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Abstract 
     A porous anodic aluminum oxide (AAO) possessing higher chemical resistance in both 
acidic and alkaline solutions was fabricated by anodizing Al in an alkaline sodium tetraborate 
solution. The 5N Al plates were anodized in five types of major acidic solutions (sulfuric, oxalic, 
phosphoric, chromic, and etidronic acids) and in alkaline sodium tetraborate solution to form 
AAOs. The anodized specimens were then immersed in a 0.52 M phosphoric acid solution (pH = 
1.3) and a 2.5 M sodium hydroxide solution (pH = 13.8). Subsequently, the electrochemical 
impedance measurements and morphological characterizations of the AAOs before and after 
immersion were investigated. The time required for the complete dissolution of the AAOs formed 
in typical acidic electrolytes, including sulfuric, oxalic, phosphoric, and etidronic acids, increased 
linearly with the anodizing voltage. The AAO formed in chromic acid exhibited a higher chemical 
resistance than this linear relationship owing to the formation of high-purity alumina without 
incorporated anions. Moreover, the AAO formed in sodium tetraborate exhibited the highest 
chemical resistance in both acidic and alkaline solutions – approximately two times higher than 
that formed in etidronic and chromic acids. This can be attributed to their higher anodizing ratio 
and the formation of a high-purity alumina layer. 
 
Keywords: Anodizing Aluminum; Porous Oxide Film; Sodium Tetraborate, Chemical Resistance 
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1. Introduction 
     Al and its alloys are now used in various industrial applications, such as automobiles, trains, 
airplanes, building materials, electronic products, and household items. Because bare Al is easily 
corroded in corrosive environments (e.g., acidic, alkaline, and chloride-containing aqueous 
solutions), surface finishing is typically required for the corrosion protection of various Al 
products. Electrochemical anodizing is one of the most important surface finishing methods for 
Al [1-10]. This process causes the formation of a corrosion-resistant porous anodic aluminum 
oxide (AAO) consisting of an outer honeycomb porous layer and an inner thin barrier alumina 
layer on the Al surface [11-15]. AAO can generally be obtained by anodizing in appropriate acidic 
solutions, such as sulfuric acid (H2SO4) [16-18], oxalic acid ((COOH)2) [19-21], phosphoric acid 
(H3PO4) [22-24], chromic acid (H2CrO4) [25-27], and etidronic acid (C2H8O7P2) [28-30]. Among 
these electrolytes, sulfuric acid is widely used in industrial anodizing processes because of its low 
cost, low applied voltage, and transparency of the obtained AAO. However, the use of chromic 
acid solution containing Cr6+ has been avoided for safety related reasons in recent years despite 
the AAO obtained by anodizing in chromic acid possessing a high corrosion resistance. The type 
of electrolyte species used during anodizing strongly affects the nanomorphology and chemical 
composition of the AAOs [31,32]. For example, the appropriate anodizing voltage for the uniform 
growth of AAO varies greatly depending on the type of electrolyte used, and the thickness of the 
barrier alumina layer formed at the bottom of the AAO increases linearly with the anodizing 
voltage [33]. In addition, electrolyte anions, such as SO4

