
Electrochimica Acta 399 (2021) 139440 

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.elsevier.com/locate/electacta 

Fabrication of unique porous alumina films with extremely high 

porosity and an ultra-flat barrier layer by anodizing aluminum in 

sodium metaborate 

Mana Iwai, Tatsuya Kikuchi ∗

Faculty of Engineering, Hokkaido University, N13-W8, Kita-ku, Sapporo 060-8628, Hokkaido, Japan 

a r t i c l e i n f o 

Article history: 

Received 1 September 2021 

Revised 30 September 2021 

Accepted 17 October 2021 

Available online 18 October 2021 

Keywords: 

Anodizing aluminum 

Porous oxide film 

Sodium metaborate 

Keller-Hunter-Robinson Model 

High porosity 

a b s t r a c t 

Unique porous anodic aluminum oxide (PAAO) films with a completely flat barrier layer and an extremely 

porous loofah-like structure were fabricated by anodizing aluminum in an alkaline sodium metaborate 

solution. High-purity aluminum plates were anodized in a 0.3 M sodium metaborate solution at various 

applied voltages in the range of 0.1–200 V. A typical PAAO film with a spherical cap barrier layer was 

formed at voltages lower than 50 V, whereas a PAAO film with a flat barrier layer was formed at voltages 

higher than 100 V; this film formation was not based on the Keller-Hunter-Robinson model with the 

spherical barrier layer. The growth interface of the flat barrier layer exhibited an ultra-flat morphology 

with a minimum roughness value of 0.4 nm, which is much smaller than that of an electropolished 

aluminum surface. Such barrier layer morphology is expected to be formed by field-assisted dissolution 

without oxide flow. Although the current density slightly decreased with the applied voltage, a relatively 

higher current density of 6.8 Am 

−2 was still measured at the lowest voltage of 0.1 V. The alumina walls 

and the bottom barrier layer gradually thinned as the applied voltage decreased, and a loofah-like PAAO 

film with an ultra-high porosity of 0.93 was successfully fabricated at 0.1 V. The anodic oxide consisted 

of amorphous, anion-free aluminum oxide. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

High-aspect-ratio honeycomb alumina structures, known as 

orous anodic aluminum oxide (PAAO) films, can be fabricated 

y anodizing aluminum in several suitable acidic electrolyte so- 

utions [1–4] . The morphological characteristics of the PAAO film, 

uch as the interpore distance, pore size, and thickness, are con- 

rolled by several operating parameters, such as the applied volt- 

ge, temperature, and anodizing time [5–8] . Moreover, advanced 

nodizing techniques have recently been developed for the fabri- 

ation of more complicated nanoporous structures. For example, 

ard anodizing enables the expansion of the interpore distance 

ue to the higher voltages applied using strong cooling equipment 

o remove efficiently the Joule heat from the aluminum substrate 

9–11] . Pulse anodizing combining hard anodizing with typical an- 

dizing enables the formation of vertically hierarchical pore struc- 

ures [12–14] . Binary, ternary, and quaternary ordered pore arrays 

ith different morphologies can be fabricated by nanoimprinting 
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efore anodizing [15] . Alternating current anodizing leads to lami- 

ated porous structures with a beautiful structural color generation 

16–18] . Although these novel anodizing methods allow the devel- 

pment of various applications consisting of complicated nanos- 

ructures, their structural controllability is inevitably limited be- 

ause the fabrication process is still based on the typical anodizing 

ethod in acidic solutions. 

