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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
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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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Electrolyte

[Anion] = =

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
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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 that govern the self-ordering of the pores, the generated
electrical field across the barrier layer (and thus applied ano-
dizing potential) is a determining factor for oxide dissolution,
AP’ ejection and stress generation due to volume expansion at
the metal/oxide interface. Therefore, an important effort has
been done in this direction through the optimization of the
anodizing potential. Regarding this parameter, two different
regimes can be distinguished, i.e., mild anodization (MA) and
hard anodization (HA), which will be described next.

4.1 Mild anodization

Mild anodization conditions refer to anodization in a potential
range below the breakdown potential of the forming oxide
layer. Above this breakdown potential, typically the burning
and cracking of the oxide or oxide formation with an increas-
ing number of growing defects occurs.

Self-ordering of the nanoporous structure of anodic
alumina under this regime was first reported by Masuda
et al."’® in a two-step anodization process using 0.3 M oxalic
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Fig. 6 Schematic sketch of the steps involved in the two-anodization
process developed by Masuda et al.'’® to obtain highly ordered nano-
porous alumina.

acid, as described in Fig. 6. During this process, the first ano-
dization step was carried out at 40 V and 0 °C for 24 h. After
this long anodization period, the self-arrangement of the
pores at the metal/oxide interface was achieved. The end of
this step is the removal of the oxide porous layer formed by
chemical etching in 6 wt% H;PO, and 1.8 wt% H,CrO, mixed
solution. Then, the surface of the remaining aluminium sub-
strate presents a hexagonal pattern structure, which will facili-
tate the growth of highly ordered pores in the direction normal
to the substrate. The second anodization step was performed
under the same conditions as the first anodization. Later, the
optimized conditions for the growth of highly self-ordered
systems in 0.3 M H,SO, and 0.3 M H3PO, were reported to be
25 V (ref. 117) and 195 V,"'® respectively, at 0 °C, and corre-
spondingly the cell sizes of 65 nm in sulfuric acid and 500 nm
in phosphoric acid (as recorded in Table 1) were achieved.
More recently, other acidic systems have been studied and new
conditions have been discovered, which allow self-ordering of
pores with a wide range of cell sizes (see Table 1).

4.2 Hard anodization

Hard anodization is performed under limited conditions
above the breakdown potential, which is normally used to
obtain thick AAO films in short anodization times. As pre-
viously mentioned, burning, cracking, or defects over the oxide
appear under this regime and normally no control of the struc-
tural parameters of the pores, such as pore diameter and inter-
pore distance, was possible to be achieved until quite recently.
To improve the control and avoid the breakdown of the oxide
under a high anodizing potential, one approach is to use addi-
tives, which will improve heat dissipation (e.g. by adding
ethanol)>® or increase the electrical resistivity of the electrolyte
solution, thus increasing the limiting breakdown potential
(e.g. by the addition of ethylene glycol)."*® Also, mixed solu-
tions of acids have been successfully used in HA anodization
conditions.!'*"2*12%126 However, the most popular procedure
involves a first anodization step under MA conditions followed
by a gradual increase in the anodizing potential until reaching
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the HA regime.>*"!3121:123:125126 pyetails of the structural para-
meters of the AAOs fabricated under HA conditions are
recorded in Table 1.

When very high voltages are applied, besides porous
growth, the different cells can be cleaved due to the high rate
of O*” and OH™ ions travelling through the barrier layers,
creating tensile stress near the cell ridges, which has been
observed experimentally by the formation of nanotubes, for
instance in ref. 140. Also, a variation in the cell wall thickness
when HA in oxalic acid is performed at ultra-high voltages has
been reported, which is related to the oxygen gas bubbles
created at the metal-oxide interface.'”" Also, in this regime, the
formation of a certain amount of Al(OH); has been observed,
which is another important difference with MA, and thus, the
mechanisms governing this regime are different.

In 2015 Vega et al.> proposed a specific mechanism for the
formation of pores under HA conditions, which supposes a
breakthrough in this particular regime, where the starting
point for research was oxide burning and cracking. This
mechanism was based on diffusion-limited oxide growth due
to fast oxide formation under HA conditions, which hinder the
diffusion of ions from the bulk electrolyte solution, oxalates
species in their experiments, along the length of the pores and
towards their base. They suggested that under this regime,
oxide growth at the oxide/electrolyte interface becomes rele-
vant (as in the case of non-porous-type anodic oxide) due to
the limited diffusion of oxalate species (phosphate or sulfate
ions, depending on the electrolyte), thus resulting in a lower
concentration of these species available at the pore bottom to
react with the AI** ejected ions and form water-soluble mole-
cules. Instead, the ejected Al’** ions will react in a higher pro-
portion with water molecules, forming non-soluble complexes
that finally contribute to the formation of new Al,O; at the
oxide/electrolyte interface. This phenomenon is not con-
sidered during the formation process of porous alumina films
under MA conditions. An increase in the thickness of the
barrier layer, ¢,, because of the re-deposition of Al,O; at the
pore base was expected.

By neglecting the terms associated with migration and con-
vention contributions to the ionic transport of the Nernst-
Planck equation, and assuming a linear concentration gradient
along the pores, as shown in Fig. 7a, (with the form C(x) = C(0)
+[C(L) — C(0)]x/L, where C(0) is the concentration of ions from
the bulk electrolyte present at the pore base, which is approxi-
mated to 0 and C(L) = C, takes the value of the initial concen-
tration of the bulk electrolyte), they obtained an inverse
relationship between the current density and the thickness of
the oxide membrane according to the following equation:

2PFDC,
L

Jou = [2E]| = (9)

where jp;, is the diffusion-limited current density, J is the ionic
flux of a certain ionic species, D is the diffusion coefficient of
the specific ion of interest, C, corresponds to its concentration
at the pore bottom and z its charge number. P and L refer to
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Fig. 7 (a) Linear profile of the concentration gradient along the pore

length. (b) Fitting of the final anodization current density, j,, as a func-
tion of the inverse of the total membrane thickness, L™, obtained for
H-AAO samples anodized at 120 V in 0.3 M oxalic acid electrolyte. (c)
Dependence of the barrier layer thickness, t,, and limit current density,
Jju on the total thickness of the alumina membrane. Reprinted with per-
mission from V. Vega, J. Garcia, J. M. Montero-Moreno, B. Hernando, J.
Bachmann, V. M. Prida and K. Nielsch, Unveiling the Hard Anodization
Regime of Aluminum: Insight into Nanopores Self-Organization and
Growth Mechanism, ACS Appl. Mater. Interfaces, 2015, 7(51),
28682-28692. Copyright © 2015 the American Chemical Society.

the porosity and thickness of the nanoporous membrane,
respectively, and F is the Faraday constant.

Experiments confirmed the behavior of the current density
described by eqn (9), as well as the predicted thickening of the
barrier layer with the total thickness of the oxide membrane.
As the thickness of the barrier layer increases, the generated
electric field across the layer decreases (Fig. 7c). The migration
of 0>~ and OH™ species across this oxide barrier is reduced,
and thus it is the current density. They observed experi-
mentally the linear dependence of the last current density
recorded value, ji, and the inverse of the final thickness of the
AAO film, L™" (Fig. 7b), in agreement with eqn (9).

5 Different morphologies of the
porous structure. Influence of the
anodization conditions

The understanding and control of the anodizing conditions
make it possible to obtain nanoporous alumina membranes
with certain pore diameters (with low dispersion in size),
ordering, and pore-lengths. The next natural step in the anodi-
zation of aluminium is the development of new fabrication
techniques, modifying the fabrication conditions, which
provide novel pore architectures. Among them, we will briefly
describe the most relevant ones, including branched pores,
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where one pore is divided into others or the other way round,
modulated diameter nanopores, where anodizing pulses are
applied alternating between the MA and HA anodization regi-
mens while forming a porous structure, and finally, 3D porous
structures, where the conditions are highly controlled over
time and can give rise to nanopore structures with intercon-
nected pores.

Furthermore, pre-patterning treatments of the aluminium
surface by direct indentation methods such as focus ion beam
(FIB) lithography,'®*"®* using the scanning probe of an
Atomic Force Microscope (AFM)'®>'%° to generate an indention
on the Al surface, interference lithography,"®” reactive ion
etching (RIE),"*®"®® and through the combination of litho-
graphic processes and the use of resins'®*'' or employing
AAO and PMMA as masks'®*'® followed by wet chemical
etching; or by indirect impression techniques based on
imprinting molds'**"*® employing, for example, nanoimprint
lithography technology; are used to produce long-range highly
ordered nanopores with a fixed unit cell size, reducing the
number of anodizing steps to achieve perfect order. However,
for this goal, the first approach is time-consuming and expen-
sive, while the second route has a limitation of the area of the
fabricated mold of 1 mm?® for imprinting. Besides the high
order of the pores obtained by these means, the typically hex-
agonal geometry of the unit cell can be altered, producing new
morphologies with pores in a square and triangular
arrangement.

5.1 Branched nanoporous structures

Mainly, two different approaches have been developed to
achieve branching of stem pores, namely through non-steady-
state and steady-state anodization. During steady-state anodi-
zation, the anodizing voltage decreases accordingly to the
equal-area model, which states that the total pore area of the
template is invariant, hence branching of the stem pore into n
smaller in diameter pores that will follow the relation
d,/d; = 1/+/n, which considers the conservation of the pore
area. d; and d, are the diameter of the stem pore and the dia-
meter of the n smaller branched pores, respectively. According
to the previously established linear relationship between pore
diameter with the anodizing potential (see section 2, eqn (1)),
the equal-area model can be extrapolated to the anodizing
voltage giving a reduction of the original voltage, Vi, by a
factor of 1/y/n. In this regimen, to obtain n Y-junctions, the
voltage is systematically reduced in 1//n steps. Each step will
be extended over time until a steady state of the current
density is reached under the new anodizing conditions. To
reduce the duration of these steps, researchers followed
different anodization routes, including chemical etching of
the barrier layer down to the correspondingly new thickness of
this layer under the decrease of the anodizing voltage between
each branching step®*°* and a change in the electrolyte solu-
tion to better suit the new anodizing conditions to be
applied.>**** Sousa et al.>°**** studied three cases as follows:
(1) successive branching without intermediate steps (which
requires long stabilization periods); (2) incorporation of an
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Fig. 8 Steady-state anodization: (a) recorded V(t) reduction from 28.4
V to 10 V by a factor of 1/1/2 to obtain two-, three- and four-gener-
ations of Y-branched pores. (b) Density current, j(t), transients with a
decrease in the j (t) values due to the reduction of the applied potential,
and the anodization time is extended during each voltage reduction
stage until the anodization density current reaches a new stable value.
Reprinted with permission from ref. 204. Copyright © The Royal Society
of Chemistry 2012.

intermediate etching step between each branching process;
and (3) switching of the electrolyte solution depending on the
anodizing voltage to be applied. Accordingly, anodization was
initially carried out in 0.3 M oxalic acid solution, and then the
applied potential was sequentially reduced by a factor of 1/v/2,
as shown in Fig. 8a and b. In another set of experiments, the
same anodization process was reproduced; however, a chemi-
cal etching step in 0.1 M phosphoric acid was implemented
between successive branching to shorten the time consumed
in each anodizing step. After thinning of the barrier layer to a
value corresponding to that of the applied potential (according
to the expression ¢, = yV), the generation of branched pores
occurred immediately and the duration time of the anodizing
steps was reduced. However, the resulting branched structure
was over etched, since chemical etching collaterally causes the
widening of the pores, and extreme enlargement of the pore
results in the collapse of the porous AAO films. To overcome
both issues, namely over-etching and long duration times of
the anodization steps, in a third experiment, the electrolyte
solution was changed to 0.3 M sulfuric acid.