2- and PO4
3-, are incorporated into anodic 

alumina during anodizing in many cases. Thus, AAOs containing small amounts of electrolyte 
anions are obtained [34-37]. Different morphologies and chemical compositions of AAOs 
strongly affect the corrosion resistance of AAO-covered Al [38,39]. 
     We reported that anodizing Al in several alkaline solutions, such as sodium tetraborate 
(Na2B4O7) and sodium metaborate (NaBO2), results in the fabrication of AAOs possessing 
characteristic nanomorphologies on the Al surface [40-44]. For example, a highly ordered AAO, 
with a wide range of cell sizes (interpore distance) measuring 260–590 nm, grows under an 
unconventional self-ordering regime via anodizing in sodium tetraborate. This anodizing allows 
the uniform formation of an ordered pore structure without the occurrence of burning on various 
complicated three-dimensional Al surfaces. A unique AAO, possessing an ultra-flat barrier layer 
and extremely high porosity, was fabricated by anodizing in sodium metaborate. More recently, 
we reported the anodizing behaviors in phosphoric acid and six types of phosphate solutions with 
a wide pH range from acidic to alkaline [45]. Two types of unique AAO films were formed in 
alkaline phosphate solutions: one was a AAO film consisting of an outer porous layer possessing 
feathered pore walls and inner hemispherical barrier layer, and the second was a AAO film 
consisting of an outer porous layer with narrow pores and inner flat barrier layer. During the 
anodizing of Al in these alkaline solutions, we found that high-purity AAO with a thick barrier 
layer was formed on the Al surface. Therefore, such anodizing in alkaline solutions may lead to 
higher corrosion resistance of Al. 
     Recently, chemical-resistant coating methods are required for the corrosion protection of 
aluminum in various industries [46-48]. In this study, we describe an AAO, formed by anodizing 
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in sodium tetraborate, exhibiting a higher chemical resistance in both acidic and alkaline solutions. 
The AAOs were obtained by anodizing in five typical acidic electrolyte solutions (sulfuric, oxalic, 
chromic, phosphoric, and etidronic acids) and also in an alkaline electrolyte solution (sodium 
tetraborate). Subsequently, these AAO-covered Al specimens were immersed in phosphoric acid 
and sodium hydroxide (NaOH) solutions to evaluate their chemical resistance. The 
electrochemical measurements and morphological characterizations of the AAOs before and after 
immersion were investigated in detail. It was found that the AAO film formed in sodium 
tetraborate possessed a higher chemical resistance than the conventional AAOs formed in typical 
acidic electrolytes. 
 
2. Experimental 
     Commercially available Al plates (99.999 wt%, 2 cm × 1 cm with an electroconductive part, 
500 µm thick, Nippon Light Metal, Japan) were ultrasonically washed in 99.5 wt% ethanol for 10 
min. The bottom half of the electroconductive part was covered with a silicone resin to fix the 
anodizing area after ultrasonication. The Al specimen as the anode and a large Al plate as the 
cathode were immersed in a mixture of 22 vol% perchloric acid (HClO4, 70 wt% solution) and 
78 vol% acetic acid (CH3COOH) at 280 K, and potentiostatic electropolishing was carried out at 
28 V for 2 min. 
     The pre-treated Al specimens were immersed in five types of acidic electrolyte solutions – 
0.3 M sulfuric acid (293 K), 0.3 M oxalic acid (293 K), 0.3 M phosphoric acid (293 K), 0.3 M 
chromic acid (313 K), and 0.3 M etidronic acid (313 K). They were also immersed in an alkaline 
electrolyte solution – 0.3 M sodium tetraborate (333 K). The Al specimens were then anodized at 
a constant current density of 40 Am-2 for 60 min using a high-precision power supply (MODEL 
6911, Metronix, Japan). Constant-current anodizing in sulfuric acid, oxalic acid, and phosphoric 
acid was carried out at 293 K, whereas the anodizing in chromic acid, etidronic acid, and sodium 
tetraborate was performed at relatively higher temperatures in the range of 313–333 K to avoid 
oxide burning. The temperature of the electrolyte solution was adjusted using a water bath (UCT-
1000, AS ONE, Japan) and the solution was stirred using an underwater magnetic stirrer (Thermo 
Scientific, iMicroStirrer, USA). Voltage–time curves during galvanostatic anodizing were 
measured using a digital multimeter (VOAC7602, IWATSU, Japan). The AAOs formed by 
anodizing in sulfuric acid, oxalic acid, phosphoric acid, chromic acid, etidronic acid, and sodium 
tetraborate solutions are denoted as Sul-AAO, Oxa-AAO, Phos-AAO, Chro-AAO, Eti-AAO, and 
Borate-AAO, respectively. 
     The AAO-covered Al specimens were immersed in a 0.52 M phosphoric acid solution at 
333 K (pH = 1.3) and a 2.5 M sodium hydroxide solution at 293 K (pH = 13.8) for up to 50 min 
to investigate the dissolution behavior of AAO in acidic and alkaline solutions. The volume of the 
electrolyte solution was adjusted to 100 mL and the Al specimens were maintained in static 
electrolyte solutions without stirring. 
     The depth profiles of the elements contained in the AAOs were analyzed using glow 
discharge optical emission spectrometry (GD-OES, JY-5000RF, HORIBA, Japan). The 
nanostructural changes in the surface and fracture cross-sections of the AAOs before and after 
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immersion in phosphoric acid and sodium hydroxide solutions were observed using scanning 
electron microscopy (SEM, TM-1000, Hitachi High-Technologies, Japan, operating voltage: 15 
kV, and JSM6500F, JEOL, Japan, operating voltage: 10 kV). In addition, high-magnification 
images of the vertical cross-section of the AAOs and the corresponding elemental distribution 
were obtained using Cs-corrected scanning transmission electron microscopy (STEM, Titan3 G2 
60-300, FEI, USA, operating voltage: 300 kV) and energy dispersive X-ray spectroscopy (EDS). 
For STEM observations, the Al specimens were sliced to a thickness of 25 nm by ultramicrotomy 
(Powertome XL, RMC, USA) using a diamond knife, and then the ultra-sectioning specimens 
were placed on a Cu mesh grid with a support film. The structural changes in the AAOs were also 
investigated using electrochemical impedance spectroscopy (EIS, CompactStat.h10800, Ivium, 
Netherlands). For EIS measurements, the Al specimens were immersed in a neutral 0.5 M boric 
acid (H3BO3)/0.05 M sodium tetraborate solution (pH = 7.4). The impedance spectra were then 
measured at the open circuit potential (OCP) using a 10 mV amplitude sinusoidal alternating 
voltage in the frequency range of 10-1 to 105 Hz. 
 