Alkaline electrolyte solutions have not been widely used for an- 

dizing aluminum because of their higher pH values and the cor- 

esponding higher solubility of anodic oxides. On the other hand, 

nodizing aluminum in alkaline solutions has attracted significant 

ttention for the formation of novel anodic oxides. For example, a 

ultilayered alumina film consisting of a plasma electrolytic oxi- 

ation layer and a PAAO layer can be fabricated by anodizing in 

mmonium carbonate [19] . A highly ordered PAAO film with nu- 

erous 10 nm scale bumpy alumina walls grows via anodizing in 

 sodium tetraborate solution [20–22] . This anodizing allows the 

ormation of a porous layer possessing a wide range of interpore 

istances without the event of oxide burning. Therefore, further 

esearch on aluminum anodizing using various alkaline solutions 

pens the possibility of novel PAAO fabrication. 
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Fig. 1. Current density–time curves measured during potentiostatic anodizing of 

the electropolished aluminum plates in a 0.3 M sodium metaborate solution at 

a) 278, b) 298, and c) 318 K for 62.5 min. The current density linearly increased 

to each target voltage with anodizing time during the initial anodizing period for 

2.5 min. 
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Here, we report the fabrication of a new PAAO film, which is 

ifferent from the typical nanostructure formed in acidic solutions, 

ia anodizing in alkaline sodium metaborate (NaBO 2 ). Sodium 

etaborate is considered to exhibit the following dissociation re- 

ctions in water [23] , and the pH of a 0.3 M sodium metaborate

olution at 278 K is 11.9, which is a relatively high pH value: 

aBO 2 = Na + + BO 2 
− (1) 

O 2 
− + H 2 O = HBO 2 + OH 

− (2) 

BO 2 = BO 2 
− + H 

+ (3) 

We found that unique PAAO films with a completely flat barrier 

ayer and an extremely porous loofah-like structure could be fab- 

icated by anodizing in sodium metaborate. Here we describe the 

etails of the PAAO film growth behavior via electrochemical mea- 

urements and structural characterization by high-magnification 

lectron microscopy. 

. Experimental 

Commercially available 5 N aluminum plates (Nippon Light 

etal, 500 μm thick) were cut into rectangular pieces measur- 

ng 2 cm in height and 1 cm in width with an electroconductive 

art. These specimens were immersed in ethanol and ultrasonically 

ashed for 10 min. The bottom electroconductive part was covered 

ith silicone resin after ultrasonication. The specimens were then 

lectropolished in a mixed solution of 22 vol% perchloric acid (70% 

olution) and 78 vol% acetic acid at 280 K and a constant cell volt- 

ge of 28 V for 2 min. 

Anodizing was performed using a typical two-electrode sys- 

em. An electrochemical glass cell was filled with a 0.3 M sodium 

etaborate electrolyte solution (Kanto chemical, volume: 150 mL), 

nd the aluminum anode and a high-purity platinum cathode (Fu- 

uya metal, 3N5, 100 μm thick) were immersed in parallel into 

he solution (distance: 22 mm). The temperature of the sodium 

etaborate solution was adjusted to 278–318 K using a constant- 

emperature water circulator (AS ONE, UCT-10 0 0A). For potentio- 

tatic anodizing of aluminum, the applied voltage was linearly in- 

reased to 0.1–200 V in the initial stage of 2.5 min and then was

aintained at each setting value for up to 60 min using a direct- 

urrent stabilized power supply (Kikusui, PWR400M). The sodium 

etaborate solution was slowly stirred with a magnetic stirrer bar 

nd a mixer (Thermo Scientific, iMicroStirrer) during anodizing, 

nd the anodizing current was recorded using a digital multimeter 

Iwatsu, VOAC7602). Similar potentiostatic anodizing of aluminum 

n a 0.3 M sulfuric acid solution was carried out to compare the 

nodizing behaviors. 