Nevertheless, regardless of the shortcomings encountered,
hierarchical multi-branched pores in succeeding tiers have
been successfully fabricated if etching of the barrier layer is
performed between each branching step.”®! Fig. 9b shows the
top and cross-sectional views of a three-tiered branched pore
structure. The fabrication process is as follows: the 1% anodiza-
tion in 0.3 M phosphoric acid at 130 V for 30 min and a sub-
sequent 50 min chemical etching step, followed by a 2" anodi-
zation in 0.15 M oxalic acid at 80 V for 3.5 min and a 90 min
chemical etching step, and a subsequent 3" anodization in
0.3 M oxalic acid at 50 V for 15 min and a 40 min chemical
etching step. Other authors also defend the need to add a
chemical etching step of the barrier layer before variation of
the anodizing voltage to eliminate the competitive growth of
branched pores. Competition between stem pores or branched
pores occurs due to the non-uniform dissolution of the barrier
layer during the different anodizing steps and non-uniform
field strength distribution at the pore base. Then, the pore
growth rate of certain pores (or branched pores) occurs over
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Fig. 9 (a) Schematic illustration and (b) actual SEM images of multi-
branched pores fabricated in succeeding tiers. Top view (top image) and
cross-view (bottom image). Reprinted with permission from ref. 201.
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the others. The etching of the barrier layer enables steady-state
growth to be reached more rapidly under the new anodizing
conditions, thus avoiding the non-uniform dissolution of this
barrier layer occurring during the long periods taken to reach
the steady-state when no etching is
performed.>?”

In contrast to the voltage-control method described above,
Guo et al.>® reported a current-control method for the fabrica-
tion of highly homogeneous triple-branching pores, where the
homogeneity of the branching pores is improved by controlling
the applied current against the reduction of the applied poten-
tial. More complex branched structures have been grown by
alternating between the voltage and current control anodizing
steps.”*®

Similarly, Zakeri and co-workers>®” proposed a model
where branching of pores occurs over non-flat aluminium sur-
faces and without the need to reduce the anodizing voltage
through the curving and subsequent merging of the growing
pores over edges, notches, and curved sites.

Recently, in 2016 Jin et al.>*® developed three different types
of complex branched structures by combining the steady-state
growth of branched pores on pre-patterned curved aluminium
substrates, where tree-like porous structures are formed, as
previously described by Zakeri et al.,>°” at the boundaries of
the pattern cells. Specifically, type 1, 3D interconnected
branched structure; type 2, self-supported AAO nanowires
structure, and type 3, which is what the authors called a sup-
porting AAO skeleton structure. To obtain 3D interconnected
branched pores (type 1 structure), a periodic anodizing poten-
tial was applied alternating between 50-30 V in 0.3 M oxalic
acid, followed by a 35 min etching treatment. Types 2 and 3
were grown under a constant voltage (30 and 40 V) and
different etching times 31-33 min (AAO nanowires were
formed) and 43 min for the complete dissolution of these
nanowires, respectively.

Serrated branched porous structures associated with oxygen
evolution when applying different voltage steps have also been
reported by several authors.'*>'7*'7® The growth of serrated
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pores in the oblique direction along the vertical walls of the
pore channels cannot be assessed by the field-assisted dis-
solution theory at the pore bottom of perpendicular pores
(concerning the aluminium substrate) due to geometric con-
siderations. Therefore, the formation mechanism of serrated
pores combines the previously proposed field-assisted flow
model by Skeldon et al.**'® with the oxygen bubble mold
effect. During anodization, oxygen bubbles trapped within the
oxide barrier layer are generated, and current density accumu-
lates around them. Consequently, Al,O; formation is promoted
at these local points, where the field strength is increased, a
protuberance is formed and the oxygen is released from the
oxide. Then, at the steady-state growth stage, protuberances
are pushed towards the vertical walls by oxide flow defor-
mation. However, this mechanism is only enhanced under
certain conditions, such as at elevated anodizing temperatures
at which the increase of the current density induces higher
oxygen evolution and when the Al substrate is placed vertically
inside the electrochemical cell, which seems to promote the
formation of serrated branched pores aligned on one side of
the walls of the vertical channels.

In the case of non-steady state, the anodizing potential
exponentially decreases (Fig. 10a), and potential reduction
steps are applied before the steady stage can be reached at
each anodizing step. The transient current versus time curves
show a tooth-like profile, as can be seen in the inset of
Fig. 10b. The current drops as the applied potential is reduced
and then starts to increase with time. However, the next poten-
tial reduction step will be applied before current stabilization
is achieved (Fig. 10b).

Cheng et al.*>*® proposed a specific mechanism for the for-
mation of branched pores under the conditions described
above. They stated that when the anodization process is kept
in a non-steady state, the oxide formation and dissolution
rates never reach an equilibrium balance and negative charges
(coming from oxygen-containing species) will tend to accumu-
late in the oxide layer up to a threshold accumulative charge.
Then, discharging of the negatively charged oxide layer will

a) “1 b)
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Fig. 10 (a) Potential-time and (b) current-time transients profiles

recorded in non-steady-state anodization. Inset in (a) is a schematic
illustration of the tree-like branched pores. Inset in b is the magnification
of the current curve for a clear view of its tooth-like profile. Reprinted
with permission from ref. 209. Copyright © 2007, The Royal Society of
Chemistry.
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occur, leading to the generation of non-uniform current path-
ways running through the oxide. Field-assisted dissolution is
induced this way, resulting in the formation of branched
pores. Consequently, the pore diameter of the branched pores
is not proportional to the anodizing potential with a root or
tree-like form (inset Fig. 10a).

In addition to the electrical field effect, the authors also
paid attention to the role played by mechanical stress. One
specific morphological characteristic of this type of branched
pores is their uneven morphology, where some nodes can be
found along with individual pores. Furthermore, when branch-
ing of a pore takes place, the stem pore will always grow into
two pores smaller in diameter. This was explained as a conse-
quence of the strong repulsive forces between neighboring
pores. Repulsive forces due to space limitation reduce the
ramification of a pore into only two branches if they manage
to overcome these forces. If not, a node appears. In this com-
petitive branching pore formation mechanism, pores suddenly
change direction, looking for space to grow and deviate from
the perpendicular direction concerning the substrate.

A slightly different concept of the branched structure was
that presented in 2018 by Hashimoto et al., where the authors
fabricated a membrane they described as a hierarchical struc-
ture of macropores with a pore wall full of mesopores®'® by
anodization of aluminium in phosphoric acid, and then, a
heating process at 1400 °C produced aluminium phosphate
nanoparticles, which were segregated from the alpha-alumina
matrix formed after the annealing. Then, these nanoparticles
were dissolved in concentrated hydrochloric acid, giving rise to
the combination of straight macropores (with diameters of
around 220 nm) with mesopores with a diameter in the range
of 20-80 nm present inside the macropore walls.

All the branched structures described in this section can be
later used for the fabrication of branched nanowires (NWs)
and nanotubes (NTs) for several practical applications in
different fields, namely electronics, optics, energy harvesting,
and biotechnology. More details of the actual applications of
Y-branched NWs and NTs will be described in section 6.

5.2 Nanopores with modulated diameters

To produce changes in the diameter while the nanopores are
being formed, there are many different possibilities, such as
using a modified electrolyte with additives such as ethylene
glycol to modify its viscosity,”’> combining constant voltage
anodization and chemical etching,**® and using the HA
method with very high applied voltages,*'**'> where fluctuat-
ing diameters along the pore length are obtained. In the last
few years, the two most commonly used methods are the
change in electrolyte while performing the anodization®®?
(Fig. 11a and b) and maintaining the same electrolyte, while
varying the applied voltage. This change in voltage can be
done in such a way that periods of mild anodization and hard
anodization are applied during the anodization (this technique
is known as pulsed anodization).>'* The latter permits the fab-
rication of subsequent HA and MA layers of alumina (Fig. 11c
and d), and thus, the combination of their properties, includ-
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Phosphoric acid 5 wt%
Pore diameter 8

Pore diameter 55:5 nm

Oxalic acid 0.015M
Pore diameter 55¢5 nm|

Phosphoric acid 5 wt%
Pore diameter 855 nm

Fig. 11 (a) and (b) Nano-funnels and inverted nano-funnels (as named
by the authors). They are formed by anodizing firstly in 5 wt% phospho-
ric acid followed by anodization in 0.015 M oxalic acid and vice versa.
The pore spacing is 200 nm and the dotted line shows the change in
pore diameter. Reprinted with permission from ref. 203. Copyright ©
2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) and (d) SEM
cross-sectional view of AAO with modulated pore diameters by pulsed
anodization in 0.3 M sulfuric acid at 1 °C. Each cycle consisted of an MA
pulse (25 V for 180 s) and an HA pulse (35 V and 0.5 s). Reprinted with
permission from ref. 211. Copyright © 2011 Elsevier Ltd. All rights
reserved. (e) and (f) Cross-sectional SEM micrographs of bottle-shaped
pore channels with two sections of significantly differential pore dia-
meters after an annealing treatment at 500 °C, followed by re-anodiza-
tion in phosphoric acid up to a specific current density (of 0.5 mA cm™
and 6 mA cm™2, respectively) and then etching for 32 min.

ing alternating layers of different porosity and refractive
index.”""*'® With this method, high control over the shape of
the modulations and their position can be achieved. Currently,
these structures are being widely used as photonic structures,
as will be further discussed in section 7.

Furthermore, controlling the profile of the periodic pulsed
signals, meaning the amplitude and period of the applied
pulse, the shape of the pores can also be modulated, and
pores with a desired geometry can be fabricated. Hence, vol-
tages or current pulses with tooth, sinusoidal, triangle, or
square profiles result in different pore geometries. This
process is known as cyclic anodization and differs from the
pulsed anodization technique in a slower transition from MA
anodization conditions to HA anodization, which allows better
control over the shape of the modulated pores.*'®*'” It has
also been reported that cyclic anodization technique, during
which the anodizing voltage (or current) is gradually increased
up to HA conditions, is better suited to produce modulations
along the pores when using oxalic and phosphoric electrolytes
due to the longer recovery times required for both electrolytic
solutions until the current density stabilizes across the barrier
layer as the applied potential is increased.'*>*'® The forming
oxide barrier layer is thicker in phosphoric acid and oxalic acid
solutions than sulfuric electrolytes, and hence if pulsed anodi-
zation is used, where the transition between MA and HA regi-
mens happens at a faster rate, a current steady state is not
reached during the applied HA pulses and the changes of the
anodizing voltage (or current) do not result in the actual
modulation of the pore structure for the former cases. The
barrier oxide layer of sulfuric AAO membranes is thin enough,
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Fig. 12 Controlling the shape of the AAO-modulated pore by cyclic
anodization. Current—time curves and corresponding SEM images of
AAO pore structures fabricated by galvanostatic anodization in 0.1 M
phosphoric acid at -1 °C wusing different current signals. (a)
Asymmetrical current signal with an exponential saw-tooth-like profile
with asymmetrical bottle-neck shaped pores. (b) Symmetric sinusoidal
current signals showing pore segments with spherical shapes. (c)
Combination of (1) asymmetrical current signal with an exponential saw-
tooth-like the profile of increasing amplitude, (2) alternating asymmetri-
cal (saw-tooth-like profile) and symmetric (triangular) current signals,
and (3) final series of symmetrical triangle pulses for the fabrication of
AAO with more complex pore architectures. Reprinted with permission
from ref. 217. Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

and thus control over the pore geometry can be attained
through pulse anodization.