3. Results and Discussion 
     The pre-treated Al specimens were galvanostatically anodized in five types of acidic 
electrolytes including 0.3 M sulfuric, oxalic, phosphoric, chromic, and etidronic acid solutions, 
and a 0.3 M alkaline sodium tetraborate solution at a constant current density of 40 Am-2 for 60 
min to form AAO on the Al surface. Fig. 1 shows the changes in the anodizing voltage (Ua) with 
time (ta) during each galvanostatic anodizing process. A region of linear voltage increase was 
observed during the initial stage of anodizing. The voltage increase rates obtained in typical acidic 
electrolytes, such as sulfuric, oxalic, phosphoric, and etidronic acids, were measured to be 60–70 
Vmin-1. These rates were higher than those obtained in chromic acid (43 Vmin-1) and sodium 
tetraborate (40 Vmin-1). In addition, the voltage-time curve for all the acids (except chromic acid) 
exhibited a maximum value before reaching the steady-state voltage. For chromic acid, the 
voltage reached the steady state without any peak. As a result, the voltages during each 
galvanostatic anodizing process reached a steady-state value after the initial stage: 16 V in sulfuric 
acid, 35 V in oxalic acid, 103 V in chromic acid, 129 V in phosphoric acid, 142 V in etidronic 
acid, and 190 V in sodium tetraborate. It is widely accepted that the thickness of the barrier layer 
formed at the bottom of AAOs increases in proportion to the anodizing voltage despite the varying 
proportionality constant being dependent on the type of electrolyte used (typical acidic 
electrolyte: 1.05 nmV-1, sodium tetraborate: 1.38 nmV-1) [40]. Therefore, anodizing at a higher 
voltage causes the formation of AAOs with a thicker barrier layer. 
     Fig. 2 shows the SEM images of the fracture cross-section of the AAO obtained by 
anodizing in six types of electrolyte solutions at 40 Am-2 for 60 min. A AAO with a high aspect 
ratio and narrow cells measuring approximately 40 nm in cell size was observed after anodizing 
in sulfuric acid. The barrier layer formed at the bottom of the Sul-AAO was relatively thin, 
measuring approximately 20 nm owing to the low-voltage anodizing (16 V). The cell size 
increased with the anodizing voltage, and larger AAOs measuring approximately 80, 290, and 
360 nm in cell diameter were obtained by anodizing in oxalic acid (35 V), phosphoric acid (129 
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V), and etidronic acid (142 V), respectively. In addition, the barrier layer thickness increased to 
approximately 40 nm for Oxa-AAO, 130 nm for Phos-AAO, and 160 nm for Eti-AAO. These 
four AAOs possessed a typical nanomorphology consisting of an upper porous layer with smooth 
pore walls and a lower hemispherical barrier layer. In contrast, the AAOs formed in chromic acid 
and sodium tetraborate exhibited a characteristic feathered structure on their pore walls. Because 
the voltage during anodizing in sodium tetraborate (190 V) was considerably higher than that in 
chromic acid (103 V), the barrier layer thickness of Borate-AAO (approximately 230 nm) was 
greater than that of Chro-AAO (130 nm). Although the same operating conditions, such as the 
concentration, temperature, current density, and anodizing time, were employed for each 
anodizing process, the total thickness of the AAO varied slightly depending on the electrolyte. 
For example, the thickness of the former four AAOs was approximately 7 µm, while the latter 
two AAOs were relatively thin at 5 µm. C. V. Thompson et al. suggested that a reduced steady-
state growth rate is expected for the AAOs with the feathered structure by suppressing the oxide 
flow [49]. Anodizing aluminum in chromic acid and sodium tetraborate solutions caused the 
formation of feathered structure on the pore wall (Fig. 2). Therefore, the thickness of the AAOs 
formed in chromic acid and sodium tetraborate may be thinner than that of AAOs formed in other 
four acids. 
     Fig. 3 shows the GD-OES elemental depth profiles of AAOs formed by anodizing in six 
types of electrolyte solutions for 60 min, as shown in Fig. 2. Here, the reason why the complete 
etching time of each AAO layer depends on the type of electrolyte used may be due to the 
differences on the porosity and hardness of the AAOs formed by anodizing in different 
electrolytes [30]. Sulfur originating from sulfate anions was present in the entire vertical region 
of the anodic alumina. Similarly, Oxa-AAO contained C originating from oxalate anions, and 
Phos-AAO and Eti-AAO contained P originating from phosphate and etidronate anions, 
respectively. It is widely accepted that electrolyte anions are incorporated into the barrier layer at 
the bottom of the AAO during these anodizing processes, and the depth of the incorporated barrier 
layer region depends on the electrolyte used. In addition, the ratio of the anion incorporation 
thickness to the total thickness decreases with increasing voltage (Sul-AAO > Oxa-AAO > Phos-
AAO > Eti-AAO) [50]. In contrast, the Chro-AAO and Borate-AAO consisted of pure alumina 
without incorporated anions, such as Cr and B, except for the outermost surface. Extremely small 
amounts of Cr and B measured at the outermost layer of the AAOs are expected due to the 
adsorption of electrolyte anions onto the alumina surface. 
     Table 1 summarizes the anodizing behaviors and structural parameters of the AAO 