The anodic oxide films formed under various anodizing con- 

itions were examined by field-emission scanning electron mi- 

roscopy (FE-SEM, JEOL, JSM6500F) at an accelerating voltage of 

0 kV after thin platinum coating. The electroconductive platinum 

ayer (thickness: approximately 10 nm) was coated on the spec- 

men using a magnetron sputter coater (Vacuum device, MSP- 

S). The anodic oxide films were chemically dissolved in a mixed 

olution of 0.2 M chromic acid and 0.51 M phosphoric acid at 

53 K, and the exposed aluminum substrate corresponding to the 

lumina/aluminum interface was examined by atomic force mi- 

roscopy (AFM, SII, Nanocute). The anodized specimens were em- 

edded in a resin, and ultra-thin sections of the anodic oxide ad- 

usting 25–50 nm in thickness were obtained with trimming glass 

nd diamond knives using an ultramicrotome (RMC, Powertome 

L). These ultra-thin sections were examined by Cs-corrected scan- 

ing transmission electron microscopy (STEM, FEI, Titan G2 60–

00) at an accelerating voltage of 300 kV. Image analysis was per- 
2 
ormed using image analysis software (Media Cybernetics, Image- 

ro 10). The elemental depth-profiling analysis of the anodic oxide 

as performed using radiofrequency glow discharge optical emis- 

ion spectroscopy (rf-GDOES, HORIBA, JY-50 0 0RF). 

The porosity of the PAAO film is typically measured via SEM 

mage analysis. On the other hand, ultra-thin alumina walls mea- 
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Fig. 2. SEM images of the PAAO films possessing different barrier layer morphologies formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and 20–200 V. 
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uring less than 5 nm were formed at lower voltages in the present 

nvestigation, and such a narrow structure is difficult to evalu- 

te accurately by conventional electron microscopy. Therefore, the 

orosity of the anodized specimens was measured using the pore- 

lling method as follows. The aluminum specimens were poten- 

iostatically anodized in a 0.3 M sodium metaborate solution and 

 0.3 M sulfuric acid solution at 278 K under various applied volt- 

ges. These specimens were immersed in a mixed solution of 0.5 M 

oric acid and 0.05 M sodium tetraborate at 293 K, and were gal- 

anostatically re-anodized at a constant current density of 5 Am 

−2 . 

he porosity of the porous layer can be calculated by comparing 

he two slopes of the voltage–time curves during a) galvanostatic 

e-anodizing for pore-filling and b) galvanostatic anodizing of the 

lectropolished aluminum specimen. The porosity, α, can be calcu- 

ated as follows: 

= ( T Al 3+ m 2 /m 1 ) / { 1 − ( 1 − T Al 3+ ) m 2 /m 1 } (4) 

here m 1 is the slope during galvanostatic re-anodizing, m 2 is the 

lope obtained by galvanostatic anodizing of the electropolished 

pecimen, and T Al 
3 + is the transport number of Al 3 + (0.4). The 

ethod is described in detail elsewhere [ 24 , 25 ]. 

. Results and discussion 

Electrochemical measurements and subsequent nanostructural 

haracterization of the anodic oxide were carried out to under- 

tand the anodizing behavior of aluminum in sodium metaborate. 

ig. 1 a shows the changes in the current density ( i a ) with time

 t a ) during potentiostatic anodizing at various voltages of U a = 5–

00 V in a 0.3 M sodium metaborate solution at T a = 278 K

pH = 11.9). At a lower voltage of 5 V, the current density in-

reases to 16 Am 

−2 immediately after the initial linear voltage in- 

reased for 2.5 min. The current density then gradually decreases 

ith a slight oscillation, measuring approximately 1–2 Am 

−2 , and 

eaches a nearly steady-state value of 11 Am 

−2 for 62.5 min. The 

urrent density increased only slightly with the applied voltage, al- 

hough there were no significant changes in the shape of the cur- 

ent density–time curves obtained at each voltage. Therefore, the 

nodic oxide growth rate is expected to be almost independent of 

he applied voltage at this low temperature. As the temperature of 

he sodium metaborate solution was increased to 298 K and 318 K 

 Figs. 1 b and 1 c), the current densities increased with tempera- 

ure and were approximately three to nine times larger than that 

t 278 K. Conversely, anodizing at a higher temperature of 318 K 

nd a higher voltage of 200 V led to oxide burning with a signifi-

ant increase in the current in the early stage. Anodizing at higher 

emperatures caused the chemical dissolution of the top anodic ox- 

de due to the higher pH of the alkaline sodium metaborate solu- 

ion. At the same electrolyte temperature, there was still a small 
3 
ifference in the current density, even though the applied voltage 

ncreased by a factor of ten or more. However, we found that the 

orphologies of the anodic oxides grown at lower and higher volt- 

ges were significantly different. 