Fig. 12 shows the modulated pores with different shapes
fabricated by cyclic anodization processes. When asymmetric
current pulses with an exponential tooth-like profile are
applied, asymmetric pores are also obtained with an asymme-
trical bottle-neck type geometry, as can be seen in Fig. 12a. As
expected, with symmetrical sinusoidal pulses, the resulting
pores present an asymmetric spherical shape (Fig. 12b).
Finally, a more complex multilayer pore structure with
different geometries can be obtained by combining tooth-like
and triangular pulses, as shown in Fig. 12c¢. Insets 1, 2, and 3
show in more detail the different features of the modulated
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pores obtained by the different profile periodic pulses that
appear underneath each of them.

In both cases, pulsed anodization and cyclic anodization,
the thickness of each segment can be controlled by the dur-
ation of each pulse. However, the mechanism behind the
change in the geometry of the modulated pores is not yet well
understood. It seems that the key factor is the difference
between oxide formation and oxide dissolution rates as the ano-
dizing conditions are varied (HA/MA anodization regimens) and
that the electric field continuously changes throughout the
process. Comparing the curvature of the barrier layer formed
during the different stages of the cyclic anodization process
(HA, MA and the transient time in between) from the SEM
images taken at each of them, it was observed that during the
HA condition, the barrier layer possesses a more ellipsoidal
shape, while in the other two stages, the barrier layer has a
more circular geometry. These experimental findings indicate
that the different formation and dissolution rates at each of the
different stages of the periodical pulses indeed affect the shape
and morphology of the resulting pores.””

Other combinations of anodization conditions, etching,
annealing, etc. have also been explored to give rise to pore mor-
phologies such as bottle-shaped pores in the base of the pores,
like in ref. 219, (see Fig. 11e and f). During this process, the
prior annealing treatment reduces the etching rate of the pore
walls, while that of the barrier layer is enhanced by the sub-
sequent re-anodization processes, and the preferred chemical
etching around this oxide layer (probably due to structural
changes induced by the annealing treatment) results in the
generation of scalloped pored tips at the bottom of narrower
channels (bottle-shaped).

Another approach involves temperature-modulated hard
anodization, which was developed by Bayat and co-workers.>*°
In this process, the current density, and hence pore diameters,
were varied by temperature modulation under hard anodization
conditions. Anodization was carried out in 0.075 M oxalic acid
solution containing 10 v/v% ethanol at —4 °C, and 130 V starting
potential. After 10 min the anodizing voltage was gradually
increased to 230 V, and at this potential, the anodization was
extended for 1 h. During this time, the temperature was period-
ically increased, which in turn caused an increment in the
current density, and then decreased again back to the steady
state. Using this method, cylindrical pores with modulated dia-
meters were successfully fabricated, with narrow segmented
pores of 47 nm in diameter and the widest segments of 130 nm.

A recent development, which is linked with this pulsed ano-
dization technique, is the fabrication of ultra-short anodic
alumina nanotubes (AANTs), where galvanostatic pulsed ano-
dization is performed using ultrashort pulses of HA (of one
second) in an electrolyte with a certain amount of ethanol.
Control over this process is achieved by the optimization of
three factors, which are deeply intertwined, ie., current
density, HA duration, and heat generation. Short HA pulses of
1 s are required to produce ultra-short AANTS; however, when
these HA pulses are shortened incompletely, voltage recovery
occurs (in other words, the maximum HA voltage is not
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reached) and modulation of the pores is not observed. HA ano-
dization is associated with the large evolution of heat com-
pared to MA and accelerating oxide dissolution rates. To favor
the generation of modulation due to the thinning of the pore
wall structure under fast applied HA pulses, heat generation
must be enhanced under a certain fixed current density.
Accordingly, the authors found that the addition of ethanol,
while the electrolyte was kept above 0 °C, did not contribute to
heat dissipation, but on the contrary, contributed to increasing
it. Besides, heat generation produces weakened conjunctions
along cell boundaries as well as weak MA/HA interfaces, which
can be then cleaved and individually separated after acid
etching and subsequent sonication of the structure.
Consequently, well-defined AAO nanotubes were produced.>**

5.3 3D porous structures

These structures provide a further step to the modulated nano-
porous structures considering that the fabrication principle is
similar, that is, a periodic change in the anodization con-
ditions switching between MA to HA by either pulsed or cyclic
anodization. Nevertheless, in this case, precise control over the
anodization parameters is required to obtain a 3D intercon-
nected porous structure, in which the longitudinal pores are
connected to other 6-neighboring pores through transversal
nanochannels. In particular, the etching times must be pre-
cisely adjusted so that selective chemical dissolution at certain
positions along the pore channels, corresponding to the HA
pulses, is achieved. Simultaneously, excessive etching must be
avoided, which will revert to the collapse of the whole porous
structure. The higher content of impurities and less density of
the HA layers make them less chemically stable against chemi-
cal etching compared to MA layers, and hence selective
etching of HA layers is accomplished.

In 2009, 3D nanoporous structures (grown in 0.1 M phos-
phoric acid using cyclic anodization under galvanostatic
mode) were fabricated by Losic and co-workers,>** as shown in
Fig. 13a, combining longitudinal nanopores of around 250 nm

Fig. 13 3D network porous structures consisting of a hexagonal array
of vertical pores, which are periodically interconnected through trans-
versal nanochannels to adjacent longitudinal pores at certain points. (a)
Fabricated by current-controlled cyclic anodization in 0.1 M phosphoric
acid. Reprinted with permission from D. Losic and D. Losic Jr,
Preparation of porous anodic alumina with periodically perforated
pores, Langmuir, 2009, 25(10), 5426-5431. Copyright © 2009, the
American Chemical Society. (b) and (c) Fabricated by voltage-controlled
pulsed anodization. (c) Enlarged view of the area marked in b with a
square in which longitudinal pores (diameter = 40 nm) and the transver-
sal pores (diameter = 20—-35 nm) can be distinguished. Reprinted with
permission from ref. 222. Copyright © 2014, Springer Nature.
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in diameter and transversal nanochannels with dimensions of
60-100 nm in diameter, located periodically along the length
of the former. Accordingly, the porosity of the alumina mem-
branes was significantly increased. Later in 2014, Martin
et al*** developed a pulsed anodization controlling-voltage
procedure, in which 3D nanoporous networks with longitudi-
nal pore diameters of 45-50 nm and transversal pores of
25-30 nm in diameter were synthesized in 0.3 M sulfuric acid
electrolyte (Fig. 13b and c). Following this approach, these
structures have been even fabricated in cylindrical aluminium
wires,?** which demonstrates the good reproducibility and
consistency of the method.

These 3D porous alumina membranes by themselves have
been proven to be useful in many different applications, as
will be thoroughly shown in section 7. Also, they have been
used as templates for the fabrication of interconnected arrays
of nanowires of a wide variety of materials, as will be discussed
in detail in the next section.

5.4 Pre-patterned structures on the alumina surface

As previously mentioned, pre-patterning of the aluminium
surface before the anodization process of the substrate can be
carried out by two different methods through a direct
approach or an indirect one, resulting in the perfect arrange-
ment of pores. A monodomain porous structure can be rele-
vant for certain applications in photonics®**>*? and magnetic
recording media.>*® Moreover, different structures can be pro-
duced this way over the surface of alumina, resulting in
different and new morphologies in which the geometry of the
pore cell is changed, as shown in Fig. 14. The key factor to
generate new pore arrangements in a square, triangular, hexag-
onal or even diamond shape is the initial arrangement of the
pre-patterned concave pits over the Al substrate guiding the
initiation of pores, but not the shape of the indented pits. In
particular, when an FIB pattern with a graphite lattice and a
300 nm interpore distance was used, the oxide walls developed
in a triangular shape (see Fig. 14a and b), and if the pattern
used had a hexagonal arrangement with some missing sites
but the same interpore distance (Fig. 14c) then the shape of
the visible oxide walls was diamond (Fig. 14d). A final
example of a rectangular arranged pattern of holes with
300 nm for the long and 300+/3 nm for the short interpore dis-
tance is shown in Fig. 14e, which also produces a rectangular
arrangement of pores after anodization (Fig. 14f). The SEM
images corroborate that the final arrangement of the pores is
only dependant on the arrangement of the pattern. It is also
worth mentioning that more complex arrays based on Moiré
patterns, which consist of the superposition of hexagonal pat-
terns with a rotation angle, with several different interpore dis-
tances have been reproduced in the surface of alumina via
nanoimprinting lithographic techniques,"®* as shown in
Fig. 14g and h.

The non-hexagonal arrangement can only be maintained
for a certain anodization duration before rearrangement of the
pores occurs in a hexagonal pattern. The optimization of the
anodizing potential accordingly to the self-ordering regimen
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Fig. 14 FIB patterned concaves with (a) graphite, (c) hexagonal and (e)
rectangular lattice structure, where the interpore distance between con-
caves is 300 nm in all cases. (b) and (d) and (f) corresponding SEM
images to the FIB patterns in (a), (c) and (e) after anodization in 0.3 M
phosphoric acid at 20 mA with a steady-state potential of 140 V,
respectively. Reprinted with permission from ref. 180. Copyright © 2011,
the American Chemical Society. (g) and (h) SEM images of the porous
surface of alumina with a Morié pattern created from two overlapping
square patterns with the same interpore distance (350 nm) and two
square patterns with different interpore distances (400 nm and 500 nm),
respectively. Nanoindentations were performed with a rotational angle
of (g) 36.9° and (h) 0°, and the subsequent anodization was carried out
under a constant current of 20 mA at 0° for 2 min, in 0.3 M phosphoric
acid. Reprinted with permission from ref. 182. Copyright © 2011, the
American Chemical Society.

conditions is also important in the case of a hexagonal unit
cell, where the linear relation between the cell size and the
optimal value of the anodizing voltage is 2.5 nm V™', in agree-
ment with eqn (2). However, a reduction in the interpore dis-
tance in a squared cell has been reported to result in a less
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densely packed arrangement compared to a hexagonally
packed distribution, according to the following equation:***

Dine = 1.04 x U + 33, (10)
where Dj,. is the interpore distance and U the applied
potential.

