Open Access Atrticle. Published on 07 januar 2021. Downloaded on 27-05-2026 23:43:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

REVIEW

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 2227

Received 22nd October 2020,
Accepted 29th December 2020

DOI: 10.1039/d0nr07582e

rsc.li/nanoscale

1 Introduction

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Revisiting anodic alumina templates: from
fabrication to applications

Alejandra Ruiz-Clavijo, @ Olga Caballero-Calero @ * and
Marisol Martin-Gonzalez &

Anodic porous alumina, —~AAO- (also known as nanoporous alumina, nanohole alumina arrays, —NAA- or
nanoporous anodized alumina platforms, —NAAP-) has opened new opportunities in a wide range of
fields, and is used as an advanced photonic structure for applications in structural coloration and
advanced optical biosensing based on the ordered nanoporous structure obtained and as a template to
grow nanowires or nanotubes of different materials giving rise to metamaterials with tailored properties.
Therefore, understanding the structure of nanoporous anodic alumina templates and knowing how they
are fabricated provide a tool for the further design of structures based on them, such as 3D nanoporous
structures developed recently. In this work, we review the latest developments related to nanoporous
alumina, which is currently a very active field, to provide a solid and thorough reference for all interested
experts, both in academia and industry, on these nanostructured and highly useful structures. We present
an overview of theories on the formation of pores and self-ordering in alumina, paying special attention
to those presented in recent years, and different nanostructures that have been developed recently.
Therefore, a wide variety of architectures, ranging from ordered nanoporous structures to diameter chan-
ging pores, branched pores, and 3D nanostructures will be discussed. Next, some of the most relevant
results using different nanostructured morphologies as templates for the growth of different materials
with novel properties and reduced dimensionality in magnetism, thermoelectricity, etc. will be summar-
ised, showing how these structures have influenced the state of the art in a wide variety of fields. Finally, a
review on how these anodic aluminium membranes are used as platforms for different applications com-
bined with optical techniques, together with principles behind these applications will be presented, in
addition to a hint on the future applications of these versatile nanomaterials. In summary, this review is
focused on the most recent developments, without neglecting the basis and older studies that have led
the way to these findings. Thus, it gives an updated state-of-the-art review that should be useful not only
for experts in the field, but also for non-specialists, helping them to gain a broad understanding of the
importance of anodic porous alumina, and most probably, endow them with new ideas for its use in fields
of interest or even developing the anodization technique.

come a long way. New conditions under different anodization
regimens have been discovered in many different types of

Porous anodic aluminium oxide (AAO) membranes are a hot
research topic due to their great versatility with applications in
a wide range of scientific fields. AAO membranes provide a
cost-effective platform to obtain structures with a high density
of ordered pores with diameters in the order of nanometers
and with lengths that can reach the micrometer range. Since
the published work by Masuda et al. in 1990," where the fabri-
cation process of highly ordered porous structured alumina
membranes in oxalic acid was first reported, research has
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acidic electrolytes and experimental conditions (temperature,
applied anodization potential, etc.),>"* which allow alumina
membranes with pre-designed porous structures (pore dia-
meter, inter-pore distance, porosity, length, etc.) to be obtained
for certain applications. This high degree of tunability of the
porous structure at the nanoscale level allows a fine control of
the optical properties displayed by alumina films, which can
be exploited for sensing applications.'*?° Furthermore, their
high surface to volume ratio (associated with their pore
density) makes them appropriate vehicles for drug delivery
applications.** > These membranes can be further used as
templates for micro- and nano-structuration of different
materials, which is highly demanded in the nanotechnology
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field. Several distinct morphologies ranging from solid
26735 segmented varying
or diameters,*”*° hollow tubular wires, also

10-18 panocones,’ and Y-branched
26,57-62

nanowires, nanowires of
compositions
referred to as nanotubes,
30756 to 3D networks of interconnected nanowires
can be obtained by filling the previously generated porous
structure. This can be achieved through different growth tech-
niques such as electrochemical deposition (ED), Chemical
Vapour Deposition (CVD), Atomic Layer Deposition (ALD), and
sputtering, among others. Holey films,*®® also known as
antidot arrays, can be fabricated if the deposition of a certain
material takes place only over the surface of a hollowed mem-
brane, replicating this structure. Depending on the chosen
material, different phenomena and interesting optical, electric,
and magnetic properties have been observed in the above men-
tioned shapes. Hence, alumina membranes provide powerful
platforms for studying the property changes occurring at the
nanoscale.