The specimens anodized in sodium metaborate solution at 

78 K and 20–200 V for 62.5 min were bent to exposure the 

ross-section of the anodic oxide, and these oxide films were ex- 

mined by SEM ( Fig. 2 ). A PAAO film consisting of an outer thick

orous layer and an inner thin barrier layer was observed at lower 

pplied voltages of 20 V and 50 V. Although the pores had a 

ery small and twisted shape, without a clear straight morphology, 

hese anodic oxides were very similar to the typical disordered 

AAO films obtained by anodizing in acidic electrolyte solutions 

26] . As the applied voltage increased to 100 V, the nanopores 

ormed in the porous layer became quite linear. Characteristically, 

he morphology of the inner barrier layer changed from a spheri- 

al cap structure to a flat, smooth film similar to the barrier oxide 

lm formed by anodizing in neutral solutions such as borate and 

dipate [ 27 , 28 ]. The thickness of the flat barrier layer doubled as

he applied voltage increased to 200 V, whereas there was no sig- 

ificant change in the outer porous layer. In the general anodiz- 

ng process for the growth of PAAO films, the size of the inner 

pherical cap barrier layer increases with the applied voltage while 

aintaining their morphology [1] . Therefore, we expected uncon- 

entional growth behavior to occur during anodizing in a sodium 

etaborate solution. To investigate the nanomorphology of these 

nodic oxides in detail, the specimens were examined using high- 

agnification STEM observations. 

Fig. 3 shows high-angle annular dark-field (HAADF) STEM im- 

ges of the inner and middle layers of the PAAO film formed at 

 low voltage of 20 V. The top image shows a spherical cap bar- 

ier oxide array at the bottom of the pores, and this morphology 

s very similar to that of the typical PAAO film. It has been previ- 

usly reported that the thickness of the bottom barrier layer ( t b ) is

roportional to the applied voltage during anodizing [ 1 , 29 ]: 

 b = k U a (5) 

here k is a proportional constant (anodizing ratio). The anodiz- 

ng ratio obtained in various acidic electrolyte solutions has been 

eported to be approximately 1.0. However, the thickness of the 

arrier layer and the corresponding anodizing ratio formed in the 

odium metaborate solution were calculated to be 34 nm and 1.7, 

espectively, and these values are much larger than those of typical 

AAO films. Similar thickening of the barrier layer was also mea- 

ured in the PAAO film prepared using an alkaline sodium tetrabo- 

ate solution [22] . In addition, the wall surface of the pores had 

 non-uniform shape with many nanometer-/tens of nanometer- 

cale bumps. Such a bumpy pore morphology is similar to that 

f the PAAO film formed in chromic acid and sodium tetraborate 
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Fig. 3. HAADF-STEM images of the inner and middle layers of the PAAO film 

formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and 20 V. 
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Fig. 4. HAADF-STEM images of the inner and middle layers of the PAAO film 

formed by anodizing in a 0.3 M sodium metaborate solution at 278 K and 200 V. 
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 22 , 30–32 ]. Based on the high-magnification STEM observations, 

he nanostructure of the PAAO film obtained in sodium metabo- 

ate at lower voltages is close to the shape of a typical PAAO film, 

lthough the anodizing ratio and pore wall morphology are differ- 

nt. 

Fig. 4 shows high-magnification HAADF-STEM images of the 

AAO film obtained at 200 V. Unlike the PAAO film obtained at 

ower voltages, there is no spherical cap barrier layer at the bottom 

f the porous layer. A characteristic uniform barrier oxide film with 

 thickness of 254 nm can be observed, and the interfaces at the 

orous layer/barrier layer and the barrier layer/aluminum substrate 

ossess a flat feature. The calculated anodizing ratio of this barrier 

ayer was approximately 1.3, which was also larger than that of 

ypical PAAO films formed in acidic solutions. Although the pores 

rew more linearly than those at 20 V, the entire pore walls also 

ad a bumpy surface with a branching structure. 