fabricated by anodizing in different electrolyte solutions. The differences in the nanomorphology 
and composition of each AAO, shown in Figs. 2 and 3, are expected to significantly affect the 
chemical resistance in acidic and alkaline solutions. Therefore, the AAO-covered Al specimens 
formed by each anodizing process were immersed in phosphoric acid and sodium hydroxide 
solutions, and then electrochemical measurements and morphological characterizations were 
performed. 
     The Al specimens covered with each AAO were immersed in a 0.52 M phosphoric acid 
solution at 333 K for various periods (ti) to evaluate their chemical resistance. After immersion, 
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the impedance Bode diagrams for these Al specimens and the electropolished Al specimen were 
obtained by EIS in a neutral 0.5 M boric acid/0.05 M sodium tetraborate solution. For example, 
Fig. 4a shows Bode diagrams for the Al specimen covered with Phos-AAO and the 
electropolished Al specimen. The experimental and simulated values are represented by solid 
circles and lines, respectively. A schematic illustration of the corresponding equivalent circuit of 
AAO formed on the Al surface is shown in Fig. 4b. In this equivalent circuit, Rs is the resistance 
of the neutral borate solution used for EIS measurements, (CPE)b is the constant phase element 
(CPE) for the capacitance of the barrier layer formed at the bottom of the AAOs, and Rb is the 
resistance of the barrier layer. The impedance of the electropolished Al specimen without AAO 
consisted of two regions: a slope line at 10-1–103 and a horizontal line above the 103 region. As 
the Al surface was covered with Phos-AAO (i.e., ti = 0 without immersion in phosphoric acid after 
anodizing), the slope line changed to a high impedance value owing to the existence of Phos-
AAO on the Al surface. However, the slope gradually changed to a low-impedance value with 
increasing immersion time in the phosphoric acid solution because of the dissolution of the barrier 
anodic alumina (ti = 2-17 min). After prolonged immersion for ti = 20–22 min, the shape of the 
Bode diagrams was approximately the same as that of the electropolished Al specimens. This may 
be due to the complete dissolution of Phos-AAO by immersion in the phosphoric acid solution 
for more than ti = 20 min, and the surface became similar to that of electropolished Al without 
anodic alumina. 
     The capacitance of the bottom barrier layer was inversely proportional to its thickness. 
Therefore, changes in the barrier layer thickness after immersion in phosphoric acid can be 
examined using impedance Bode diagrams. The reciprocal capacitances (Cbs) were calculated 
using the simulated curve of the Bode diagrams shown in Fig. 4. In addition, the effect of the 
immersion time in phosphoric acid on the reciprocal Cb of the Phos-AAO-covered Al specimens 
is summarized in Fig. 5. The reciprocal Cb before immersion in phosphoric acid solution was 
measured to be 16.7 cm2μF-1. After immersion, the reciprocal of Cb decreased with increasing 
immersion time because of the dissolution of the anodic alumina barrier layer in the phosphoric 
acid solution. Furthermore, the value became almost zero after immersion for approximately 20 
min. The slopes of the linear time variation of reciprocal Cb obtained in the first and second half 
periods of immersion were clearly different (-1.09 and -0.65 cm2μF-1 min-1). This corresponds to 
a change in the dissolution rate of Phos-AAO during the immersion process. Structural 
characterizations of the vertical cross-section of these Phos-AAO-covered Al specimens before 
and after immersion in phosphoric acid were performed using SEM and STEM. 
     Fig. 6a shows SEM images of the top surface and fractured cross-section of the Phos-AAO 
after immersion in phosphoric acid solution for a period of 7–20 min. Compared with the SEM 
image of the Phos-AAO before immersion shown in Fig. 2, the thickness of the barrier layer 
decreased and the diameter of the pores increased after immersion in phosphoric acid for 7 min 
because of the dissolution of anodic alumina. The barrier layer thinning and pore widening 
progressed after long-term immersion, and narrow pore walls and barrier layers were observed 
after immersion for 17 min. Thus, the reciprocal of Cb shown in Fig. 5a also decreased with 
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increasing immersion time. After further immersion for 20 min, slight fibrous alumina structures 
were obtained on the exposed dimpled Al surface; thus, the Cb value was almost zero. 
     Fig. 6b shows the STEM-EDS elemental distribution maps of Al, O, and P in Phos-AAO 
before and after immersion in phosphoric acid. The red, blue, and yellow colors shown in the 
maps indicate the distributions of Al, O, and P, respectively. The barrier layer and pore walls of 
the Phos-AAO possessed a two-layer structure: an outer alumina layer containing P, which 
originates from the incorporated phosphorus anions, and an inner pure alumina layer without 
anions. As Phos-AAO was immersed in the phosphoric acid solution, the barrier alumina layer 
dissolved gradually from its outermost surface. Although the outer alumina layer containing P 
remained after immersion for 7 min, this outer layer was completely dissolved after further 
immersion for 15 min. In addition, the inner barrier alumina layer without anions was only 