In general, the introduction of indentations on the surface
of aluminium, which act as nucleation sites, guides the growth
and development of the pores, as well as the geometry of the
unit cell. However, the nucleation of pores at the edges of the
cell boundaries can be propitiated under certain conditions,
and thus if the interpore distance between neighboring pores
is sufficiently large, the cell boundaries become visible and
new pores can be formed at the cell junctions of the imprinted
pattern. This phenomenon occurred in the three different
examples presented in Fig. 14, where the smaller pores in the
SEM images corresponding to Fig. 14b and d, and f do not
appear in the FIB pattern that was used in each case, as shown
in Fig. 14a, ¢, and d, respectively. The common factor in these
three cases is the interpore distance between the indented pits
of 300 nm (long interpore distance in the rectangular pattern,
along which the smaller pores arise), which seems to be
sufficient distance for the development of these new pores. In
this case, the electric field at the bottom of the imprinted con-
caves defines the size of the pore cell, while the mechanical
stress guides the growth direction of the new pores forming at
the cell junctions. Accordingly, not only non-hexagonal cells
can be generated, but also non-spherical pore shapes are pro-
duced depending on the stress field experienced at the cell
boundaries. Hence, elongated, elliptical, and triangular
smaller pores are generated depending on their surroundings,
where the bigger pores grow faster and will confine and restrict
the growth of the former pores. More complex patterns can be
created with both triangle and diamond shape pores, as
shown in Fig. 15c¢, when an array of non-regular hexagonal
polygons (inset in Fig. 15c) is employed. In these nonequili-
brium arrangements, the hexagonal cell is partially com-
pressed, leading to the formation of diamond, circular, and tri-
angular pores. This also applies to the smaller pores in alter-
nating size patterns, as shown in Fig. 15a, where two different
sized pits of 65 and 45 nm were imprinted at a 200 nm inter-
pore distance over an Al substrate by FIB. After the anodiza-
tion, the larger pores presented a spherical shape with a dia-
meter of 105 nm, while smaller pores grew with an elongated
shape along the direction that was not restricted by the pres-
ence of the bigger pores (Fig. 15b). The long axis of the pores
was 95 nm and the short axis was 50 nm, where the later the
growth in the direction between two bigger pores was cut short
due to the much faster growth of the oxide layer of the larger
pores, thus resulting in the elongated pore shape. On the
other hand, circular pores are favored when the neighboring
concave patterns surrounding a particular pit have a symmetri-
cal distribution (distance and size). Also, if the interpore dis-
tance of the patterned concave reaches the optimal value to
allow the complete development of the pore, the generated
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Fig. 15 (a) Alternating FIB pattern with 200 nm interpore distance,
where the larger concave size is 65 nm and the smaller concave size is
45 nm. (b) Alternating FIB pattern after anodization in 0.3 M phosphoric
acid at 20 mA with a steady-state potential of 140 V. The connecting
lines between the bigger circular pores show that the direction together
with the growth of the smaller pores in the middle of the two is
restricted. Reprinted with permission from ref. 180. Copyright © 2011,
the American Chemical Society. (c) SEM image of hybrid triangle-
diamond patterned porous template (with a 300 nm periodicity), upon
30 min anodization at 120 V in 0.3 M H3PO4 electrolyte. The top-right
inset image shows a schematic representation of the corresponding tri-
angle-diamond pattern tiling scheme, where a large, blue dot represents
the sites included in the prepattern process and the smaller red dots
indicate the locations at which compensated pores will appear. Dashed
lines define the location of the cell wall formation. Reprinted with per-
mission from ref. 192. Copyright © 2009, AIP Publishing.

pores develop a round shape.>*> Moreover, as the interpore dis-

tance is further increased, the area between the cell bound-
aries of neighboring pores becomes too broad and new non-
pre-patterned pores can form,>*>?>*? as mentioned before. The
self-formation mechanism of these pores was first studied by
Masuda'®®
however, after the anodization process, complete repair of the

using a hexagonal pattern with a missing hole;

hexagonal arrangement with no missing pores was accom-
plished, which was described as a self-compensating healing
process. The growth and complete development of these pores
was also explained according to the equi-field strength
180232 A direct consequence of this
self-compensating mechanism and development of new pores

model*" by several authors.

between far apart pores is the reduction of the interpore dis-
tance, and thus the size of the unit cell in the hexagonal
arrangement, which can be used to overcome the resolution
limit of technology commonly employing lithographic tech-
niques and etching treatments to produce stamps and molds
in the case of using indirect indentation methods, as proposed
in ref. 232, 234 and 235. Another advantage is the possibility
to reduce the optimum interpore distance value associated
with the self-ordering conditions defined by eqn (2) for each of
the different electrolytes, as reported by Choi et al. in 2003. In
a 0.3 M phosphoric electrolytic solution at an applied potential
of 195 V, the ordering of the pores occurred at an interpore dis-
tance of 500 nm; however, the authors were able to reduce this
distance to 0.6D;,¢ = 300 nm, while the ordering of the pores
was not affected. Recently, nanosphere lithography has
emerged as a promising technique to solve the resolution
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Fig. 16 (a) and (b) SEM images of anodized nanopore arrays across (a)
hemispheric-shaped aluminium surface and (b) stair-case shaped
surface. The interpore distance between the nanopores is 350 nm and
200 nm, respectively. Reprinted with permission from ref. 181. Copyright
© 2011 Elsevier Ltd. (c) SEM image of a hierarchical AAO structure by
NSL technique. The period of the pre-patterned aluminium substrate is
680 nm. Reprinted with permission from ref. 198. Copyright © 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

problem of conventional lithography by selecting the appropri-
ate size of the spheres. Molding patterns using spheres in the
range of 13-500 nm in diameter and different interpore dis-
tances have been successfully achieved through this
method."®***?%” In a particular case, hierarchical nanoporous
structures, such as that shown in Fig. 16¢ with a multi-periodic
porous structure, were prepared by the NSL (nanosphere litho-
graphy) method.

Another recent development addresses FIB patterning over
uneven surfaces,'®" as shown in Fig. 16a and b The order of
the nanopore array is well maintained all along the uneven
surfaces; however, there is some pore shape deformation at
the edges due to the absence of a flat surface.

6 Nanoporous alumina structures as
templates: examples and applications

The internal porous structure of alumina can be filled using
different deposition techniques such as ED, CVD, and ALD
with different types of materials, resulting in an anti-replica of
the pores. As described in section 5, alumina membranes can
be fabricated with different porous structures, varying from
straight or modulated longitudinal pores to more complex
branched pore structures or a 3D interconnected porous struc-
ture, and thus different morphologies can be obtained
through nanostructuring of materials using alumina mem-
branes as templates. Mainly, straight nanowires, longitudinal
nanowires of varying pore diameters, branched nanowires and
3D nano-networks of interconnected nanowires can be fabri-
cated. Some works reviewing this topic can be found in ref.
238-240.

2244 | Nanoscale, 2021,13, 2227-2265

View Article Online

Nanoscale

The use of nanoporous alumina structures as templates to
grow different materials inside them presents several advan-
tages over other types of templates, such as the diameter sizes
that can be achieved in the range of nanometers, combined
with straight pore lengths in the range of microns, the low cost
and large area of ordered nano-cylinder arrays that can be pro-
vided, and thermal stability in a wide temperature range,
without loss of the porous structure even after treatments over
1000 °C.>"**> Depending on the template-assisted growth
mechanism used for the material, the original porous alumina
can be used with the barrier layer and backing aluminium (for
instance, for polymer infiltration and atomic layer deposition)
or both backing materials can be removed and the self-sus-
tained nano-hole structure can be used as a template (for
electrochemical deposition). Finally, the alumina templates
can be dissolved in alkaline or acidic solutions after their
filling, leaving the nanostructures free for certain applications.

6.1 Template-assisted fabrication of inorganic structures

Through inorganic
materials using porous alumina membranes, three main struc-

the template-assisted deposition of

tures can be obtained, namely nanowires (NWs), hollow nano-
tubes (NTs), and holey films (or nanomeshes). The most com-
monly used growth techniques range from chemical
approaches such as electrodeposition (ED) to physical depo-
sition processes such as CVD, ADL, and sputtering. Fig. 17

Fig. 17 (a) Transmission electron (TEM) micrographs of a single modu-
lated Ni wire isolated from the alumina template. Top, low magnification
image showing two diameter changes. The area defined by the rec-
tangle is further magnified in the lower panel. Reprinted with permission
from ref. 258. Copyright © 2011, AIP Publishing. (b) EFTEM (energy-
filtered transmission electron microscopy) image of a multisegmented
Co/Ni nanowire. Reprinted with permission from ref. 38. Copyright ©
2016, the American Chemical Society. (c) TEM image of an FesO4
(outer)/Ni (inner) core-shell nanowire. Reprinted with permission from
ref. 259. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (d) SEM top view image of an array of hollowed carbon nano-
tubes (CNTs) grown inside the porous structure of an alumina template
through a CVD deposition process. Reprinted with permission from ref.
46. Copyright © 2017, the American Chemical Society. (e) SEM image of
sputtered Sip gGep > nano-mesh film grown over an alumina template,
where the porous structure was successfully replicated. Reprinted with
permission from ref. 66. Copyright © 2016, Springer Nature.
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shows a compilation of some of the morphologies that will be
reviewed in this section, which are obtained through nanos-
tructuration of a chosen material using alumina membranes
as templates by different deposition techniques (ED, CVD,
ADL, sputtering, etc.) for their application in different fields (a.
modulation of pore diameter, b. multilayered nanowire, c.
core-shell-type nanowire, d. hollowed nanotube and e.
nanomeshes).

6.1.1 Nanowires. There are many fields in which obtaining
low-dimensional structures, such as nanowires, presents
certain advantages. At the nanoscale, different phenomena
related to the low dimensionality of these structures can be
observed. The most relevant are the changes in the configur-
ation of electronic states due to quantum confinement, which
can result in more exotic electronic effects such as localization
and splitting of the electronic bands. Consequently, this can
result in semimetal-semiconductor transitions**® or ballistic
transport in 1D metallic nanowires,>****> among other
phenomena. Also, due to the low dimensionality, there is a
higher surface to volume ratio, which results in a significant
presence of surface conduction or surface effects, character-
istic of nanowires. For instance, in these types of structures,
when studying the conduction of the surface in bismuth tellur-
ide nanowires, topological insulator behavior was observed.>*®
Therefore, the use of nanoporous alumina as a template pro-
vides a quite powerful platform to study changes on the mag-
netic and electric properties, as well as in a wide variety of
other fields, occurring when reducing the dimensions down to
the nanometer scale. The main advantages are the high
density of nanowires that can be fabricated at the same time,
the high control over the morphology of the resulting nano-
wires (diameter, length, and density of the nanowires), and the
mechanical resistance and stability of the alumina templates.

This method has been extensively used for the fabrication
of magnetic nanowires as a way to increase the density storage
and performance of already existing magnetic recording
devices such as RAMs and hard drive disks due to their high-
aspect-ratio or for the development of some new racetrack
memories®"” and design of future magnetic logic devices>**>*!
through tunning of the magnetic anisotropy governing the
magnetic behavior behind the nanowires. As their dimension
is reduced along at least one space direction (diameter or
length of the nanowires), shape anisotropy becomes dominant
over the other the magnetic forces contributing to the total
magnetic anisotropy energy. Moreover, due to space confine-
ment, control over the magnetization and demagnetization
process, as a consequence of controlling the domain wall
motion along the nanowires, can be achieved.”*>*** Different
types of domain walls have been reported, separating different
magnetic domains (in which spins are aligned in the same
direction), depending on the diameter of the nanowires. In
general, for diameters below 40 nm, the formation of a trans-
verse domain wall (TDW) is favored, which is a high energetic
configuration in which spins rotate transversely to the nano-
wire length and is favored due to strict space limitations. In
contrast, a vortex domain wall (VDW) configuration is found in
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nanowires with diameters bigger than 40 nm, where changes
in the magnetization undergo a less energetic curling process
of the spins from one direction to the opposite one, moving
along the nanowire length.**>***?>® These numbers can
change depending on the magnetic material.>>*> The racetrack
memories first proposed by IBM were designed to exploit the
control over domain wall motion in nanowires by the injection
of an electric current.””” More sophisticated and recent studies
specifically combine both types of domain wall configurations
to gain more precise control over the magnetic response by the
generation of well-defined pinning sites in the development of
more complex logic devices, where the control over the posi-
tion and motion of domain walls is the key factor. This can be
achieved through modulation of the pore diameter along the
length of the fabricated nanowires®”?%24%2%1:238 (gee Fig. 17a).
Also, tuning of the magnetocrystalline energy adds an even
higher degree of control over the magnetic properties and
domain wall motion by tailoring the chemical composition of
6,260,261 and multilayered36738,262,263 or

259264 through alloying (as shown in

magnetic nanowires®
even core-shell nanowires
Fig. 17b and c, respectively).