Nowadays, there is a wide variety of materials and fabrica-
tion techniques that can produce nanostructures or highly
nanoporous media for their use in different applications. For
instance, for the fabrication of hard templates with features at
the nanoscale, there are several possibilities.®>”® One type of
widely used nanostructured 3D templates is opals or inverse
opals, where the final structure depends on the dimensions of
the starting spheres (ranging from 140 to 350 nm, approx.)
and their nature (polystyrene, silica, etc.). Also, one can con-
sider lithography-based techniques, such as two-photon litho-
graphy, which can produce 3D templates. In this case, very
exotic structures can be designed, but this is a costly and time-
consuming technique, and the typical dimensions of the
obtained features are hundreds of nanometers in diameter.”*
Another way to obtain nanopore templates is the fabrication of
ion-track-etched polymeric membranes, where a high density
of parallel pores with diameters in the range of tens to hun-
dreds of nanometers and microns in length can be obtained.
Even 3D structures based on irradiating polymeric membranes
with different incident angles to their surface can be achieved.
Nevertheless, in this case, the drawbacks are that there is no
ordering of the nanopores or control over their actual position,
and an ion accelerator is needed to produce the tracks.”” Other
types of widely used nanoporous structures in current
research, besides AAOs, are porous polymers, such as block
copolymers” and metal-organic frameworks (MOFs),”* which
provide a high surface to volume ratio, but they also have
limited thermal stability, where none of them able to function
over 600 °C,”” and limited thickness of the achieved nano-
structures. Also, the research on mesoporous silica’® is rele-
vant, but in this case, mostly silica nanoparticles (100 to
500 nm in diameter) with a porous surface (ranging from 2 to
50 nm in diameter) are employed, which give rise to different
architectures than that obtained with AAOs. Then, as we will
see through this review, AAOs appear as the most suitable plat-
forms for a great number of applications, either as porous
materials themselves or templates for the fabrication of a
variety of nanostructured architectures. They provide thermal
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stability to the structures, even over 1000 °C,”” large areas of
high density pores, good control over the pore diameter (which
can range from tens to hundreds of nm), great control over the
structural parameters of 3D structures, and a large aspect ratio
with a cost-effective, easily scalable method, and therefore, are
widely used and provide an active field of research.

In this work, an updated review of the state of the art of
this rapidly evolving field is presented, starting with a descrip-
tion of the AAO porous structure and the most used para-
meters for its fabrication (section 2). Then, the different the-
ories for the mechanisms of pore formation are discussed
(section 3), followed by an insight into the two most used ano-
dization regimes, namely mild and hard anodization (section
4). Once the theory and most used regimes are introduced, the
influence of the anodization conditions to obtain different
morphologies of porous structures, such as branched struc-
tures, pores with modulated diameters, and even 3D porous
structures, is reviewed (section 5). The last part of this manu-
script is devoted to a review of the latest publications on the
applications of the different AAO porous structures, both as
templates to grow replicas of their nanoporous structures in
different materials (section 6) and due to their nanoporous
structure themselves (section 7), which make them ideal candi-
dates for applications such as structural coloration, photonic
structures, and sensors. Accordingly, this work aims to provide
a deep understanding of AAO nanoporous structures, from
their formation mechanisms to their technological
applications.

2 AAO porous structure

The electrochemical oxidation of a metal, also known as anodi-
zation, is a simple and low-cost electrochemical process that
produces an oxide layer on the target metallic surface over
large areas. This process has been used to obtain nanoporous,
nanotubular, and other types of nanostructured functional
oxide layers on a wide variety of metals and semimetals, such
as gold,”® cobalt,”® copper,®® gallium,®" hafnium,* iron,** mol-
ybdenum,®* niobium,** tin,®® titanium,*”**® tungsten,®
vanadium,” zinc,”' and zirconia.’®> These oxide films have
many applications in catalysis,”®”*®* photocatalysis,®**”-%%1
supercapacitors,”® photoelectrodes,®® thermal protection,®* etc.
In most cases, the applications take advantage of the large
surface to volume ratio of the formed structures. In the case of
aluminium anodization, it was intensively studied firstly for
the protection of surfaces, and recently, most of the research
has been devoted to the fabrication of nano-devices and
ordered tunable nanostructures. Anodic aluminium oxide
(AAO) is also produced via the electrochemical oxidation of an
aluminium substrate, which is usually performed in a two-elec-
trode electrochemical cell, where the working electrode is alu-
minium. Depending on the electrolyte composition, two
different types of anodic oxides can be grown, compact non-
porous anodic aluminium oxide and porous alumina films.

This journal is © The Royal Society of Chemistry 2021
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To better understand the formation process of this nano-
porous structure, one first has to understand how a simpler
structure, namely non-porous anodic aluminium oxide films,
is produced. In this case, solutions with pH 5-7, in which the
anodic aluminium oxide is insoluble, are used. Then, under a
certain applied voltage, an insulator oxide barrier layer is
formed. In brief, the process involves the migration of oxygen-
containing ions (O*~ and OH") into the metal from the metal-
oxide interface, while the metal ions can either form an oxide
layer or be released to the electrolyte. The current density
flowing through this barrier layer eventually decays due to its
insulating behavior, limiting the maximum thickness of the
resulting barrier oxide layer. Therefore, the final thickness of
this non-porous alumina is proportional to the anodization
potential (U). These films are usually used for corrosion
protection.

Nanoporous AAO membranes are obtained in a more acidic
medium to slightly increase the solubility of the anodic oxide
barrier layer. In this case, the abovementioned nonporous
barrier layer is also formed when a certain potential is applied,
but then, due to the increased solubility of this layer in an
acidic environment, a porous anodic oxide layer starts to grow.
In this system, the thickness of the barrier layer remains con-
stant throughout the process due to the balanced competition
between the new anodic oxide formed and the oxide dis-
solution at the oxide/electrolyte interface.”® This process will
be described in detail in section 3, where the formation and
growth mechanisms will be discussed. Here, simply, the final
thickness of the porous AAO membrane is directly pro-
portional to the anodization time.