observed on the Al surface. The reason for the change in the dissolution rate of Phos-AAO shown 
in Fig.5 was the presence or absence of phosphorus anions in the anodic alumina layer. Because 
the dissolution rate of the barrier alumina layer containing P was faster than that without P, the 
slopes of the reciprocal Cb-ti line changed from the middle stage of immersion. Such differences 
in dissolution rates have also been reported for pore-widening processes for the fabrication of 
anodic alumina templates with different pore diameters [51]. 
     The reciprocal Cbs of the remaining five types of AAOs immersed in phosphoric acid for 
various times were calculated using similar EIS measurements. Additionally, the changes in the 
obtained reciprocal Cb with the immersion time are summarized in Fig. 7. Because the barrier 
layer thickness of the Sul-AAO and Oxa-AAO is relatively thin due to their low applied voltages 
during anodizing (16 V and 35 V), the reciprocal Cb of these AAOs before immersion were 
measured to be small values of 2.18 cm2μF-1 and 3.81 cm2μF-1, respectively. Most barrier anodic 
alumina contained sulfate and oxalate anions originating from the electrolytes used [31,52]. Thus, 
these AAOs rapidly dissolved in phosphoric acid and the reciprocal Cb became almost zero within 
approximately 5 min and 7.5 min, respectively. Because the anodizing voltage and corresponding 
barrier layer thickness of the Eti-AAO were larger than those of the Phos-AAO, the reciprocal Cb 
of the Eti-AAO before immersion possessed a higher value of 20.6 cm2μF-1. Therefore, the 
complete dissolution time of Eti-AAO (approximately 25 min) was longer than that of Phos-AAO 
(20 min), despite both exhibiting similar dissolution behaviors. Although the anodizing voltage 
of Chor-AAO (103 V) was lower than that of Eti-AAO (142 V), the complete dissolution time of 
Chor-AAO was almost the same as that of Eti-AAO (25 min). The reason for this is that Chro-
AAO consists of almost pure alumina without anions, and the dissolution rate of Chro-AAO is 
relatively slow in phosphoric acid. Compared to these five acidic electrolytes, the reciprocal Cb 
of Borate-AAO before immersion possessed the highest value of 33.0 cm2μF-1. Accordingly, the 
longest time required for the complete dissolution of Borate-AAO was 45 min. Namely, Borate-
AAO possessed the highest chemical resistance in phosphoric acid solutions. Such high chemical 
resistance may be due to the thick formation of high-purity anodic alumina. 
     The chemical resistance of Borate-AAO also exhibited the highest value in an alkaline 
sodium hydroxide solution. The Al specimens covered with the six types of AAO were immersed 
in a 2.5 M sodium hydroxide solution at 293 K, and the reciprocal Cbs of the AAOs after 
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immersion for various times were calculated using EIS measurements (Fig. 8). Although the 
dissolution behavior of the AAOs in the sodium hydroxide solution was similar to that in the 
phosphoric acid solution, the dissolution rate in the sodium hydroxide solution was much faster 
because of the high solubility of alumina in the alkaline solution with high pH values and the 
higher concentration of the solution used [53]. The AAOs formed in the five types of acidic 
electrolyte solutions completely dissolved in the sodium hydroxide solution within approximately 
10 min; in particular, Sul-AAO and Oxa-AAO rapidly disappeared from the Al surface within 1–
2 min. In contrast, the Borate-AAO remained until approximately 20 min in the sodium hydroxide 
solution, thereby exhibiting the highest chemical resistance for the six electrolytes. This complete 
dissolution time is approximately double that of other AAOs formed in acidic solutions. 
     There was almost no change in the slope of the linear time variation of reciprocal Cb 
obtained from the Chro-AAO without anions during immersion in both acidic and alkaline 
solutions (Figs. 7 and 8). However, the slopes obtained from the Borate-AAO were clearly 
different in the first and second half periods during immersion. During anodizing aluminum in 
alkaline sodium tetraborate solution, hydroxide ions may be incorporated into the outer barrier 
layer. Such differences in chemical composition may cause the change in the slope obtained from 
the Borate-AAO. 
     The changes in the time required for the complete dissolution of the barrier layer at the 
bottom of various AAOs in acidic phosphoric acid (diamond) and alkaline sodium hydroxide 
(pentagon) solutions with anodizing voltage are summarized in Fig. 9. In both cases of immersion 
in the acidic and alkaline solutions, the time required for the complete dissolution of the barrier 
layer of Sul-AAO, Oxa-AAO, Phos-AAO, and Eti-AAO, which were fabricated using typical 
acidic electrolytes, exhibited a linear relationship. Furthermore, the time required for complete 
dissolution linearly increased with the anodizing voltage. On the other hand, Chro-AAO exhibited 
a higher chemical resistance than the linear relationship due to the formation of high-purity anodic 
alumina without incorporated anions. Notable, Borate-AAO exhibited the highest chemical 
resistance in both the acidic and alkaline solutions. This is because anodizing in sodium 
tetraborate led to a large barrier layer thickness per unit anodizing voltage and the formation of 
high-purity alumina without anions. 
 