A rather interesting phenomenon, giant magnetoresistance
(GMR), has also been experimentally observed in multilayered
nanowires due to the spin transfer process between adjoining
layers of hard and soft magnetization, which occurs through
an exchange coupling mechanism.?**?°® GMR is displayed in
multilayered systems where two possible spin-channels exist,
which is associated with a maximum resistance state (anti-
ferromagnetic coupling between subsequent layers) or a
minimum resistance (ferromagnetic coupling). Switching
between the antiparallel (high resistance) and parallel (low re-
sistance) states is propelled by an external magnetic field. This
effect can be directly employed in the fabrication of spin-valve
sensors and magnetoresistive random-access memories
(MRAM).

It is also worth mentioning the use of these magnetic nano-
wires, in particular core-shell structured nanowires, in bio-
medical applications®®” for cell separation®*®*?%° and track-
ing,””° as drug delivery vehicles driven by a magnetic field and
hyperthermia treatment.>”*

Another important application of nanoporous alumina
membranes as templates for the fabrication of nanowires is in
the field of thermoelectric materials (such as bismuth
telluride®”**”%), which convert waste heat in the form of a
temperature gradient into usable electricity. In 1993,
Dresselhaus®”* first predicted the enhancement of the thermo-
electric performance of these materials when reducing their
dimensions, for instance, in the form of 1D nanowires. The
efficiency of a thermoelectric material is defined by the dimen-
sionless figure of merit, zI' = S%c/k, where S is the Seebeck
coefficient, which measures the generated voltage due to an
induced temperature gradient across the material (AV/AT),
while ¢ and « are the electrical and thermal conductivity,
respectively. These three parameters are deeply intertwined,
and thus if S increases, ¢ decreases, and increasing ¢ increases
k (as a result of the increase in the electron contribution to the
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total thermal conductivity), and thus effective enhancement of
zT cannot be achieved this way. Nanowire engineering aims to
decouple these parameters to obtain phonon-glass electron-
crystal behavior, as theoretically proposed by Dresselhaus in
1D quantum wire structures.”’**”” In this case, the electron
conductivity is enhanced along the length of the wire through
free electron motion in this direction (transition from semime-
tal to semi-conductor behavior’**) and phonon scattering is
increased in the direction perpendicular to that due to the
presence of the surface of the nanowires, which reduces the
thermal conductivity.>’® This can be achieved since normally
both electrons and phonons suffer collision events or scatter-
ing processes at significantly different characteristic distances.
Specifically, in most materials, the mean free path of phonons
(in the range of hundred nanometers) is higher than that of
electrons (usually in the order of tens of nanometers), and
therefore the scattering of phonons with the surface of the
nanowires increases their scattering without affecting the elec-
trons. Furthermore, the Seebeck coefficient can be further
improved due to the increase in the density of states at the
Fermi level as a result of the reduction of the dimensionality.
Nevertheless, the diameters required to experimentally observe
an enhancement in S are too small for most of the interesting
materials and is below the lower limit that can be achieved
through AAO-based technology (i.e., to fulfil this requirement,
bismuth telluride nanowires with diameters of 1 nm are
needed). Still, it is possible to use nanowire structures of ther-
moelectric materials employing alumina membranes as tem-
plates to improve their thermoelectric figure of merit, 27T,
through an increase in o or a reduction inf «. In particular, the
latter approach has yielded more successful results to date.
Other effects, besides the increase of phonon boundary scatter-
ing commented before, such as topological insulator effects
associated with the appearance of surface electron states,
among others, have been experimentally found in low-dimen-
sional structures such as nanowires fabricated inside alumina
templates.?”*$>¢27” These effects have provided some of the
latest breakthroughs in the field of thermoelectricity, both
from experimental and theoretical points of view.

A different synthetic route has also been reported for the
fabrication of nanowires using AAO membranes as templates.
In the case of SiC core-shell nanowires, it has been discovered
that if plasma deposition is performed, the deposited material,
does not grow along with the pores, and hence, filling of the
pores does not occur. Instead, a different growth mechanism
is involved. Since the porous surface of the alumina membrane
has some texture with crests and valleys, corresponding to the
triple union point of the walls of adjacent pores and the actual
nano-pores, respectively, nucleation of the SiC nanowires is
promoted at the crest points. At these sites, plasma-induced
reduction of the aluminium oxide to metallic Al occurs and Al
droplets are formed, where later Si and C atoms will be incor-
porated by the plasma process through Si/C co-precipitation.
Subsequently, nanowire growth occurs, thus resulting in the
formation of core-shell nanowires made of an SiC core and an
AISiC outer shell.*®

2246 | Nanoscale, 2021,13, 2227-2265

View Article Online

Nanoscale

Another approach is the use of alumina membranes as tem-
plates to produce long-range nanostructured surfaces with
antireflective qualities, which are especially important for
solar cell applications, to reduce the reflected light at the film-
air interface as light travels from one medium (air) to another
(material film) with significantly different refractive indexes.
They are normally used as a mask during the plasma etching
process or in nanoimprint lithography to produced periodic Si
nanopillar arrays.>®?7%28

6.1.2 Nanotubes. Besides fully compact nanowires, the fab-
rication of hollowed nanotubes of different types of materials
has also been reported. These nanotubes have been applied in
drug delivery,*>?%'% gensing,*>*** optoelectronics,** and
energy storage applications (where metal-insulator-metal
systems were synthesized via successive CVD or ADL layer
deposition, such as the fabrication of CNT-SiNT-CNT arrays
with high charge capacity acting as the anode for lithium-ion
batteries,*® or titanium nitride*®* and Al-zinc oxide®®®> nano-
tube array nanocapacitors). Additionally, a complete review of
the properties and applications of magnetic nanotubes can be
found in ref. 41.

6.1.3 Nanocones. Conical nanopores can be produced in
aluminium substrates by alternating the aluminium anodiza-
tion and pore widening treatments, as described in ref. 286.
These substrates present a hexagonal order of the cones and
can be used for the fabrication of nanocones of different
materials by sputtering on the surface, electroless deposition,
etc. For instance, sputtered copper in this type of template was
presented as a way to obtain nano-conical electrodes, which
increased the working surface area of copper electrodes for
electrocatalytic applications.”®” These nano-conical templates
have also been used to develop nanoconical perovskite solar
cells*®® or plasmonic metasurfaces, which are formed by gold
nanocones fabricated by electrodeposition.*®

6.1.4 Nanomeshes. Another strategy, besides the depo-
sition or infiltration of materials inside the pores of the
alumina template, involves in the replication of the top surface
of the membrane to produce antidots arrays, that is, a thin
film layer with a characteristic void structure of hexagonally
ordered holes, also known as nanomeshes. Magnetic anti-dot
arrays have been developed, typically taking advantage of the
occurrence of pinning of the domain walls at the edges of the
holes, which hinders domain wall motion. Accordingly, com-
plete magnetization in the direction of the applied field (mag-
netic saturation) occurs at higher magnetic fields compared to
the case of continuous films.®>%**8929" Further control over
the magnetic behavior was achieved by the engineering of the
diameter of the holes and the edge-to-edge distance between
holes by tailoring the alumina template (w).>>>** Moreover,
the inversion of the magnetization easy axis from the in-plane
direction (along the film) to the out of plane direction above a
certain hole diameter has been reported (with an improvement
in the magnetic performance in the perpendicular direction).
This is due to the perpendicular magnetization contribution
coming from the edges of the holes since some deposition
occurs in the first tens of nanometers along the pore walls.
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This approach may be applied to high-density storage data
systems and spintronic logic devices. Also, they can act simi-
larly as photonic crystals do for photons, exhibiting a periodic
potential for magnons and where the spin-wave dispersion can
be tuned for the fabrication of spin filters and spin wave-
guides.>® Some magnetic behavior arises from common non-
magnetic bulk materials when reducing the dimensionality of
the system, such in the case of 2D antidot films. The obser-
vation of pore edge ferromagnetism has been reported in oxi-
dized black phosphorous nanomeshes.”> This effect also
appears in graphene nanomeshes and will be expanded in
section 6.3.2. Here, it is sufficient to say that it can be used for
the development of spin current-controlled devices.

Al nanomeshes have been proposed as transparent conduc-
tive Al electrodes for third-generation optoelectronic devices of
LEDs, photovoltaics, touchscreens, etc., where besides fulfill-
ing the actual requirements of low resistance and high light
transmission, low-cost production, and increase in their flexi-
bility are desirable. Through an easy and cheap anodization
process of a sputtered aluminium layer over a glass slide used
as a substrate, followed by a controlled chemical etching step,
the alumina membranes are removed, leaving only the non-
oxidized sputtered aluminium with a patterned structure.
Consequently, Al nanomeshes were obtained with increased
optical transparency above 70% due to the presence of nano-
holes.>*®

In the field of thermoelectricity mentioned above, several
studies have been carried out on the thermal transport mecha-
nisms behind this type of perforated film.°>®” A significant
thermal reduction was observed as the distance between holes
(w) was reduced due to enhanced phonon-surface scattering
events, and in-plane confinement was promoted by the pres-
ence of holes.”®”?*® In these systems, the electrical conduc-
tivity was slightly degraded; however, the overall thermoelectric
performance of the nanomeshes was improved in comparison
with that of continuous films. If further optimization of the
electrical conductivity is achieved, these holey films can easily
compete with nanowire technology due to the higher mechani-
cal strength of the former, which makes its integration into TE
modules much easier.

6.1.5 Interconnected networks of inorganic materials. In
the case of 3D-AAOs, since the first development of these struc-
tures in 2009 by Losic et al.>** in phosphoric acid and later in
2014 by Martin et al.,>**> who used sulfuric acid instead, and
thus reducing the dimensions of the resulting longitudinal
and transversal pores (45-50 and 25-30 nm, respectively), in
comparison with the former work of Losic of higher pore dia-
meter (longitudinal pores of 250 nm and transversal pores of
60-100 nm), as discussed in section 5.3, they have been used
for the fabrication of interconnected nano-networks of
different materials. 3D nanowire nano-networks cause the
surface to volume ratio of the nanostructured material to dra-
matically increase, exceeding the increase in the surface to
volume ratio that 1D nanowires (of the same diameter) can
provide. The main advantage of these structures is that they
allow high tunability of certain materials in the nanometric
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scale, while they still can be obtained and handled similar to
bulk materials in the macroscopic scale, considering that the
resulting 3D nanowire network is self-sustainable after the
removal of the alumina template. The 3D structure provides
mechanical support, avoiding collapse, as in the case of
regular 1D nanowires without the template, as it can be seen
from Fig. 18a. Although to date they are still less exploited
than their nanowire counterparts, they can cover a vast area of
applications in a wide variety of fields, mostly due to their
much easier handling, higher mechanical stability, and more
straightforward implementation in future devices compared to
non-interconnected 1D nanowires.