Then, by controlling the anodization conditions (tempera-
ture, anodization voltage, anodization time, electrolyte compo-
sition, etc.), self-ordering of the vertical pores in a closed-
packed hexagonal pattern can be achieved (Fig. 1). Under the

int

a)

b)

Fig. 1 (a) Schematic top view of the arrangement of 6 hexagonal pore
unit cells. (b) Lateral sketch view of an anodic oxide aluminium porous
membrane. (c) Top and (d) cross-sectional view SEM images of a lab-
made alumina membrane (0.3 M oxalic acid). Structural parameters of
the alumina porous structure including pore diameter (D), interpore
distance, (D), and barrier layer thickness (t,) are identified in all the
images.

This journal is © The Royal Society of Chemistry 2021
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conditions that give rise to self-ordering of the pores, each
pore forms a hexagonal unit cell. The most characteristic para-
meters of the porous structure are the pore diameter (Dp),
interpore distance, (Dj,), which also refers to the cell size, and
barrier layer thickness ().

Depending on the temperature, electrolyte composition,
and applied potential, the structural parameters of the porous
structure of alumina membranes can be varied, mainly the
pore diameter, interpore distance, and barrier layer thickness.
Similar to non-porous anodic oxide films, the thickness of the
barrier layer is proportional to the anodization potential
(U). S. Z. Chu et al. studied the linear relationship between U
and #, in different acidic media,®* (see Fig. 2). However,
there is no unified explanation for how each of the abovemen-
tioned electrochemical factors influences the diameter
pore and interpore distance. In general, it is accepted that
the anodizing potential (or current density) increases the pore
diameter®® and interpore distance® ®” according to the follow-
ing expressions under mild anodization conditions (see
section 4.1).

Dp=¢&xU=129%xU (1)

Dine = §MA XxU=25xU (2)

where D, and Dj, are the pore diameter and interpore dis-
tance, and &, and &y, are proportionality constants of the pore
diameter and cell size under mild anodization conditions,
respectively, with the applied potential (U). The linear corre-
lation of the cell size (or interpore distance, D;,.) and the ano-
dizing potential is shown in Fig. 2b and c in various electro-
Iytes. Nevertheless, there is a discrepancy in the effects that
temperature® % and electrolyte pH*>7''71%% (electrolyte
concentration) have on both structural parameters. The major
differences arise from comparing different electrolytic solu-
tions. A more detailed explanation between the experimental
conditions and the structural parameters from all the data that
can be found in the literature is already discussed in several
books'**1°® and reviews."%®

The three most used acidic electrolytes are sulfuric, oxalic,
and phosphoric acid. Studies of these three electrolytes have
allowed ordered porous systems to be obtained in a wide range
of conditions (temperature, concentration, and mixture of
chemical species) and under two different potentiostatic (or
galvanostatic) regimens, ranging from mild anodization (MA,
low-field anodization regimen) to hard anodization (HA, high-
field anodization regimen), and more details can be found in
section 4. Besides these three acids, other acids have been
used, such as selenic (H,Se0,),"”” "% arsenic (H;As0,4),"" phos-
phonic (H;PO0;),” phosphonoacetic,® chromic (H,CrO,),"*° sul-
famic (NH,SO;H),""! pyrophosphoric (H,P,0-),"** malonic,'*?
tartaric,’ citric’®''* and etidronic'® acids. Under these less
known electrolytic solutions, self-ordering of the pores can
also be achieved, but only under specific anodization con-
ditions. These acidic systems do not show the same capability
as the conventionally used acids, or they have not been
thoroughly studied to date, and thus, the anodization con-

Nanoscale, 2021,13, 2227-2265 | 2229
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Fig. 2 (a) Evolution of the thickness of the barrier layer as a function of
the anodizing potential in different acidic electrolytes.®* Solid symbols
represent the measured values. Open symbols, calculated values from
the half-thickness of the pore wall. (b) Self-ordering regimes under MA
(solid symbols) and HA (open symbols) in different electrolytes. (c) Self-
ordering conditions of mixed electrolytes, under MA (black symbols) and
HA (red and purple symbols) regimes. The black solid line and black
dotted lines were added to guide the eye, showing the linear correlation
of the cell size (or interpore distance, D;.) and the anodizing potential
(U) under MA and HA conditions, respectively. Data was taken from
Table 1.
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ditions to obtain nanoporous ordered structures are limited
considering that for each used acid, there is only a certain
range of applied voltages at which ordered pore structures can
be formed. Usually, two-step anodization under MA conditions
is used to obtain highly ordered nanoporous structures,"'®
even though this type of order can also be achieved under
certain conditions in HA, as it will be demonstrated later.*
However, the resulting alumina membranes display new cell
parameters in terms of pore diameter and inter-pore distance
that were not covered by the more traditional acids, as pre-
sented in Table 1. Synthesized alumina membranes have been
reported with pores as small as 8-10 nm in diameter'®” to
several hundred nanometers.'®''® The interpore distance
between neighboring pores ranges from 63-65 nm (smallest
interpore distance obtained to date in sulfuric acid''’) to
around 1.4-2.0 pm (in a citric acid/ethylene glycol/phosphoric
acid mixture solution''®). Thus, the features of the porous
structure of alumina membranes can be selected to fulfill the
requirements of many different applications.