Fig. 5 a shows SEM images of the barrier layer/aluminum sub- 

trate interface formed at 20–200 V after the chemical removal 

rocess of anodic oxides. Numerous disordered dimples with an 

verage diameter of 52 nm, which corresponds to the bottom mor- 

hology of the spherical cap barrier layer, were distributed on the 

luminum surface at 20 V. This morphology is consistent with the 

ypical nanostructure of PAAO films [ 33 , 34 ]. However, the bound- 

ries of these dimples became slightly unclear as the applied volt- 

ge increased to 50 V. Moreover, there was no clear unevenness at 

pplied voltages greater than 100 V. Fig. 5 b shows two- and three- 

imensional height images of the aluminum surface measured by 

FM, and a vertical color bar represents the height in the range of 
4 
–30 nm. Clear bumpy structures measuring 2.7–2.8 nm in surface 

oughness (Ra) were formed at lower voltages of 20 V and 50 V. 

hese bumpy structures almost disappeared at higher voltages of 

00 V and 200 V, and extremely smooth aluminum surfaces with 

 surface roughnesses of 0.6 nm and 0.4 nm, respectively, were ob- 

ained. These values were significantly smaller than those obtained 

n the original electropolished aluminum surface with a nanoscale 

attern (Ra = 1.0 nm), and these specimens may be useful as ultra- 

mooth aluminum surfaces. 

Based on the experimental results described above, the 

anomorphology of the bottom barrier layer formed by anodizing 

n sodium metaborate solution is significantly different at lower 

nd higher voltages; the spherical cap barrier layer was formed at 

ower voltages, and a flat barrier layer was obtained at higher volt- 

ges ( Fig. 6 ). In contrast, a similar porous layer with bumpy alu- 

ina walls was formed on the barrier layer at each applied volt- 

ge. The nanoscale honeycomb structure of the PAAO film formed 

y anodizing in typical acidic solutions was first revealed using an 

lectron microscope by Keller, Hunter, and Robinson (KHR) in 1953 

 35 ]. According to the KHR model, PAAO films are composed of an 

rray of numerous hexagonal unit cells consisting of a nanoscale 

ore at its center, an alumina wall surrounding the pore, and a thin 

arrier layer with a spherical cap structure at its base. During an- 

dizing, the anions and cations are isotropically conducted in the 

emispherical cap barrier alumina layer under high electric field 

onditions [29] . The KHR model agrees well with the anodic oxide 

ormed in sodium metaborate at less than 50 V ( Fig. 3 ). However,

he morphology of the bottom barrier layer formed at more than 
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Fig. 5. a) SEM and b) AFM images of the aluminum surface exposed by the chemical dissolution of the PAAO film after anodizing in a 0.3 M sodium metaborate solution at 

278 K and 20–200 V for 62.5 min. 

Fig. 6. Schematic models of the two types of PAAO film with a) a spherical cap barrier layer corresponding to the KHR model and b) a flat barrier layer that differs from 

the traditional KHR model. 
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00 V is not based on the traditional porous oxide shape reported 

y KHR ( Fig. 4 ). 