4. Conclusions 
     We experimentally determined the chemical-resistant properties of AAOs formed on the Al 
surface in 0.52 M phosphoric acid (pH = 1.3) and 2.5 M sodium hydroxide (pH = 13.8) aqueous 
solutions. AAOs were formed on the Al plates by anodizing using five typical types of acidic 
electrolytes: sulfuric, oxalic, chromic, phosphoric, and etidronic acids, and alkaline sodium 
tetraborate. Sul-AAO, Oxa-AAO, Phos-AAO, and Eti-AAO contained incorporated anions in 
their structures, whereas Chor-AAO and Borate-AAO consisted of pure alumina without any 
incorporated anions. The barrier layer thickness formed at the bottom of the AAO increased with 
the anodizing voltage. The time required for the complete dissolution of anion-incorporated 
AAOs by immersion in both phosphoric acid and sodium hydroxide solutions increased linearly 
with the anodizing voltage. In addition, Chro-AAO and Borate-AAO exhibited a higher chemical 
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resistance than the linear relationship due to the formation of high-purity anodic alumina without 
incorporated anions. As a result, Borate-AAO exhibited the highest chemical resistance owing to 
the formation of a thick barrier film based on a high anodizing ratio. 
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Captions 
 
Table 1 Anodizing behaviors and structural parameters of the AAO fabricated by anodizing in 
different electrolyte solutions. 
 