3 Pore formation and pore growth
mechanism

During anodization, the formation process of the porous struc-
ture of alumina can be divided into four stages. Each stage is
associated with a particular step in the growth process of the
membranes. Fig. 3 shows a typical current density-time curve
recorded during potentiostatic anodization conditions. The
different stages are delimited by the changes in the current
density. The illustrations above portray the evolution of the
growing porous oxide film in each stage. Under galvanostatic
conditions, in the profile of the recorded potential-time transi-
ent curve (not shown here), these same stages can be
identified."””

The chemical reactions involved in all the different stages
of the anodization process in acidic media between the metal/
oxide interface and oxide/electrolyte interface are as follows:

2417 4307, — ALO; (3)
AL O3 + 6H(,, — 2AI%} ) + 3H,0, (4)
ALYy, — ALY, )

2005 — Oyg) +4€” (6)
2H;0) — Ofgy + OH gy + 3H(yg (7)

The formation of anodic oxide occurs at the metal/oxide
interface, as described by reaction (3), while the dissolution of
anodic alumina occurs at the oxide/electrolyte interface, as
shown by reaction (4). Reaction (5) corresponds to the direct
ejection of AI** ions from the metal surface towards the elec-
trolyte, due to an applied electrical field. Reactions (5) and (6)
reduce the efficiency of the anodization process, while reaction
(7) is the dissociation of water molecules occurring at the

This journal is © The Royal Society of Chemistry 2021
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Table 1 Structural parameters of ordered anodic oxide membranes obtained using different electrolytic solutions (single acids and mixed acidic
solutions) and varying anodizing conditions (temperature and applied potential)

Single acids

An.
Acid Electrol. concentration Reg. Voltage/current density 7 (°C) Dy (nm)  Djne (nm)  Ref.
Sulfuric 0.05-0.2 M MA 30-28V 0 21-22 82-73 102
0.3 M MA 25V 0 20-25 63-65 117
0.3 M MA 25V (0.3 M, 10 min) -1.5t0 15-30 78-114 2
HA 40-80V 1
10% V/V HA 40—720 V/160-200 mA 0 30-50 90-130 119
cm
15 wt% H,S0,4/50 wt% eth. glycol MA 19V =15 12-15 50 3
Oxalic 0.3 M MA 40V 1 30 100 120
0.3 M MA 40V 1-2 49-59 220-300 4
HA 110-150 V
0.3-0.75 M (5-10% ethanol) HA 120-225V —-1to0 50-60 240-507 5
Phosphoric 0.1-0.3 M MA 195V 0 150-200 500 116-97
0.25-0.5 M/H,O/EtOH HA 195 y, 150-400 mA —10 to 140-80 380-320 6
cm™ -5
Phos-phonic 0.5M MA 150-180 V 0-10 140 370-440 7
Phos-phono-acetic 0.9 M MA 205-210 V 10-15 500-550 8
0.3 M 225V 10
Selenic 0.3 M MA 46-48 V 0 10 102 107-109
0.3 M HA 60-100 V 0 120-160 121
Malonic 4 M MA 120V 5 300 9
0.3 M oxalic HA 110-140 V 5 113
1.67 M malonic MA 125-140 V 0
Citric 2M MA 240V 20 600 96
Tartaric 3M MA 195V 5 500 9
Etidronic 0.3 M MA 210-270V 20 250 530-670 10
Arsenic 0.3 M MA 320V 0 220 920 11
Mixture of acids
Sulfuric + oxalic 0.3M+0.3M MA 36V 3 73 122
acid 0.07-0.2 M sulfuric + 0.4 M oxalic MA/ 36-60V 0 69-115 123
HA
Phosphoric + 1 wt% phosphoric + 0.03-0.3 M Oxalic MA 200-130 V 1 130-53  500-300 124
oxalic acid 0.05-0.3 M phosphoric + 0.3-0.4 M Oxalic ~ MA 35V 0 317-375 125
HA 150-180 V
0.3 M phosphoric + 0.1-0.3 M Oxalic MA 70V <5 110-119 520-700 126
HA 230 (0.1 M Ox.)-360 V
(0.3 M Ox.)
Phosphoric + Citric acid/ethylene glycol/Phosp. acid with HA 600-800 V -2 1400-2036 118

citric acid different concentrations

oxide/electrolyte interface. O>"/OH™ ions migrate towards the
metal/oxide interface under an electric field, providing new
ions to form the anodic oxide.

3.1 Stagel

The exponential decay of the current density in this stage is
associated with the fast formation process of the oxide barrier
layer, since the electrical resistance increases due to the insula-
tor nature of the forming compact oxide layer, which gets
thicker with time. Several models describe this ionic migration
through the oxide layer, describing the observed current under
potentiostatic conditions, and setting different effects that
determine the final rate obtained, including the -classic
models of Verwey, where the transport of ions within the oxide
film is considered determinant,'*® Cabrera and Mott, where
the rate is determined by the transport across the metal-oxide
interface,'”® and Dewald, where the transport of ions across
the oxide-electrolyte interface is also accounted for."*° In the
90s, novel approaches such as the point defect model, includ-

This journal is © The Royal Society of Chemistry 2021

ing the dissolution of the oxide film and the presence of point
defects in it,"*' and the Lohrengel model, where a hopping
mechanism of the ions is considered,'**> were developed. The
most recent studies on the conduction through thick porous
oxide films consider not only the diffusion and migration of
the ions, but also stress-induced material flow and other con-
tributions to the mass transport,"** which have shown impor-
tance in the process at this stage.

3.2 Stage II and III

The increase in the current density at this stage corresponds to
initial pore nucleation, which continues until a local
maximum is reached. This maximum is associated with the
breakdown of the oxide barrier layer and the actual develop-
ment of an incipient disordered porous structure. Different
theories have been proposed to shed some light on the ques-
tion: what is it that sets into motion pore nucleation after the
fast formation of the oxide barrier layer? Two main theories try
to explain the pore nucleation mechanism occurring at this

Nanoscale, 2021,13, 2227-2265 | 2231


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr07582e

Open Access Article. Published on 07 januar 2021. Downloaded on 27-05-2026 23:43:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

g
£
o
<
(=
-
>
=
@
f=
[}
©
-
c
[
=4
-
3
&)

Stage | \Stage ll, Stage lll | Stage IV

Time (s)

Fig. 3 Profile of the current density-time curve recorded during poten-
tiostatic anodization of a lab-made AAO alumina membrane prepared in
0.3 M H,SO, at 25 V. The above-inserted illustrations show the changes
occurring at the different stages, from the formation of the non-porous
oxide barrier layer (stage I) to the development of pores in an ordered
hexagonal arrangement (stage 1V). Going through several intermediate
states, the generation of defects and cracks in the surface of the oxide
barrier layer (stage Il) where the current will accumulate creates space
for the nucleation pore sites, acting as precursors for the initiation
growth of bigger pores (stage Ill).

stage, namely the field-assisted model and the stress-driven
mechanism. The field-assisted model, which was developed by
O’Sullivan and Wood,”* suggests field-assisted pore formation.
The current concentration of local imperfections on the initial
barrier layer will lead to the non-homogenous growth of this
layer. Pore nucleation points emerge at the thinner regions of
the oxide layer. The stress-driven mechanism was developed by
Shimizu and Thompson.'** They proposed a model where the
stress is the key factor for the evolution of pores. Stress orig-
inates at the metal/oxide interface as a result of volume expan-
sion at this interface as the metal substrate is being oxidized.
This tensile stress contributes to local cracking of the anodic
oxide film (over protuberances or ridges found in the metal
surface due to imperfections or impurities). A high local
current density occurs at the cracked sites and ions are con-
sumed from the aluminium base to heal these regions, result-
ing in non-uniform film growth.

Between these two theories, ie., the field-assisted model
and the stress-driven mechanism, the former is the most
accepted and cited to explain pore initiation.

3.3 Stage Il and IV

A steady state is reached as the density of pores is reduced.
The disordered pores start to merge and pores parallel to each
other and perpendicular to the surface start to grow. The
current density decreases and when the final steady state is
achieved, the current density stabilizes. A schematic represen-
tation of steady-state oxide growth and the chemical reactions
involved in the process are shown in Fig. 4.

During this steady stage, the thickness of the barrier layer
(tp) is kept constant and the porous structure grows in thick-
ness through the balance of two competitive mechanisms: alu-
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Fig. 4 Chemical reactions of the species present in the acidic electro-
lyte during the anodization process: purple arrows point the route of the
metallic aluminium of the substrate as it is oxidized towards the for-
mation of AlL,O3 or the direct ejection of the oxidized Al** ions into the
electrolyte, corresponding to reactions (3) and (5), respectively. The
green arrows point to the inward migration of O®~ species to form new
AlL,O5 (reaction (3)) from the dissociation of water molecules, according
to reaction (7), and indicates the generation of oxygen bubbles as O,y is
released, as described by reaction (6). The red arrows mark the dis-
sociation of water into H* ions (reaction (7)) and the role played by these
H* ions in the re-dissolution of the already formed Al,Os, as shown in
reaction (3). The orange arrows show the dissociation of water into OH~
ions (reaction (7)), which later react with the Al>* species present in the
solution. The black arrows show the re-dissolution of Al,Osz, as in reac-
tion (4), and the formation of Al-based soluble complexes. The blue
arrows mark the inward migration of the counteranions from the bulk
electrolyte that binds Al®* ions in the solution to form water-soluble
complexes and their incorporation in the Al,O3 of the outer walls of the
pores.

minium oxide formation and dissolution of the oxide, as
described by reactions (3) and (4), respectively. The formation
of new anodic oxide is possible due to the diffusion of oxygen-
containing ions and molecules (0>, OH™, etc.) from the elec-
trolyte towards the metal/oxide interface (reaction (7)). The AI**
ions travel through the barrier layer and are ejected to the elec-
trolyte, as shown by reaction (5). Both the dissolved AI’" ions,
according to reaction (4), and the ejected AI’" ions, as shown
in reaction (5), now present in the electrolytic solution will
form water-soluble complexes with the counteranions, [A™], of
the different electrolytes. Another important event is the incor-
poration of the counteranions on the surface of the pore walls
in close contact with the electrolyte solutions, forming an
anion-contaminated outer layer of alumina along the pores.
Even though it is not yet completely understood, these anionic
species play a crucial role in the development and self-arrange-
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ment of the pores. All reactions are schematically represented
in Fig. 4, and after a certain time, all the different reactions
that are involved reach their steady-state value. This dynamic
equilibrium between oxide formation and oxide removal
taking place at the different interfaces has been studied under
different perspectives to understand the mechanism that leads
to pore formation and the steady-state growth stage, including
Joule heat-induced dissolution at the pore base,”®'**™'%7 field-
assisted oxide dissolution,”"*%'*® and more recently, the
stress-induced plastic flow model***'** and the effect of the
bubble mold model, which has been developed to understand
the evolution of different pore morphologies during their
growth."*?

The first approximation, that is, Joule heat-induced dis-
solution at the pore base, was abandoned by Nagayama and
Tamura back in 1968 upon calculating that the heating at the
bottom of the pore was ~0.06 °C, and thus they considered it
negligible."** Although other authors such as Mason'*> and Li
and Zhang®® found that the temperature increase of the
bottom of the pores was about 25 °C, that is, several orders of
magnitude higher, even this temperature is not enough to
explain why the growth rate at the pore base is higher.
Actually, Oh,"*® in 2010, based on the previous work from
Hunter and Fowle,'*” showed that to explain the faster growth
rate at the pore base based on the Joule heat, the electrolyte
should be boiling. Thus, because of all these arguments, the
idea of the Joule heating was ruled out.

O’Sullivan and Wood®> developed an ‘average field model’ in
which growing pores of different sizes will experience different
electric fields, and thus different dissolution rates. Through
merging and self-arrangement of the pores, the electrical field
experienced by each pore will balance to the same average elec-
tric field. Under this average field, the equilibrium of the
growth rate is achieved for all pores. Several mathematical
models were developed to describe this field-assisted oxide dis-
solution process. Most of them used the Laplace
equation,'®'*$1%% which assumes no space charge, to govern
the potential distribution in the oxide film. At high electric
fields (such as that maintained at the pore base), diffusive
transport can be neglected since ionic conduction is the domi-
nant mechanism controlling interface motion. These models
were able to predict the linear dependence of the interpore dis-
tance (or cell size), Dy, with the applied potential.

This field-assisted model was modified to consider several
experimental findings. For instance, in 2006, Houser et al.*>
demonstrated that the Laplace approximation to describe the
interface motion violates two physical conditions that were
experimentally observed, namely the requirement that the
interface speed must be constant, and thus the morphology of
both interfaces remains time-invariant during steady-state
growth. Also, the requirement of current continuity along the
oxide film, which controls the actual growth, being responsible
for both the recession of the barrier layer at the bottom of the
pores and the accumulation of oxides on the pore walls. The
authors showed that when only the Laplace equation is used,
and therefore no space charge is present in the model, two
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effects occur, i.e., an unrealistic increase in the electrical field
from the pore bottom to the ridges and a difference in current
density by 7 orders of magnitude between the metal-oxide
interface and oxide-solution interface (violating the current
continuity observed experimentally). This implies that a
certain space charge in the oxide is necessary to maintain
current neutrality in non-planar oxide films. Therefore, to
avoid these inconsistencies, Houser et al., also in ref. 150, pro-
posed a current continuity equation based on the interface
kinetics, accounting for AI** dissolution in the electrolytic bath
and O™? migration into the film. After these findings, Su et al.
presented a new mathematical model supporting the equi-
field strength empirical model, which was firstly described by
O’Sullivan, but also including both the oxide dissolution and
oxygen migration rates and in which the latter, determined by
the water dissociation rate, plays a key role in the final porosity
(the pore to cell size ratio).*>!

Subsequently, previous experimental studies employing 'O
isotopes tracers were carried out first by Siejka and co-
workers'>* and later corroborated by Skeldon et al.,'*® which
showed no appreciable oxygen dissolution from the film.
Then, if there is no significant oxide dissolution occurring
during steady-state pore formation, the recession of the oxide-
solution interface had to be attributed to other phenomena. In
this line of thought, other authors supported the relevance of
the direct cation ejection mechanism, where the free volume
left by the ejection of AI** ions (according to reaction (5)) must
be compensated by an inward movement of the oxide at the
oxide-solution interface. This direct ejection of AI** ions from
the substrate towards the electrolyte reduces the efficiency of
the formation process of porous alumina, as was proved by
Takahashi and Nagayama.'®* They reported that about 40% of
AP ions are lost to the electrolytic solution and do not con-
tribute to the formation of porous alumina. It is worth men-
tioning that several other works support the direct cation ejec-
tion mechanism.'>>*%1%3

Then, even though the field-assisted model describes the
pore-growth process and oxide formation, several experi-
mentally observed phenomena are not compatible with it.
Thus, in 2008 a new model was proposed by Skeldon
et al.,"*>"*°® who suggested a flow mechanism to explain the
steady-state pore formation. In this model, the thickness of
the barrier layer, #,, is kept constant by the flow of oxide
materials from the base of the pore towards the cell bound-
aries, as was experimentally observed from the flow pattern of
tungsten (W) found along the pore walls in W tracer studies.
This is the opposite of the field-assisted migration of W*" ions
through the oxide towards the oxide-solution interface and
their dissolution in the electrolytic bath. Moreover, this flow
model is also supported by the stress-driven transport theore-
tical model proposed by Hebert and Houser,"**'*" in which
ion migration is described by combining a mechanical stress
gradient and an electrical potential. The model also incorpor-
ates the viscoelastic creep of the oxide. The calculated values
using this model matched the experimental results (from
stress measurements to tracer studies). The authors concluded

Nanoscale, 2021,13, 2227-2265 | 2233


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr07582e

Open Access Article. Published on 07 januar 2021. Downloaded on 27-05-2026 23:43:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

that the stress field driving the flow originates from volume
expansion at the metal/oxide interface, different migration
rates of O*7/OH™ species and AI’* ions, and incorporation of
acidic anionic species from the electrolyte solution into the
oxide.""'** It is also consistent with Sato’s breakdown
model,"*” in which the formation of porous alumina films was
associated with continuous plastic deformation of the oxide.
Besides these theories on the pore evolution and pore
growth mechanisms along the steady stage, after the nuclea-
tion initiates, there is another phenomenon that occurs in
AAO nanopore membranes, which is self-ordering, that should
also be understood to be able to control it. This ordering of
the pores in a close-packed hexagonal arrangement also takes
place at this stage. Jessensky'?® and Li'*® stated that stress is
the driving force responsible for this alignment due to the
repulsive forces between neighboring pores. Nevertheless,
there is still research being done to fully understand how the
different phenomena affect the actual formation mechanism
and self-ordering of the pores, such as volume expansion and
anion incorporation from the electrolyte solution. Both seem
to linearly depend on the applied anodizing voltage,'*° '3
whereas the latter, at least in the particular case of sulfur
incorporation, seems to increase the plasticity of the oxide
since the breakdown limit of the oxide before cracking under
mechanical stress is increased."® This can open new regimens
under high stress (due to higher volume expansion of the
oxide) for the self-ordering formation of nanoporous alumina.
Recently, an extended version of Hebert and Houser’s
stress-driven plastic flow transport model was proposed,*®*™*¢”
which also explains this self-ordering. In this case, the internal
stresses developed in the oxide film and metal-oxide interface
discussed above will also be responsible for the ordering of the
pores. It accounts for volume expansion at the metal-oxide and
oxide-solution interfaces due to the formation of Al,0; and the
incorporation of oxyanions, respectively, in the generation of
stress driving the oxide flow. The dynamics of the interfaces is
described here by dynamic boundary conditions. A non-planar
topography oxide surface, inducing non-uniform current distri-
butions at the interfaces, was also accounted for in the model.
Generally, the model was able to predict the generation of
tensile and compressive stress gradients from the oxide bulk
towards the metal-oxide and oxide-solution interfaces, respect-
ively, under high electrical fields, to balance the presence of
0% or OH™ ions (increasing the oxygen flux) needed at the
interfaces to maintain the volume balance boundary con-
ditions established at each of them. They observed the for-
mation of nanometer-thick layers of interfacial stress depend-
ing on the local current density, followed by induced stress
relaxation due to the oxide flow. At high electrical field con-
ditions (under which self-ordering is achieved), the developed
stress at the metal-oxide interface is tensile. AI** ions are con-
sumed at a faster rate (aluminium oxidation is enhanced) than
that of oxygen migration towards this interface. Tensile stress
is generated at this interface to increase the volume flux of
oxygen ions. However, in a later study, they suggested that the
volume change at this interface is relatively small and the gen-
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erated flow at the metal-oxide interface can be considered neg-
ligible. Thus, the motion of this metal-oxide interface is
mainly controlled by electrical migration.'®”

In the same work, the motion of the oxide-solution inter-
face is described as driven by oxide flow generated from inter-
facial stress. At the solution interface, strong adsorption of
anionic species occurs, which coordinates with A’ surface
ions, thus blocking oxide formation at this interface. Instead,
0" ions incorporated from the solution are forced to migrate
within the oxide and interfacial compressive stress is needed
to enhance the migration rate of oxygen ions. Their studies
revealed that pattern formation is associated with a critical
efficiency value for oxide formation, o, just slightly higher
than that of the transport number of oxygen ions, ¢, by
migration. Hence, compressive flow in close competition with
oxide formation at the pore base is responsible for the for-
mation of patterns of stable pores. The dimensionless para-
meter, wg, which controls oxide formation is then:

wg = €0 — Lo (8)

In this competitive situation, a pattern emerges at the
surface of the solution interface with a characteristic wave-
length, A, = 2nh/k. (where £ is the oxide length, and k. is a
spatial dimensionless perturbation parameter), the value of
which determines the interpore distance, Dj,;, between self-
ordered pores.

