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Abstract 

Numerous metals are subjected to the anodic anodic oxidation. As a results one can obtain 

amorphous barrier-type oxide, crystalline barrier-type oxide or amorphous nanoporous oxide. Two 

decades ago Masuda and Fukuda published results on self-organized two step anodization allowing to 

form highly-ordered nanoporous oxides. It was a milestone. Currently highly-ordered nanoporous 

anodic aluminum oxide is obtained with various electrolytes to form nanostructures with a wide range 

of geometrical features. It allows applications for this material as a template for nanofabrication of 

variety of nanowires, nanotubes and nanodots. Also other anodic oxides attract attention of the 

researchers. For example, anodic titania is currently applied as a key material in Dye Sensitized Solar 

Cells (DSSC). Anodic titania was found to be also an efficient catalyst for water splitting and carbon 

dioxide removal. Additional, anodic zirconia nanotubes serve as efficient support for Surface 

Enhanced Raman Spectroscopy. 

 

Introduction 

 Two decades ago Masuda and Fukuda published in Science their milestone paper about two-

step self-organized anodization [1]. Generally, anodic oxidation allows the formation of hard, compact 

films on the surface on valve metals. Before 1995 it was also well-known that within a certain pH 

range, anodizing in certain electrolytes enables the formation of porous layers on aluminum. However, 

publication of Masuda’s and Fukuda’s results allowed nanotechnology to bloom: their findings 

allowed to form hexagonally arranged, well-ordered, nanoporous anodic alumina with a high degree of 

ordering and uniformity of pore diameter. Since then anodic aluminum oxide has become one of the 

most frequently applied templates for nanofabrication. Contribution to many fields of science and 

technology is acknowledged to the nanowires, nanotubes and nanodots made of metals, oxides, salts 

and polymers, formed from nanoporous anodic aluminum oxide. 

 

 

Fabrication of the nanoporous anodic aluminum oxide 

 The general principle of two-step self-organized anodization is as follows: at the first step of 

anodization, a poorly ordered oxide is formed; next, the poorly formed oxide is removed by chemical 

etching – on the aluminum surface a highly-ordered concave hexagonal array is obtained; re-

anodization conducted at the same set of operating conditions enables the formation of highly-ordered 

anodic aluminum oxide (AAO) [1]. Typically, for fabrication of well-ordered AAO, three electrolytes 

are most frequently used: sulfuric acid, oxalic acid and phosphoric acid, with voltages ranging from 

15-25, 20-100 and 120-195 V, respectively (Fig. 1). Much fundamental research was conducted to 

investigate the influence of operating conditions like applied voltage, temperature of the electrolyte 

and duration of each anodizing step on the morphology of the anodic oxides (pore diameter, interpore 

distance, porosity, oxide layer thickness) and their arrangement, which is mainly investigated with the 

use of advanced software employing fast Fourier transform. The major findings of the fundamental 

research are [2-6]: 

 Pore diameter of AAO increases linearly with anodizing voltage from 12 nm up to microns 

 Interpore distance increases linearly with the anodizing voltage from 35 nm up to microns 

 The greater temperature of the electrolyte, the greater the pore diameter; there is no 

temperature effect on the interpore distance 

 The longer the second step of anodization, the greater the pore diameter at fixed interpore 

distance 
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 The greater anodizing voltage the greater current density and as a consequence, the greater the 

oxide growth rate; current density and the oxide growth rate increase exponentially with the 

applied voltage 

 The greater temperature, the greater ionic conductivity and the greater current density – as a 

consequence oxide growth rate increases 

 The longer the first step of anodizing, the better final arrangement of the nanoporous arrays 

 For characteristic voltages with different electrolytes, the best arrangement of the nanopores is 

achieved: 25, 40 and 195 V for sulfuric, oxalic and phosphoric acid respectively. 

 

 
Fig. 1. Top-view FE-SEM images of anodic alumina formed in sulfuric acid. 

 

Nevertheless, still much effort is put into the fundamental research of anodization of aluminum. 

Currently, Kikuchi et al. published many papers about successful anodizing of aluminum in totally 

new electrolytes like: selenic [7], squaric [8], glutaric [9], croconic [10], rhodizonic [10], malonic [11], 

malic acid [12]. 

Also of current interest is anodizing in electrolytes with various additives. For example, Ding et al. 

obtained AAO with pore diameter as small as 7.9 nm in sulfuric acid with citric acid and aluminum 

sulfate as additives / modifiers [13]. Salerno et al. reported significant oxide growth rate increase while 

to oxalic acid an ionic liquid (1-Butyl-3-methylimidazolium tetrafluoborate) was added [14]. 