Similar PAAO films with a flat barrier layer can be formed by 

alvanostatic re-anodizing in a neutral solution after first anodiz- 

ng in an acidic solution to form a typical PAAO film [36] . In this

e-anodizing process, the morphology of the spherical cap barrier 

ayer gradually changes to a flat alumina film as the applied volt- 

ge increases. During this re-anodizing process in a neutral so- 

ution, the barrier layer can be thickened up to several hundred 

anometers without film breakdown, whereas the porous layer is 

nchanged; thus, the total thickness of the PAAO film increases 

lightly by re-anodizing. Conversely, we found that the porous 

ayer formed in sodium metaborate at higher voltages thickened 

ith anodizing time. Fig. 7 shows SEM images of the cross-section 
5 
f the PAAO film formed at 200 V for 12.5, 32.5, and 62.5 min. A

AAO film consisting of a 310 nm-thick outer porous layer and a 

40 nm-thick inner flat barrier layer was observed for 12.5 min. 

lthough the thickness of the barrier layers was unchanged at 

40 nm as the anodizing time increased, the thickness of the 

orous layer gradually increased to 820 nm for 32.5 min and 

.6 μm for 62.5 min with the anodizing time. Thus, steady-state 

rowth of the outer porous layer possessing a flat barrier oxide 

ith a constant thickness occurs during anodizing at higher volt- 

ges. 

The PAAO film with the flat barrier layer is formed at higher 

oltages due to the different formation mechanism of the bottom 

lumina layer. The field-assisted dissolution model and flow model 

re well accepted as the formation mechanisms of PAAO films [29] . 
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Fig. 7. Time variation of the PAAO film with the flat barrier layer during anodizing in a 0.3 M sodium metaborate solution at 278 K and 200 V for 12.5, 32.5, and 62.5 min. 
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Fig. 8. Current density–time curves measured during potentiostatic anodizing of 

the electropolished aluminum plates in a) a 0.3 M sulfuric acid solution at 278 K 

and b) a 0.3 M sodium metaborate solution at 278 K for 62.5 min. 

t  

w

1

s

ecently, Thompson and Hebert suggested a flow model of anodic 

xides at high electric fields during anodizing in acidic electrolyte 

olutions [37–42] . This oxide flow occurs by non-uniform compres- 

ive stress at the interface between the electrolyte solution and 

he anodic oxide owing to anion adsorption; thus, the PAAO film 

onsists of nanoscale pores and spherical cap barrier oxides at the 

ore bottom. This morphology corresponds to the shape of the 

AAO film formed in sodium metaborate at low voltages. In con- 

rast, Thompson reported a re-anodizing method to separate the 

ow model and field-assisted growth instabilities [43] . In this pro- 

ess, an aluminum plate is anodized in a neutral solution to form 

 flat barrier oxide film, and then the specimen is re-anodized in 

n acidic solution to form a PAAO film. They found that disordered 

ores were formed on the flat pre-formed barrier oxide film us- 

ng the field-assisted dissolution model. Therefore, the characteris- 

ic PAAO films with a flat barrier layer obtained in sodium metabo- 

ate at higher voltages may be formed by the field-assisted dissolu- 

ion model without oxide flow. The morphology may be gradually 

hanged to the flat oxide from the spherical cap barrier layer at 

he middle voltage range of 50–100 V. 

As shown in Fig. 1 a, the current densities remain approximately 

nchanged with increasing applied voltage during anodizing in a 

.3 M sodium metaborate solution at 278 K. Conversely, the growth 

ehavior of the PAAO film when the voltage decreased was in- 

estigated in detail. Fig. 8 shows the i a – t a curves during poten- 

iostatic anodizing at 0.1–5 V in a) a 0.3 M sulfuric acid solution 

nd b) a 0.3 M sodium metaborate solution at 278 K. Here, sulfu- 

ic acid, typically used for anodizing at low applied voltages, was 

mployed for comparison. At an applied voltage of 5 V in sulfu- 

ic acid ( Fig. 8 a), the current density in the steady-state region is 

pproximately 2.0 Am 

−2 . The current density gradually decreases 

ith the applied voltage, and an extremely low current density of 

.4 Am 

−2 is observed at 0.1 V. Thus, the growth rate of the an-

dic oxide is expected to be extremely slow during anodizing in 

 sulfuric acid solution at lower voltages. In contrast, the current 

ensity only slightly decreases as the applied voltage decreases in 

 sodium metaborate solution, and a relatively large current den- 

ity of 6.8 Am 

−2 is retained at 0.1 V. Comparing the same applied 

oltages, the anodic oxide formed in sodium metaborate grew 5–17 

imes faster than that in sulfuric acid, and this rapid growth rate 

btained in sodium metaborate is an advantage for the fabrication 

f small-scale PAAO films. 

Fig. 9 shows high-magnification HAADF-STEM images of the 

AAO films formed in sodium metaborate at low applied voltages 

f a) 3, b) 1, and c) 0.1 V. A remarkably branched PAAO film with

c  

6 
hin alumina walls can be observed at 3 V ( Fig. 9 a). The alumina

alls become notably thinner as the applied voltage decreases to 

 V ( Fig. 9 b), and this unique nanomorphology is similar to the 

ponge-like internal structure of loofahs. As the voltage further de- 

reases to 0.1 V ( Fig. 9 c), a highly porous oxide film with ultra-



M. Iwai and T. Kikuchi Electrochimica Acta 399 (2021) 139440 

Table 1 

Summary of the barrier layer morphology and the porosity of the PAAO film obtained by anodizing in a 0.3 M sodium metaborate solution at 278 K. 

Applied voltage 0.1 0.5 1 2 3 5 10 20 50 100 150 200 

Barrier layer morphology spherical spherical spherical spherical spherical spherical spherical spherical spherical flat flat flat 

Porosity 0.926 0.835 0.718 – – – 0.190 0.162 0.156 0.157 0.181 

Fig. 9. Low- and high-magnification HAADF-STEM images of the PAAO film formed 

by anodizing in a 0.3 M sodium metaborate solution at 278 K and a) 3, b) 1, and 

c) 0.1 V. A corresponding diffraction pattern of the anodic oxide formed at 0.1 V is 

shown in c). 

Fig. 10. HAADF-STEM image of the PAAO film formed by anodizing in a 0.3 M sul- 

furic acid at 278 K and 0.1 V. 

Fig. 11. Change in the porosity of the PAAO film formed in a 0.3 M sodium metab- 

orate solution at 278 K with the applied voltage. The porosity was calculated by 

the pore-filling method. The insert figure shows the voltage–time curves during 

galvanostatic re-anodizing for pore-filling and galvanostatic anodizing of the elec- 

tropolished specimen. 
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7 
hin alumina walls and barrier layers measuring 2.4 nm and 3.1 nm 

an be observed on the aluminum surface. In this observation, the 

op surface of the PAAO film is slightly deformed by the irradia- 

ion of the electron beam owing to its low porosity. In compar- 

son with the PAAO film formed by anodizing in sulfuric acid at 

he same applied voltage of 0.1 V ( Fig. 10 ), it seems that the PAAO

lm formed in sodium metaborate has a thicker layer and a higher 

orosity. The electron diffraction pattern of the PAAO films formed 

n sodium metaborate exhibits an amorphous structure with a halo 

eature. 

To investigate the effect of the applied voltage on the poros- 

ty of the PAAO film, the aluminum specimens were anodized in 

 0.3 M sodium metaborate solution at 278 K and various volt- 

ges in the range of 0.1–200 V, and then the porosities of the 

abricated PAAO films were measured by the pore-filling method. 

ig. 11 summarizes the changes in the porosity ( ρ) according to the 
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Fig. 12. GDOES depth profiles of aluminum, oxygen, sulfur, and boron in the PAAO 

films formed in a) a 0.3 M sulfuric acid solution at 283 K and 25 V, b) a 0.3 M 

sodium metaborate solution at 278 K and 50 V, and c) a 0.3 M sodium metaborate 

solution at 278 K and 150 V. 
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pplied voltage. The PAAO films exhibit an almost steady poros- 