Some recent examples have been developed in the case of
metal nanostructuring since they can be applied in the electro-
Iytic production of hydrogen, where their high surface area
and high porosity are optimal for this application,”” as shown
in Fig. 18a. This advantage should be also relevant for appli-
cations in battery electrodes, and therefore V,05 has been
grown through a template-assisted deposition process in these
types of 3D AAOs. Nevertheless, in this case, the obtained
results showed that the performance was not improved, but
diminished due to the negative effect of the interconnections
on the final capacity and the poor electronic conductivity of
the material.® Another interesting possibility when using
these 3D AAOs as templates is filling them with magnetic
materials, such as Ni***® and Co.>° By tailoring the nano-
structure, the magnetic anisotropy of the whole system can be
modified, obtaining properties that are different from both
magnetic nanowires and magnetic thin films.”®

Also, in the case of thermoelectric applications, 3D nano-
wire networks fabricated via template-assisted deposition
provide a great advantage over thermoelectric nanowires,

Fig. 18 (a) SEM cross-sectional image of a 3D Ni nanowire network
after removal of the alumina template, underneath the top view (left)
and cross-section (right) of the nano-network structure at high magnifi-
cation. The dashed red lines represent the unit cell of the alumina tem-
plate of hexagonal pores arrangement. Reprinted with permission from
ref. 57. Copyright © 2018, the American Chemical Society. (b) SEM
image of Ni nanowires with three-generation Y-branched morphology.
Bottom: schematic drawing of such multi-branched nanowires.
Reprinted with permission from ref. 53. Copyright © 2010 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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which is the possibility of having the improved properties that
the nanostructuring provides together with a mechanically
stable structure at the macroscale, which can be easily
handled. For instance, thermoelectric materials such as
bismuth telluride have been already synthesized in this form®
and the main advantage of nanostructuration, that is, the
reduction in i thermal conductivity, is maintained.>°

Branched nanowires (Nws), branched nanotubes (NTs) and
a segmented hybrid combination of Nws-NTs with a branched
structure can also be considered as another type of 3D nano-
architectures,’**°° where, again, the enhancement of the avail-
able surface area is of great relevance for applications such as
energy storage and solar cells due to the improved light
absorption in these structures, as shown in ref. 301. Moreover,
the electronic transport properties of Y-branched nanowires
have also been an object of study of different materials,
ranging from CNT*'?°* (see section 6.3.1) to solid Bi’>
branched nanowires. The magnetic behavior of a single
Y-junction of Ni nanowires was investigated by Guo et al.**?
Also, more complex multi-branched structures made of
different materials (Si-NT/Nw, Au, Ni, Ge-NT/Nw, and Pt), as
shown in Fig. 18b, have been synthesized with potential appli-
cations in nanoelectronics,> in particular, for the develop-
ment of improved transistors, as in the case of Y-branched
nanotubes/nanowires based on Ge,>* nanomagnetism™ and
for catalytic applications.*

6.2 Template-assisted fabrication of organic nanostructures

6.2.1 Organic nanotube arrays. An example of these types
of structures is carbon nanotubes, where interesting electric
conduction effects have been theoretically predicted and
experimentally observed to some extent, ranging from ballistic
transport (corresponding to a metallic behavior)***=°® to
Coulomb blockade due to the localization of the energy states
into discrete energy levels (associated to semiconductor behav-
ior), inhibiting the flow of electrons and promoting individual
electron transport by the tunnel transfer of electrons when one
of the discrete energy levels falls into the Fermi energy level of
the system.>*” % CNTs can have either semiconducting or
metallic electronic properties depending on their diameter
since their bandgap energies vary inversely as a function of
this parameter.>'°'* Thus, they have been studied as good
candidates for the fabrication of field-effect transistors®'* >
and single-electron transistors.’*>*'7**® Several works have
used alumina temples for the growth of CNTs inside the
porous structure via chemical vapor deposition technique
(CVD),*>?197322 a5 shown in Fig. 18d, to reduce the cost of the
synthesis of CNTs and overcome the difficulty of handling
individual nanowires when grown by other methods such as
molecular beam epitaxy (MBE). Following this approach, nano-
capacitors based on CNT arrays through template-assisted
deposition have been developed, showing relatively good
capacitance values with room for improvement.*** However,
other studies suggest that the electrical conductance of carbon
nanotubes grown on AAO templates, and thus the performance
of FETs based on them, diminishes due to the implied
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accumulation of defects during their growth.*****® Y-branched
carbon nanotubes have also been studied as possible candi-
dates for the development of FETs.>!*%*

Recently, these structures have demonstrated their applica-
bility for transport*® and sensing®®® of certain molecules, and
CNTs with modulated diameters along their length can be
implemented for the filtration and separation of molecules,
cells, or proteins.**”

6.2.2 Organic nanomeshes. Graphene nanomeshes (GNM)
have been implemented in the fabrication of field-effect tran-
sistors (FETs) with improved performances than their gra-
phene nanoribbon or nanotube counterparts,®®**®*?° where
reducing the distance between the nano-holes (w) translates
into an increase the ON/OFF current ratio of the resulting
device. Optimization of the AAO template-assisted fabrication
process of GNMs has allowed low-containing defect graphene
nanomeshes with hexagonal shaped nanoholes (instead of
rounded holes) to be obtained, where ferromagnetic behavior
coming from the polarization of spins at the edges of the hex-
agonal pores was observed. Moreover, at a critical w value and
under a critical external magnetic field, the accumulation of
polarized spins is favored at the pore edges, followed by the
spin pumping effect since the excess spins are abruptly
emitted. This effect can be used in the fabrication of future
spintronic working devices, where the manipulation of spin
currents is a key factor for the complete development of this
technology**°

6.2.3 Polymer nanostructuring. The fabrication of poly-
mers using nanoporous alumina as templates opens the possi-
bility of obtaining one-dimensional polymeric nanostructures
with novel properties, which can be used in nanoscale devices,
such as biosensors and optics. A wide variety of polymer struc-
tures, such as nanotubes, nanocapsules, nanofibers, and
nanospheres can be fabricated via the infiltration of polymer
melts or solutions into the AAO templates or by polymerization
of monomers inside the nanopores. Besides obtaining func-
tional nanostructures, these fabrication techniques allow the
possibility of studying different physical properties of polymers
when they are confined to low dimensions, such as their crys-
tallization, dynamics, mechanical and thermal properties. A
complete review of these types of structures can be found in
ref. 331. Even electrochemical polymerization can be used to
grow certain conductive polymers inside alumina templates,
which was performed with PEDOT inside 3D AAOs to obtain a
3D interconnected free-standing network of 20 nm diameter
vertical nanowires connected by 10 nm diameter wires, main-
taining the semiconducting properties of the polymer.®* These
3D structures have also been filled with polyethylene by
melting infiltration, obtaining hydrophilic, flexible nano-
structured macroscopic polymeric structures with tunable iri-
descent coloring (considering that they act as Bragg refractors,
being the replica of the 3D alumina templates, the color of
which can be tuned by changing their fabrication parameters,
as was discussed in section 7.1).°" Finally, both modulated
and 3D AAOs have shown potential for obtaining different
polymers, replicating their nanostructure.**°
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Some of the most notable applications of nanostructured
polymers are in the development of future biosensing, elec-
tronic, and optoelectronic devices. For example, improved
luminescence and lasing properties were reported due to the
preferred orientation of the p-phase polymer chains along the
nanowire axis in PFO nanowires and nanotubes.*>?3? Later,
the same researchers demonstrated the possibility of control-
ling the polarization direction of PFO light emission in the
form of Y-branched nanowires by adjusting the angle between
branches.**® Several studies on the electrical transport pro-
perties of polymeric PEDOT nanowires,’™* and PH3T
nanotubes*®?*** showed improved carrier mobility and electri-
cal conductivity, respectively, which are qualities required for
the fabrication of organic field-effect transistors and solar
cells. 3D polymeric membranes, as mentioned above, with a
Bragg reflector photonic response, are good candidates for
chemical and biosensing applications. Further functionali-
zation of the surface of polymeric nanowires can enhance their
selectivity and sensibility for the detection of specific mole-
cules, or make them responsive to certain stimuli (such as pH,
humidity, and light).>®

7 Properties of nanoporous anodic
alumina structures and their
applications

Nanoporous alumina is widely used in different fields.
Obtaining a self-ordered highly porous structure is important,
for instance for increasing the adsorption and the fabrication
of membranes. Moreover, the great control over the diameter
of the pores, together with the long-range self-ordering can be
used to generate structural coloring by different means, and
the high surface to volume ratio of these porous structures can
be also used for biosensors once the pore walls have been acti-
vated with certain substances. Next, we will review some of
these applications.

7.1 Structural coloration

The sole presence of a patterned nanostructure with a certain
order produces a bright structural coloration on metallic sur-
faces, which is angle sensitive. This coloration is produced by
the interference of light with the ordered patterned structure,
as shown in ref. 8. Ordered dimple arrays with a diameter of
500-550 nm were produced on an aluminium substrate during
anodization in phosphoacetic acid. After the chemical dis-
solution of the oxide layer, structural coloration was observed
in the visible range of 500-700 nm, coming from the reflected
light on the periodically ordered dimple array over the alu-
minium surface.

The structural coloration of nanoporous alumina mem-
branes is mostly based on the Fabry-Perot interference occur-
ring at the Al metal/AAO film and air/AAO film interfaces (see
section 7.2 for a more detailed description of this effect);
however, there is a threshold thickness of around 2 um, above
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which, this interference is not observed*** since all the inci-
dent light will be absorbed by the porous membrane.
Regardless of the film thickness limitation, the way light inter-
feres at the different interfaces can still be modulated to
produce coloration with a high degree of tunability by two
means, namely controlling the depth of the pore channels (or
a total thickness of the oxide layer within the limiting
range)****** and by tuning the porosity (changing the pore dia-
meter or interpore distance while one of the two is fixed)**'*>
since both structural features produce changes in the effective
refractive index of the anodic aluminium layer. Using all these
different parameters, virtually any structural color can be pro-
duced with these structures according to Bragg’s law.

ZZnixdixcosai:mxﬂ (11)
i

This establishes a clear relationship between the effective
refractive index and the reflection of light, and hence the
colours that are perceived, where n; is the effective refractive
index, d; is the thickness, 6; is the reflection angle, m is the
order number and 4 is the reflective peak wavelength that gives
the observed colour. The suffix i stands for the different dielec-
tric layers with different refractive indexes of which the
alumina membrane can be composed (see section 5). It is also
worth mentioning that the latter two parameters, and thus the
structural coloration, are angle-dependent on the incident
light.