The role of the viscosity of the electrolyte was also found to be important. According to the recent 

model reported by Pashchanka and Schneider [15] viscosity and conductivity of the electrolyte also 

play important role during the self-organization of the nanopores. Extended studies [16] revealed that 

the greater viscosity of the electrolyte the greater interpore distance –until now, the belief was that 

only applied voltage influences the interpore distance. 

 In addition to classical two-step self-organized anodization, numerous other trends are being 

recently exploited by researchers, including plasma electrolytic oxidation (PEO), hard anodization, 

pulse current anodization and few others. Plasma electrolytic oxidation (PEO) is conducted at high 

voltages, above the upper limit usually applied in classical anodization. Typically, during mild 

anodization an amorphous, nanoporous oxide is formed. During PEO barrier-type, hard, crystalline 

coating, mainly made of -Al2O3 with additive of -Al2O3 coating is obtained [17]. Another trend is 

application of so-called hard anodization (HA), which is also conducted at high voltages. To conduct 

HA, firstly a protective coating at lower voltages is carried out. Next, a stepwise voltage increase is 

applied and desired, high voltage is maintained for a longer time. For example, classical, mild 

anodization in sulfuric acid is conducted up to 25 V. HA is conducted at voltages since 40 V. HA 

provides extremely rapid growth of the oxide with simultaneous high level of the pores ordering. The 

only disadvantage is the remaining oxide formed during the initial anodizing. Nevertheless, recently 

HA found application as “pre-texturing” process in the first step of anodization. Recently researchers 

started to use alternatively HA and MA (mild anodization) for many times during one step of 



anodizing. As the result nanopores with periodically tuned pore diameter were obtained. Such material 

may be used as Bragg’s reflector [18], material with structurally generated colour for i.e. optical 

sensing [19], or a template for fabrication of sophisticated structures [20]. 

 

 

Cutting costs 

 Usually, very sophisticated, fancy materials bring benefit to the science, but the cost of the 

production make them unattractive to the business community. Generally, anodic aluminum oxide 

templates are available from many manufacturers, but these are produced in small quantities what 

makes their prices high like hundreds of EUR/USD per 1 cm
2
 (as well as the prices of further, AAO-

based products). 

 To overcome this disadvantage few solutions have been developed. The factor that generates 

such high costs is the starting material. Typically, high purity, 99.9995% Al is applied for AAO 

growth. A 500 times cheaper alternative is technical purity Al (AA1050). The only disadvantage is the 

final arrangement of the nanopores is not as ordered as ones obtained on high purity aluminum. 

Moreover, cutting the number of technological steps also saves money – it was found that technical 

purity aluminum, immediately following rolling may be electropolished and anodized. Ordering of the 

pores is still satisfactory [21]. 

 Idiomatically, time is money. Therefore, if the result is same or similar, but the duration of the 

process is shortened, the solution also might be attractive. Classically, anodization for research 

applications is conducted at temperatures below room temperature. At such temperature, the oxide 

growth rate is at the level of few microns per hour. In 2009 we proved that elevation of the 

temperature above room temperature, allows the increase the oxide growth rate up to 55 μm/h [3]. It 

allowed the fabrication of AAO templates rapidly. Moreover, cooling systems with ethylene glycol 

were substituted by heating systems with tap water. 

 According to the estimations, 1 cm
2
 of AAO formed on technical purity aluminum at 

temperature above room temperature is ca. 0.5 EUR what surely makes fabrication of AAO templates 

more attractive to the high-tech industries. 

 

 

Applications of nanoporous anodic aluminum oxide 

 The major applications of AAO are the result of its high surface area and honey-comb like 

hexagonal morphology on the nano scale. AAO is very popular as a template for nanofabrication. 

However, to make the template suitable for further deposition (i.e. electrodeposition) post treatment of 

the formed oxide is required, due to the remaining, unoxidized aluminum and barrier layer at the 

bottom. Unoxidized aluminum is usually chemically removed by redox reaction in saturated aqueous 

solution of HgCl2 or 0.1 M CuCl2 in HCl. Afterwards, the pores at the bottom are opened by 

immersion in diluted (ca. 5 wt. %) H3PO4. So formed through-hole membranes can be applied as 

templates for nanofabrication. Nevertheless, while such templates are applied for electrodeposition to 

grow nanowires, additional gold sputtering at the bottom is required to obtain a satisfactory pore-

filling factor. On the other hand, while one needs an AAO template for electrodeposition, much more 

efficient procedure might be applied. Electrochemical barrier layer thinning allows the opening of the 

barrier layer at the substrate-anodic oxide interface [22]. Following the second step of anodization, the 

application of a quasi-exponential voltage decrease such that. AAO with opened pores on conductive 

substrate – unoxidized aluminum is ready for further nanofabrication. In such template i.e. nickel can 

be electrodeposited to get nickel nanowires (Fig. 2) [22]. 

 With the use of AAO templates one can obtain for example: 

 Metallic nanowires via electrodeposition and tune their magnetic, electric, optical, catalytical 

properties 

 Metallic nanotubes via electrodeposition (after providing conductivity to the pore walls by i.e. 

surface redox reaction) and tune their magnetic, catalytic or electric properties 

 Metallic nanodots via evaporation (here ultra thin membranes grown in glycol solutions have 

to be applied) and tune their optical and catalytical properties 



 Multi walled carbon nanotubes (MWCNT)  by chemical vapour deposition (prior deposition 

Co, Ni of Fe has to be electrochemically deposited at pore bottoms to serve as the catalysts for 

efficient MW CNTs growth) 

 Various oxides and salts by simple precipitation inside pores 

 Polymers by template wetting or electropolymerization 

 Various oxides and salts by advanced chemical deposition techniques like atomic layer 

deposition 

 

 
Fig. 2. Nickel nanowires obtained by AAO-template electrodeposition from sulfate bath. 

 

 The high surface area of AAO makes it attractive everywhere where this feature is required. 

For example, silver nanowires deposited into AAO, after template removal serve as an electrode in 

very sensitive electrochemical H2O2 sensor with detection limit of ca. 30 μM [23]. With the use of 

AAO as a mask, nanostructured interface between electron donor and acceptor, easing the diffusion 

path of exciton on solar cells was also improved [24]. Moreover, AAO templates are applied as masks 

in many kinds of lithography to transfer the hexagonal, nanoscale pattern on the desired substrate [25]. 

Close packaging of Au nanoparticles in AAO template allowed researchers to use it as SERS substrate 

with enhancement factor up to 10000 [26]. AAO was also reported as the material providing 

superhydrophobicity of the surface at certain morphology after chemical post-treatment, bonding 

perfluorooctyltrichlorosilane to the surface [27]. 

 As it is seen, the diversity of AAO applications makes this materials still attractive for the 

researchers and promising for further scaling-up. 

 

 

Anodization of other valve metals and applications of anodically grown nanostructures 

 In addition to aluminum, other metals: Ti, Nb, Zr, Co, Zn, Sn, Ta, Hf, W, V are being 

anodized and nanostructured oxides are being formed. In these cases not only nanoporous, but also 

nanotubular and fish-bone-like structures are being formed, depending on the applied experimental 

conditions [28]. 

 Usually, fluoride based (HF, NH4F) electrolytes are applied to anodize effectively these 

metals. Fluoride anions are small what provides too high ionic mobility. To slow down the ions, 

viscous solvents are applied, mainly ethylene glycol based ones. The majority of the anodically 

formed nanostructures are desired due to their electronic and optical properties. One of the most 

research material is anodic titania, due to its application in renewable energy harvesting [28-29]. 

Anodic titania nanotubes are used as the key material in dye sensitized solar cells (DSSC). Due to the 

fabrication method even two approaches of anodic titania based cells assembly have been invented 

(Fig. 3). So far ca. 10% power conversion efficiency cells have been assembled, however cost 

effectiveness and morphology control of the key material triggers on further progress in this field. 



 Anodic titania nanotubes were also reported as an efficient catalyst for carbon dioxide 

removal, namely photocatalytic conversion into light hydrocarbons like CH4, C2H4 and C2H6 [30].  

 
Fig. 3. Scheme of “front side” (a) and “back side” illuminated anodic titania based dye sensitized solar cells. 

Based on [29]. 

 

 Nanostructured oxide of valve metals are being also used as biomaterials in tissue engineering, 

electronic materials (electrochromic devices), drug releasing platforms, catalysts, surface enhanced 

Raman spectroscopy platforms for sensing etc. 

 

 

Summary 

 Anodizing to form self-organized highly-ordered structures is a cost-effective method for the 

fabrication of nanostructured materials. On one hand, the variety of applications and on the other hand, 

gradual cost cutting should stimulate researchers to develop the promising results and turn them into 

practical product that may bring us renewable energy, efficient sensors, functional surfaces with 

designed contact angle, or new electronic devices. The future trends in this field are fabrication of 

more complex devices based on AAO-templated materials or anodic oxides of d-electronic metals and 

further cost effectiveness increase. 
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