ty of 0.16–0.19 at applied voltages greater than 20 V; thus, the 

orosity was also independent of the morphology of the bottom 

arrier oxide film (i.e., the spherical cap barrier layer and the flat 

arrier layer). Conversely, the porosity significantly increases with 

ecreasing applied voltage, and the PAAO films with high porosi- 

ies measuring 0.93 and 0.84 were successfully fabricated by an- 

dizing in sodium metaborate solution at 0.1 V and 0.5 V, respec- 

ively. It is considered that this value is good agreement with the 

orphology of the PAAO film shown in Fig. 9c. Because the poros- 

ty of the PAAO film formed in sulfuric acid at 0.1 V ( Fig. 10 ) was

.65, an extremely high porosity could be achieved by anodizing 

n sodium metaborate. It has been previously reported that PAAO 

lms with high porosities can be fabricated by typical anodizing 
8 
t high temperatures or subsequent pore widening in an alumina 

tching solution. However, because higher temperature and excess 

ore widening lead to the disappearance of the porous structure, 

he maximum porosity was still limited to approximately 0.32–

.54 [ 44 , 45 ]. Therefore, anodizing in sodium metaborate is useful 

or the fabrication of PAAO films with significantly higher poros- 

ty at a rapid growth rate than conventional anodizing methods. 

he barrier layer morphology and the porosity of the PAAO film 

btained by anodizing in a 0.3 M sodium metaborate solution at 

78 K were summarized in Table. 1 . 

Fig. 12 shows the rf-GDOES depth profiles of the specimens an- 

dized in a) 0.3 M sulfuric acid solution at 293 K and 25 V for

0 min, b) 0.3 M sodium metaborate solution at 278 K and 50 V, 

nd c) 0.3 M sodium metaborate solution at 278 K and 150 V for 

2.5 min. Typical PAAO films formed in acidic solutions, such as 

ulfuric acid, have electrolyte anions incorporated into their alu- 

ina structure [46] . Therefore, sulfur originating from the sulfate 

nions was measured throughout the vertical region of the PAAO 

lm formed in sulfuric acid ( Fig. 12 a). In contrast, the PAAO films

ormed in sodium metaborate consisted of anion-free aluminum 

xide, although boron was measured slightly near the surface due 

o the adsorption of the electrolyte anions ( Figs. 12 b and 12 c). The

ifference in the morphology of the barrier layer did not affect the 

nion incorporation, and PAAO films consisting of pure aluminum 

xide were fabricated by anodizing in sodium metaborate. It has 

een reported that impurity-free PAAO films can be fabricated by 

nodizing in a chromic acid solution [ 32 , 47 ]. However, the use of

exavalent chromium should be avoided for global environmental 

rotection. Therefore, PAAO films consisting of impurity-free, pure 

luminum oxide, formed by environmentally friendly anodizing in 

odium metaborate, may be useful for various basic research and 

ndustrial applications. 

. Conclusions 

We described the structural characterization of a PAAO film 

ormed by anodizing aluminum in a 0.3 M sodium metaborate so- 

ution with a relatively higher pH value of approximately 12, and 

ound that unique PAAO films could be fabricated under various 

pplied voltages. A PAAO film consisting of an outer bumpy, porous 

ayer and an inner hemispherical cap barrier layer, which is similar 

o the typical PAAO films formed in acidic solutions, was formed 

t lower voltages below 50 V. In contrast, a PAAO film possessing 

 flat barrier layer, which is different from the typical KHR model, 

as obtained at voltages higher than 100 V, and the growth in- 

erface exhibited an extremely flat morphology with a roughness 

f 0.4–0.6 nm, which is lower than that obtained on electropol- 

shed aluminum surfaces (1.0 nm). The porosities of the porous 

ayer obtained above 20 V were almost constant (0.16–0.19). How- 

ver, the porosity increased significantly at lower applied voltages. 

oreover, a unique loofah-like PAAO film with an extremely high 

orosity of 0.93 can be fabricated at 0.1 V. The current density cor- 

esponding to the growth rate of the PAAO film at this voltage was 

7 times higher than that of typical sulfuric acid. The anodic oxide 

ormed in sodium metaborate consisted of amorphous, anion-free 

luminum oxide. 
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