The inset in Fig. 5a shows that for negative values of ws (g0
< to), there is no perturbation peak, k., indicating that the for-
mation of pores is not favorable, resulting in non-porous
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Fig. 5 Results of linear stability analysis of the anodization model. (a)
Effect on growth rate dispersion curves for Al of the parameter ws, con-
trolling the oxide formation rate at the oxide-solution interface near the
critical value of 0.30, above which the film is unstable at all wavenum-
bers. Inset shows the dispersion curves below the critical value ws <
0.30. (b) Comparison of predicted (solid line) and measured interpore
distance, Dj, for anodic alumina grown in various solutions (black open
symbols). (c) pH dependence of predicted D;,; and anodization
efficiency, ¢o, for Al anodization at 10 mA cm™2, for comparison to pH-
independent D, reported in the literature.'°>%% Reprinted with per-
mission from ref. 167. Copyright © 2020 Elsevier.
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planar films. Intermediate values of wg ranging from 0 to 0.3
correspond to efficiencies, ¢, between 0.60-0.90, which are in
good agreement with the experimental efficiencies for
different acids.'®®*"7° In this range, pattern formation is pro-
moted. The transport number of oxygen ions was set as 0.60,
as reported in the literature.* For w, values higher than 0.3
(eo > to), the oxide is unstable (Fig. 5a), the growth rate
increases at large wavenumbers, and hence no ordered pores
with wide pore distributions will be formed in this regime.

This model also agrees well with the observed experimental
dependence of the interpore distance, D;,;, with the applied
voltage, as can be seen in Fig. 5b. In this figure, experimental
measurements of the pore spacing are plotted together with
the calculated values from k. (solid line) according to the
expression Dj,/V = 2nhy/k., where hy is the anodizing ratio
(ratio of the barrier layer thickness to cell voltage), which has
been reported to be 0.1 nm V™', independently of the electro-
lyte composition. Moreover, they were able to predict using the
flow model the weak dependence of the inter-pore distance on
the pH of the solution, which has been also experimentally
reported'>'*® (Fig. 5c).

Finally, the oxygen bubble mold model accounts for the
effect that the oxygen bubbles that are produced as a side reac-
tion during anodization have on the morphology of the anodic
oxide layer."**'”" As will be seen in section 5, besides pores
with parallel walls, different pore-wall morphologies can be
obtained, such as serrated walls’’*'”® and diameter modulated
pores (also called bamboo-like structures),’”* and these mor-
phologies can be understood based on the oxygen bubble
mold model. As hinted by its name, this model considers the
oxygen generated while oxidation is occurring during anodiza-
tion. Then, the generated oxygen bubbles are presented as
molds for the formation of a semi-spherical barrier layer at the
bottom of the pores. This model is also related to the previous
one because the plastic flow of the produced oxide is enhanced
by the high-pressure areas under the oxygen bubbles, where
there is also a higher electric field. Then, there is a plastic flow
from the bottom of the pores towards the pore walls, which is
favored by the bubbles. In 2008, Zhu K et al. presented work
on how the oxygen bubble mold effect can be responsible for
morphologies such as serrated walls,"** where the formation
of further oxygen gas bubbles at the pore wall during the pore
growth results in the formation of new pores with a certain
depth within the oxide layer, which gives the resulting serrated
structure.

It is worth mentioning that the formation of some special
morphologies that have been observed under certain anodiza-
tion conditions, such as ordered nanofibers or nano-petals,'”>
can only be explained with both the oxygen bubble mold and
plastic flow models. Nevertheless, research on the full under-
standing of how the hexagonal ordering of the pores is
achieved is still underway. Studies such as that presented in
2020 by Heinschke et al'’® and the recent work of
Pashchanka'”” also presented in 2020 are examples of the
current research in this direction. In the former, a mathemat-
ical model that explains how the microscopic processes
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involved in the formation of the pores are related to the
entropy of the system that generates because of ion migration
is developed. A clear relation between the entropy production
and the porosity number, p, and hence the cell size, was estab-
lished. Moreover, this model considers the accumulation of
charge due to the incorporation of anions present in the elec-
trolyte at the oxide/electrolyte interface and responsible for the
generation of ionic flow in the interface proximity as attractive
Coulomb forces compete with repulsive ones between charged
ions of the same sign. This ionic flow is produced as a result
of the applied anodizing potential in the electrochemical cell
and is responsible for the formation of convection cells, which
ensure the hexagonal arrangement of the pores. This study is
based on the empirical model proposed by Pashchanka
et al.,"”® which predicts the optimum anodization conditions
required to achieve the maximum degree of order of the
porous structure and where the porosity number is the deter-
minant factor. In the latter, Pashchanka, after studying the
different theoretical models proposed in the literature for
pore-formation, presented a step further in the study of the
self-organization of the pores in AAOs and, modifying the con-
ventional experimental conditions, achieved a long-range
ordering in hierarchically organized cells directly on the
surface of aluminium.

Thus, work still needs to be done to deeply understand the
actual nature of pore formation, self-ordering, and anodization
evolution. Any step in this direction, as shown in this section,
opens the door to further developments and new mor-
phologies in AAO nanoporous structures.

4 Anodization regimes

Regardless of the existing discrepancy between the different
theories that have been developed to try to explain the mecha-
nism behind the formation of the porous anodic oxide struc-
ture as opposed to barrier-type oxide growth and the phenom-
ena th