Moreover, the deposition of a metallic layer over the nano-
porous AAO can further improve the colorimetric response of
these membranes, adding a higher variety of colors, as well as
enhancing the reflectance of the light on the metalized
surface. In 2018, Manzano et al.’>*' studied the dependence of
the different structural parameters of AAO films (interpore dis-
tance, pore diameter, porosity, the thickness of the oxide layer,
and chemical composition as a function of the anodizing elec-
trolyte) against coloration and the effective reflective index of
the films. According to their experimental observations, the
authors concluded that the thickness and porosity of the AAO
films are the only two morphological parameters that influ-
ence the effective refractive index of the films, thus affecting
their color. Fig. 19a clearly shows the inverse relationship
between the values of the effective refractive index and the
thickness of the alumina membrane. The porosity of the films
also affects both the refractive index and coloration, as is seen
when comparing samples grown in oxalic acid and that ano-
dized in sulfuric acid and ethylene glycol mixed electrolyte
solution, which showed a similar porosity of 13.2% and
13.6%, respectively. Thus, alumina films with the same poro-
sity, also having the same thickness, show nearly the same
coloration. However, when the porosity was significantly
reduced to 11.5% (samples anodized in sulfuric acid, red line),
a different coloration was obtained when fixing the thickness.
For example, an AAO film with a thickness of around 800 nm
showed a vibrant green coloration in sulfuric acid-containing
ethylene glycol solution (green line) compared to the light
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Fig. 19 (a) Effective refractive index as a function of the thickness for

different percentages of porosity (achieved by varying the anodization
conditions and electrolyte solution) and the corresponding optical
images of the fabricated Cr—AAO-Al films. (b) and (c) UV-Vis reflectance
spectra of AAO-AL films anodized in different electrolytes while the
thickness and porosity were kept constant. Inset shows optical images
of the films. Reprinted with permission from ref. 341. Copyright © 2018,
the American Chemical Society.

blue color of the alumina film of the same thickness when it
was anodized in sulfuric acid. To further prove this depen-
dence, other morphological parameters were varied such as
pore diameter and interpore distance, while the thickness and
porosity of the alumina films were fixed. Accordingly, two
different sets of samples were grown (Fig. 19b and c) with the
same coloration. A golden hue was achieved when the thick-
ness and porosity of the films were fixed at 437-435 nm and
13.6-13.2%, respectively. The corresponding refractive index
was around 2, regardless of the other structural parameters
such as pore diameter and interpore distance, which were
both varied by changing the electrolytic medium, using in
each case oxalic acid and sulfuric acid-containing ethylene
glycol. Another pair of green-colored AAO films were grown in
oxalic (pore diameter 30 nm and interpore distance 100 nm)
and sulfuric acid (pore diameter 20-25 nm and interpore dis-
tance 62-65 nm) with fixed thicknesses of 935 and 938 nm
and porosities of 13.6% and 11.5%, respectively. The effective
refractive index of the samples was in the range of 1.4-1.3,
giving a final green coloration. In this study, all the samples
were metalized with a thin layer of Cr to enhance the colori-
metric response of the anodic oxide films. An optimized layer
thickness of 8 nm was used considering that the thickness of
the evaporated metallic layer must be thin enough to avoid the
propagation of light in the metal but not too thin that the
absorption of light is not enhanced.

Previous works have investigated this mechanism, where
the interaction between light and the porous structure of AAO
films was improved by the addition of a metallic layer. In the
simplest case of an AAO film, phase modulation of the light in
the porous structure generated a wavy profile, where reflective
peaks appeared at wavelengths corresponding to the in-phase
interference of light (constructive interference), while valleys
were formed when the phase difference between the reflected
light at the two different interfaces was out of phase (destruc-
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tive interference). By adding a thin metal layer, the maximum
absorption of light should occur at the wavelengths associated
with the destructive interference (valleys) of light in the anodic
oxide film, and thus the reflective profile of the valleys is shar-
pened. In this conjugated twin-phase mechanism, which was
proposed by Xue et al.,>*® constructive and destructive inter-
ference in the metal layer conversely correspond to that of
destructive and constructive interference in the AAO film. The
thickness of the top metal layer was designed so that asym-
metric phase modulation between the two layers is achieved,
hence improving color saturation. Further enhancement of the
reflective peaks was accomplished by increasing the roughness
of the metal layer, which led to an increase in the broad band
absorption efficiency of the film.

The authors developed a color printing technique combin-
ing the color saturation approach described above together
with full-color generation through tuning the thickness and
porosity of the AAO layer with lithography in such a way that a
pattern could be written over the metal-AAO-Al films and then
revealed by simple chemical etching (Fig. 20a). The colors of
the pattern could be selected by adjusting the thickness and
etching time of the anodic oxide layer (through a change of
the porosity and effective thickness between the patterned and
unpatterned AAO regions). Furthermore, by carefully choosing
colors that appear in a narrow wavelength range, the pattern
could be encrypted. In Fig. 20b, encryption of the pattern was

a) i i i
Lithographic pattern

Resist removal

Photoresist Second etching

Develop

AAO First etching Al depositing

Al subustrate

b)

Printed pattern Encrypted pattem Decrypted pattern

Fig. 20 (a) Method of colour pattern printing. (i) After spin-coating on
an AAO template, the photoresist is patterned using photolithography.
(i) The photoresist is developed to leave the designed patterns, after
which the first acid etching is implemented to form the difference of
effective thickness of the AAO template (and thus a difference in the
effective refractive index) between patterned and unpatterned AAO
domains. (i) An Al layer is sputtered on the sample to form the designed
colourful pattern after the removal of the photoresist and the
implementation of the second etching. (b) Encryption of the printing
pattern by choosing colors with a small wavelength difference. The
image on the left, printing pattern in blue color, and green-black ground
(printed pattern). Both colors are within close wavelengths numbers.
The image in the center, spin coating of PMMA produces a redshift in
color and the pattern becomes invisible (encrypted pattern). Blue color
shifts towards green. Right image, after removal of the PMMA layer, the
pattern becomes clear again (decrypted pattern). Reprinted with per-
mission from ref. 345. Copyright © 2015, Springer Nature.
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achieved by first selecting blue and green as contrasting pat-
terned colors with corresponding reflective peaks lying in
close wavelength numbers. Then, when coated with poly
(methyl methacrylate) the refractive index of the AAO changed,
producing a red shift in the whole reflectance spectrum of the
sample. After the red shift, both colors were located in the
green region, and thus the encrypted pattern became invisible.
When the polymeric layer was removed, the patterned code
could be read once again. These experiments demonstrated
the viability of using structural coloration of AAO for writing
and labeling applications, as well as anti-counterfeiting and
data encryption storage applications with a small micrometric
resolution on large sample areas up to the centimeter scale.

In the case of nanoporous structures with non-homo-
geneous diameters along the depth of the pores (modulated
nanopores,**®*” or even 3D nano-structures®*®), the oscil-
latory optical response of these structures is based on the
interference of light reflected through a multilayer nanoporous
structure of alternating layers of low porosity (MA layers) and
high porosity (HA layers) with higher and lower refractive
indexes, respectively (see Fig. 21b). High porosity layers corres-
pond to wider pore segments (see Fig. 11d or Fig. 12 in section
5.2) in the case of modulated nanopores. Regarding 3D porous
structures, high porosity layers are associated with the trans-
versal nanochannels interconnecting the longitudinal pores
(see Fig. 13, section 5.3 and Fig. 21a, section 7.1) with a poro-
sity that can reach up to 80% compared to the longitudinal
pores of around 20% porosity (low porosity layer). Thus, the
refractive index of each layer is defined by the fraction of
alumina filled by air and changes as a function of the corres-
ponding porosity. Fig. 21b illustrates the periodic modulation
of the refractive index through the 3D alumina membrane and
reflection of the light between adjacent layers.

a) High porosity layers (HA layer) 1)
layers (MA layer)

<
MApulse:  §30s

MA layers: 244 nm

1170 s
399 nm

1305 s
455 nm

1575s
537 nm

1845s
633 nm

Fig. 21 (a) Cross-sectional SEM image of AAO membrane, where HA
layers are identified in blue and MA layers are marked in yellow. (b)
Schematic of the interaction of light at the different layers of higher
(Nhign) and lower (n,) refractive indices associated with high porosity
and low porosity layers, respectively, behaving as a Bragg stack. (c)
3D-AAO Brag reflectors with a pre-designed reflectance by the thick-
ness of MA stack layers. Reprinted with permission from ref. 61.
Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Considering that the fabrication method allows great
control over the thickness of each of these layers, as well as its
periodicity, one can fabricate a periodic structure combining
different layers, and thus a distributed Bragg reflector is
obtained, where propagation of specific wavelengths can be
designed to produce the desired coloration of the fabricated
membrane. Fig. 21c shows different Brag reflectors specifically
designed to have a certain colorimetric response as a function
of the thickness of the low porosity layer (MA layer), which can
be controlled by the duration of the MA pulses.

This type of physical coloration through nano-engineering
of the structural parameters is also presented in nature,
ranging from opals to butterfly wings (see, for instance, ref. 61
and 348).

In all the different approaches used to modulate the color
of AAO membranes from metal-AAO-Al films to MA/HA multi-
layered AAO, due to the porous nature of these anodic oxide
membranes, the refractive index of the initial metamaterial
composed of a porous alumina structure filled by air will be
drastically changed by wetting in water (or any other liquid or
gas) since the propagation of light changes as a function of the
surrounding medium. This change in the effective refractive
index results in a shift in the reflection peaks, and hence
different colorimetric responses due to environmental
changes. This process is reversible, and therefore it can be
easily implemented for the fabrication of colorimetric sensors
to detect certain substances.®'**°

Another property of these structures is that their color
changes depending on the substrate on which they are placed.
A specific example of this property of color sensitivity is pro-
vided in Fig. 22. This 3D AAO structure, after removal of the
remaining Al substrate, was completely transparent, but when
placed on different substrates the same sample exhibited a sig-
nificant color variation. Light will be first reflected from the
substrate located underneath the 3D-AAO membrane and then
propagates back through the metamaterial, and thus a change
of color is observed depending on the nature of the substrate.
Fig. 22 shows a clear change in the perceived color from green
to pink when the 3D-AAO membrane was placed on top of a
lighter or a darker substrate. In the former, most of the light is
reflected and will propagate back, while in the latter case, light
is only partly reflected since most of it will be absorbed on the
dark background, resulting in the observed change of color-
ation. These features, both the dependence of the substance
filling the pores and the substrate used, can be specifically
used for security, anti-counterfeiting, camouflage detection,
and food safety applications, as cited by the authors.

7.2 Optical and photonic crystals

The fabrication of photonic crystals based on anodic alumina
templates is a step forward in the control and modulation of
light. Lately, there has been a great development of these struc-
tures based on nanoporous anodic alumina, mainly because
this method presents several advantages compared others to
produce photonic crystals, being cost-competitive, fully scal-
able, and relatively simple to implement. An extensive review
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Fig. 22 Observed color change of the 3D-AAO sample from pink to
green when placed on top of different substrates. Reprinted with per-
mission from ref. 348. Copyright © 2018, the American Chemical
Society.

of a wide variety of structures fabricated up to 2017-2018 can
be found in ref. 350 and 351

The pioneering work of Masuda and coworkers demon-
strated the feasibility of the structural engineering of nanopor-
ous alumina for the fabrication of 2D photonic crystals. By
exploding the tunability of the effective medium of these mem-
branes, which can be treated as a composite material consist-
ing of an alumina matrix filled by air, one can control the way
light is propagated across the porous AAO structure, as estab-
lished by the Bragg eqn (11). Masuda et al>*> reported the
modulation of the position at which a photonic bandgap
appears, where by controlling the interpore distance in the
alumina membrane, a red shift was observed as the cell size
(interpore distance) increased. Further control over the posi-
tion of this photonic bandgap could be achieved by the widen-
ing of the pores through chemical etching, while the interpore
distance was kept constant. In this case, a blue shift of the
photonic emission was recorded.

Accordingly, the development of more complex anodization
processes to gain control over the in-depth modulation of the
porous structure of alumina such as pulsed and cyclic anodiza-
tion techniques has monopolized most of the attention of
researchers. Hence, most of the examples of photonic crystal
structures found in the literature are based on branched,
modulated, or 3D-nanoporous anodic alumina.

According to what has been stated up to this point, 4
different morphologies with which alumina membranes have
been fabricated through nano-engineering of their structural
parameters (and thus engineering of the effective medium and
generating photonic crystal structures) can be highlighted (see
Fig. 23).

7.2.1 Fabry-Perot interferometers. The simplest of all these
optical structures are Fabry-Perot interferometers with a
uniform effective refractive index along their structure, which
were briefly described in section 7.1. In these thin AAO films,
which can have thicknesses of up to 2 um to show this effect,
fine control over their thickness and porosity are key factors to
modulate the effective refractive index.>** These structures can
act as sensing platforms due to the changes in the refractive
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Fig. 23 Structural details of the photonic crystal structures made from
nanoporous AAO membranes by structural engineering of the effective
medium.

index of the material filling the straight pores (from solids to
liquids and gases). Furthermore, if a metal layer is evaporated
over the porous membrane, the structural coloration is
enhanced, as described in section 7.1, and hence changes of
the filling medium can be perceived with the eye by the
improved colorimetric sensitivity of metal-AAO/Al films.>*'>*

Recently, their performance as chemical sensing platforms
was tested by Ferro et al.'* in a study evaluating the Fabry-
Perot interference spectra of AAO films as a function of
glucose concentration through photoluminescence measure-
ments, combined with other multivariate analytical data pro-
cessing techniques. The determination of glucose concen-
tration with good analytical performance was reported employ-
ing this approach.

However, these proposals based on straight pore channels
were shown to have geometric limiting factors (limiting the
range of the structural parameters with which alumina mem-
branes can be fabricated, including interpore distance, pore
diameter, porosity, and thickness) and therefore, their versati-
lity is too low for most practical applications.

7.2.2 Distributed Bragg reflectors. Distributed Bragg reflec-
tors are fabricated through periodic pulses, resulting in a stack
layered structure of high and low porosity (low and high refrac-
tive indexes, respectively). Applying the Bragg reflection law
(7), by tunning the different refractive index layers, the location
of the optical bandgap can be tailored to fulfil certain require-
ments for specific applications. Pulsed anodization alternating
between MA and HA regimens has been intensely used in the
fabrication of Bragg stacked reflectors based on MA/HA layered
AAO by several authors,>'"*'®>'8222 wwhere the phonic response
was modulated by the length of the MA segment (or duration
of the MA pulse), followed by subsequent chemical etching of
the HA layer. Fig. 24a shows the typical voltage-controlled
pulse anodization profile alternating between MA/HA regi-
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Fig. 24 (a) Typical voltage signal applied during the pulse anodization
of aluminium, where Uua and Uya are the anodizing potentials used to
achieve mild anodizing (MA) and hard anodizing (HA) conditions,
respectively. Bottom, cross-sectional view of the resulting stacked
Bragg-based alumina structure with alternating MA and HA layers
formed by pulse anodization in 0.3 M sulfuric acid at 1 °C, after selective
etching (in 0.52 M phosphoric acid at 45 °C for 20 min) of the HA layers.
Reprinted with permission from ref. 211. Copyright © 2011 Elsevier Ltd.
All rights reserved. (b) Applied voltage signal profile during pulse anodi-
zation under MA conditions in 0.3 M oxalic acid. Bottom, scheme of the
resulting photonic crystal heterostructures composed of two different
photonic crystals with different lattice constants (PC1 and PC2).
Reprinted with permission from ref. 353. Copyright © 2008 Elsevier B.V.

mens, and the bottom shows the cross-view SEM image of the
corresponding MA/HA layered AAO structure fabricated in 0.3
M sulfuric acid, where the HA layer was chemically etched.*""
However, due to the limited control achieved over the struc-
tural parameters and morphology of the pores under HA con-
ditions, cyclic and pulse anodization under MA conditions
have become the most popular approaches. Under these con-
ditions, more precise tuning of the shape of the pore channels
can be attained. It is important to note that as the voltage
decreases from a higher starting applied potential, Vi, to a
lower one, Vi, by a factor of 1/y/n (within MA regimen), an
n-branched porous alumina structure is formed, as described
in section 5.1. However, as the voltage is periodically restored
to Vi, only one of the branched channels will continue to grow
to undergo a new branching process, while the others will be
terminated at this stage (as shown in the SEM image and sche-
matic drawing in Fig. 24b).

The typical voltage signal profile of pulsed anodization in
the MA regimen is illustrated in Fig. 24b, where two well-
defined segments of different trends can be identified, namely
sinusoidal increase in the applied potential to Vi; and a linear
decreasing segment down to V;, where both segments are
periodically repeated during N cycles. The stacked branched
porous alumina is characterized by two main layers, where
layer 1 is the main stem pore corresponding to the periods
between t, to t., with a characteristic d; thickness and n,
refractive index. Also, layer 2 consists of branched smaller
pores formed during time ¢4, with a d, layer thickness and n,
refractive index. Then, according to the Bragg reflection law
(7), varying dy/n, or/and d,/n, of each respective layer, the
locations of the photonic bandgaps can be tunned across the
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UV-VIS-NIR spectrum®”* depending on the desired appli-
cations. Generally, a red shift (towards higher wavelengths) as
t. is increased has been reported,****>® while pore widening
produces a blue shift.>*%3>¢:357

The fabrication of stacked photonic heterostructures, PC1,
and PC2, that generate two different (first-order) photonic
band gaps has also been reported.>*>**® In particular, over-
lapped, staggered, and split photonic bandgaps were generated
by tuning the location of the first order photonic band of PC2
along the UV-VIS spectrum with an increase in the anodization
voltage.*”

Overlapping of several band gaps can be directly applied to
produce a huge prohibited photonic bandgap as a way to
reduce reflection losses in dielectric materials. Moreover, the
separation between splitting bandgaps can be tuned for filter-
ing applications, with control over permitted passbands and
multichannel transmissions.

Photonic crystal heterostructures based on 3D porous
alumina networks, where the periodicity of the high and low
porosity layer (layers of low and high refractive index, respect-
ively) is systematically altered as the thickness of such layers is
gradually reduced, have been proven to enhance the optical
sensibility four-fold (translated into a change of color) due to
induced resonant interference."®

Additionally, the high control that the abovementioned
Bragg reflector-AAO structures have demonstrated to provide
fine adjustment of the location of the optical bandgaps can be
used to make them sensitive to specific changes in the
effective media inside the nanopores. A redshift in the photo-
nic stopband of porous alumina photonic crystals has been
experimentally observed based on the distributed Bragg reflec-
tor structures described above and a decrease in the intensity
in the transmission spectra with exposure time and increasing
concentration of different substances from liquids (of increas-
ing refractive indexes water, ethyl alcohol, ethylene glycol, and
glycerol, for instance)**® to gases (ethanol, methanol, acetone
and toluene.’****! Based on this sensitivity towards changes
in the effective medium, more sophisticated BR-AAO sensors
have been developed for the detection of specific molecules,
such as vitamin C*** or particles, such as mercury ions,
Hg*'."7

7.2.3 Optical microcavities. Optical microcavities are a step
forward in the fabrication of a cavity section between two
Bragg stacked reflectors for the confinement of light. The
length of the cavities is adjusted by varying the duration time,
t, (in Fig. 24b) at which high voltage (Vy) is sustained over
time. Consequently, a central microcavity can be introduced
between the Bragg reflectors in the alumina structure by apply-
ing a central high voltage pulse of a certain duration.

Accordingly, Wang et al.>*® developed two different types of
optical microcavities, type I and type II, as shown in Fig. 25. If
both N cycles of pulsed anodization to form the AAO Bragg
reflectors are applied in-phase, or if a phase shift is introduced
between them without the need for a central microcavity, then
constructive or destructive interference is promoted at certain
wavelengths, respectively. In type I, the resonance peaks are
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Fig. 25 Illustration of the fabrication process of AAO microcavities by
pulse anodization. Type | microcavities are prepared by inserting a cavity
layer between the AAO-DBR structures (left side in blue). Type Il micro-
cavities are fabricated by shifting the phase of anodization to achieve
the phase modulation of an effective refractive index in the bottom
Bragg reflector structure (right side in red). Reprinted with permission
from ref. 363. Copyright © 2015, the American Chemical Society.

introduced in the photonic bandgap of in-phase (constructive
interference) distributed Bragg reflectors at each side of a
central cavity layer with a constant refractive index according
to the Bragg condition for constructive interference, nydy = 4/4
= nydy, where ny, dy and ny, d;, are the refractive indexes and
thicknesses of the grown layers under high and low voltage,
respectively. By optimizing the length of the resonant cavity,
resonant peaks appeared at positions corresponding to the
different order resonant peaks associated with the Bragg reflec-
tor structure. To produce type II, a phase shift from 1/2x to 7/
4w was introduced between the two Bragg reflectors to achieve
destructive interference, which translates into a shift in the
refractive index of the bottom distributed Bragg reflector (DBR)
structure. However, resonant first-order peaks only appeared
for a 7/4n phase shift or higher. At lower phase shifts, signifi-
cant structural changes were not observed at the interface, in
other words, no modulation of the pore geometry occurred.
The authors hypothesized that these low phase shifts are
associated with an early stage in time as the voltage is reduced
from Vi to Vi, at which a steady current state has not yet been
reached. Thus, modulation of the pore shape does not occur,
and therefore there are no changes in the refractive index. This
is one of the major drawbacks of this method, as previously
mentioned in section 5.1, because as the voltage is reduced
during the formation of branched pores, relatively long recov-
ery times are needed until the new steady state is reached, and
thus the formation of pores is also delayed. Changes in the
pore structure can be observed once the steady state is
achieved, that is, after thinning of the barrier layer down to
the corresponding value of the low anodization potential, V;.
Both types of microcavities offer great versatility in the way
that resonant peaks and stop bands are tuned across the UV-
visible and near-infrared spectra. Moreover, the specifically
added resonant peaks are narrower and the energy trans-
mission of these peaks is enhanced compared to the actual
photonic stop bands of the distributed Bragg reflectors, and
thus the performance (higher sensitivity and quality factor, Q
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ref) of these photonic structures is improved.'®?%33%*
Combining the improved photonic response of the aforemen-
tioned type II microcavities, together with the intrinsic depen-
dence of Bragg reflectors to the effective medium, the authors
developed a humidity sensor.*®

7.2.4 Gradient index-filter and apodized gradient index-
filter. In the fabrication of gradient index optical filters (GIF)
or apodized gradient-index filters, pulses with a sinusoidal
profile and sinusoidal pulses with a varying profile define the
geometry of the pores of these structures, respectively. The
difference between both methods is the introduction of a
mathematical function, where in the latter case, to produce a
change in the original sinusoidal profile, which aims to
enhance the photonic crystal quality of the structure.
Consequently, narrower and more intense photonic stop
bands are achieved.*®®> However, in both cases, the time of the
applied pulse, T, allows tunning of the location of the per-
mitted and forbidden bands across the UV-VIS to NIR
spectra.'®*%73%7 Fig. 26a shows the typical applied current
profile during this type of pulsed anodization to produce AAO
optical bandpass filters and the correlation between the anodi-
zation parameters and the pore geometry. Fig. 26b shows the
transmission spectrum of an AAO optical filter with a single
stopband fixed at 331 nm, which is associated with a pulse

single AAO band photonic filter, T, = 500
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Fig. 26 (a) Typical applied current profile during the fabrication of
porous alumina optical filters and graphical description of the anodiza-
tion parameters (T, = anodization period, A; = anodization amplitude,
JImin = