizing in a) phosphoric acid and b) arsenic acid solutions. 
Here, the anodizing procedures were carried out under the same operating conditions (c = 0.3 M, T = 
293 K, and U = 160 V), and a) phosphorus and b) arsenic were detected in the STEM-EDS analysis. 
In the phosphoric acid anodizing (Fig. 10a), phosphorus was deeply incorporated into the oxide and 
a thin alumina skeleton measuring 35-40 nm in width was formed in the matrix. In the arsenic acid 
anodizing (Fig. 10b), arsenic was distributed only at the nanopore surroundings and the pure alumina 
region was wider than that formed via phosphoric acid anodizing. 
     The difference in the depth of the incorporated anions depends on the electrolyte species used, 
because the same potential difference is applied to the aluminum specimen. The reason for this 
behavior is still unknown, and further investigations are required to elucidate the incorporation 
behavior of the anions into the porous alumina. However, we expect that the incorporation difficulty 
during arsenic acid anodizing is strongly related to the large size of arsenate anions compared to that 
of phosphate anions. 
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3.5 Photoluminescence properties of porous alumina 
     In this section, we describe our investigation of the photoluminescence emissions of the 
porous alumina formed via arsenic acid anodizing. Figure 11a shows the surface appearance of the 
porous alumina under white light and UV (365 nm and 254 nm wavelength) irradiation. The 
specimen was fabricated via the operating conditions described in Fig. 6 (c = 0.3 M, T = 273 K, U = 
320 V, T = 72 h). The porous alumina exhibited a white hue under UV irradiation at 254 nm and no 
photoluminescence emission under UV irradiation at 365 nm. Figure 11b shows the 
photoluminescence spectra of the porous alumina under UV irradiation at 254 nm. For comparison, 
electropolished pure aluminum was also examined. On the electropolished aluminum surface 
without porous alumina, several peaks due to bright lines originating from the UV mercury lamp 
were measured. By contrast, an intense photoluminescence emission band with a center wavelength 
of approximately 515 nm was measured on the porous alumina. 
     It has been reported that several porous alumina films exhibit photoluminescence emission 
under UV irradiation [52-54]. Figure 12 shows excitation-emission-intensity maps of the porous 
alumina formed by anodizing in a) oxalic acid, b) phosphoric acid, and c) arsenic acid solutions. For 
the oxalic and phosphoric acid anodizing processes, the electropolished specimens were anodized in 
0.3 M electrolyte solutions (293 K) at a constant current density of 20 Am-2 for 2 h. In the map for 
porous alumina formed by oxalic acid anodizing (Fig. 12a), a strong photoluminescence emission 
was identified at 300-450 nm range in excitation and 400-500 nm range in emission. Porous alumina 
films formed by organic carboxylic electrolytes such as oxalic and malonic acid exhibit such a blue 
photoluminescence emission [52, 55-58]. Although the reason of the photoluminescence emission 
from porous alumina is still controversial, it is considered that the emission is generated from a) F+ 
centers (oxygen vacancies in aluminum oxide) and b) F centers (incorporated anion vacancies 
originating from the electrolyte during anodizing) [55-57]. In the case of phosphoric acid anodizing 
(Fig. 12b), an extremely weak peak was measured at approximately 370 nm in excitation and 430 
nm in emission, and no visible photoluminescence emission was observed [55]. In contrast, a 
characteristic broad peak (250-280 nm range in excitation and 400-700 nm range in emission) was 
measured from the porous alumina formed by arsenic acid anodizing (Fig. 12c). The white hue from 
the porous alumina (Fig. 11a) corresponds to this broad photoluminescence emission with visible 
regions of 400-700 nm. The white photoluminescence emission may be due to the arsenate anion 
vacancies incorporated from the electrolyte solution during anodizing (Fig. 9). However, the 
difference between the effect of phosphate (PO4

3-) and arsenate anions (AsO4
3-) on the 

photoluminescence behavior is still unknown; thus, further investigations are required. 
     The use of arsenic acid may be limited to particular applications such as a closed system due 
to their toxicity. However, our new findings in this investigation will contribute to the discussion on 
the anodizing science/technology and photoluminescence emission. White-light emission under UV 
irradiation is very interesting for potential applications in various light-emitting devices. 
 
4. Conclusions 
     We demonstrated the anodizing of aluminum in a new electrolyte, an arsenic acid solution. 
The following conclusions were drawn from the results of our investigation. 
1) A porous alumina was formed on the aluminum surface via CA and CPD anodizing in arsenic 

acid solutions. 
2) The highest potential difference without oxide burning increases as the temperature and 

concentration of the arsenic acid solution decrease. A CPD anodizing at 340 V can be conducted 
in a 0.1 M arsenic acid solution at 273 K. 

3) An ordered cell configuration with several tens of cells was formed via anodizing in 0.1-0.5 M 
arsenic acid solutions at each of the highest potential differences for 20 h. However, the 
regularity of the porous alumina was nearly unchanged for the 72 h anodizing. 

4) No pore sealing behavior of the porous alumina was observed upon immersion in boiling distilled 
water for 15 min. 

5) The porous alumina consists of an alumina/arsenic composite layer that originates from the 
electrolyte solution and a pure alumina skeleton. The skeleton is much thicker than the skeletons 
formed via other typical anodizing procedures. 

6)  The porous alumina exhibits a white photoluminescence emission with a center wavelength of 
approximately 515 nm under UV irradiation at 254 nm. 
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Figures 
 
Fig. 1 a) Changes in the potential difference, U, with time, t, during aluminum anodizing in a 0.5 M 
arsenic acid solution at 273 K and different current densities from 1-50 Am-2. b) An SEM image of 
the fracture cross-section of the porous alumina formed at 1 Am-2 after 20 h. 
 
Fig. 2 Changes in the current density, j, with time, t, during CPD anodizing in a 0.5 M arsenic acid 
solution at a) 293 K, b) 283 K, and c) 273 K. 
 
Fig. 3 SEM images of the nanostructured aluminum surface after arsenic acid anodizing and 
subsequent oxide dissolution. The inset figures show the resulting FFT image obtained from the 
aluminum dimple array. 
 
Fig. 4 Changes in the current density, j, with time, t, during CPD anodizing in a) 0.1, b) 0.3, c) 0.5, 
and d) 1.0 M arsenic acid solutions at 293 K. The bottom SEM images show the nanostructured 
aluminum surface formed via each highest potential difference anodizing for 20 h. 
 
Fig. 5 Changes in the highest potential difference with a) temperature and b) concentration during 
arsenic acid anodizing. 
 
Fig. 6 a) Changes in the current density, j, with time, t, during CPD anodizing in a 0.3 M arsenic 
acid solution at 273 K and 320 V. b)-e) SEM images of the aluminum dimple array formed via 
arsenic acid anodizing for b) 1 h, c) 2.5 h, d) 10 h, and e) 72 h. 
 
Fig. 7 Appearance of the electrochemical cell after the arsenic acid anodizing. 
 
Fig. 8 SEM images of the surface and fracture cross-section of the porous alumina before/after 
immersion in boiled distilled water for 15 min. To compare the pore sealing behaviors, anodizing 
was carried out in a) oxalic acid, b) phosphoric acid, and c) arsenic acid solutions. 
 
Fig. 9 a) A HAADF-STEM image, b)-d) the corresponding STEM-EDS elemental maps of 
aluminum, oxygen, and arsenic, e) EDS line profiles for each element, and f) a diffraction pattern of 
the porous alumina fabricated via two-step anodizing in a 0.3 M arsenic acid solution at 273 K and 
320 V for 20 h/4 h. 
 
Fig. 10 HAADF-STEM images and the corresponding STEM-EDS elemental maps for the porous 
alumina fabricated via a) phosphoric acid and b) arsenic acid anodizing. The anodizing conditions 
were c = 0.3 M, T = 293 K, and U = 160 V. 
 
Fig. 11 a) Surface appearance of the porous alumina formed via arsenic acid anodizing under 
white-light and UV (365 nm and 254 nm) irradiation. b) The photoluminescence spectra of the 
porous alumina under UV irradiation at 254 nm. The reflection spectrum from the electropolished 
aluminum is also shown. 
 
Fig. 12 Excitation-emission-intensity maps of the porous alumina formed by anodizing in a) oxalic 
acid, b) phosphoric acid, and c) arsenic acid solutions. The scale to the right indicates the relative 
intensity of the photoluminescence emission. 
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