Fig. 1 Changes in the voltage, Ua, with time, ta, during galvanostatic anodizing of Al in 0.3 M 
sulfuric acid (293 K), 0.3 M oxalic acid (293 K), 0.3 M chromic acid (313 K), 0.3 M phosphoric 
acid (293 K), 0.3 M etidronic acid (313 K), and 0.3 M sodium tetraborate (333 K) solutions at a 
constant current density of 40 Am-2 for 60 min. 
 
Fig. 2 Scanning electron microscopy (SEM) images of the fracture cross-section of the anodic 
aluminum oxide (AAO) films formed by anodizing in sulfuric acid, oxalic acid, phosphoric acid, 
etidronic acid, chromic acid, and sodium tetraborate solutions at 40 Am-2 for 60 min. 
 
Fig. 3 Glow discharge optical emission spectrometry (GD-OES) elemental depth profiles of 
AAOs formed by anodizing in sulfuric acid, oxalic acid, phosphoric acid, etidronic acid, chromic 
acid, and sodium tetraborate solutions at 40 Am-2 for 60 min. 
 
Fig. 4 a) Bode diagrams of the Al specimen covered with the Phos-AAO and the electropolished 
Al specimen before and after immersion in a 0.52 M phosphoric acid solution at 333 K. The 
electrochemical impedance spectroscopy (EIS) measurements were performed in a neutral 0.5 M 
boric acid/ 0.05 M sodium tetraborate solution. b) A schematic model of the equivalent circuit of 
the AAO-covered Al surface. 
 
Fig. 5 Change in the reciprocal capacitance of the Phos-AAO-covered Al specimen, Cb, with the 
immersion time, ti, in a 0.52 M phosphoric acid solution at 333 K. 
 
Fig. 6 a) SEM images of the surface and cross-section of the Phos-AAO-covered Al specimen 
after immersion in a 0.52 M phosphoric acid solution at 333 K for 7-20 min. b) Scanning 
transmission electron microscopy and energy dispersive X-ray spectroscopy (STEM-EDS) 
elemental distribution maps of the Phos-AAO before and after immersion for 7-15 min. 
 
Fig. 7 Changes in the reciprocal capacitance of the a) Sul-AAO, Oxa-AAO, Phos-AAO, and Eti-
AAO, and b) Chro-AAO and Borate-AAO-covered Al specimen, Cb, with the immersion time, ti, 
in a 0.52 M phosphoric acid solution at 333 K. 
 
Fig. 8 Changes in the reciprocal capacitance of the a) Sul-AAO, Oxa-AAO, Phos-AAO, and Eti-
AAO, and b) Chro-AAO and Borate-AAO-covered Al specimen, Cb, with the immersion time, ti, 
in a 2.5 M sodium hydroxide solution at 293 K. 
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Fig. 9 Changes in the time required for the complete dissolution of the barrier layer at the bottom 
of various AAOs in a 0.52 M acidic phosphoric acid solution at 333 K (diamond) and a 2.5 M 
alkaline sodium hydroxide solution at 293 K (pentagon) with the anodizing voltage. The pink and 
purple lines indicate the complete dissolution time in the acidic and alkaline solutions, 
respectively. 
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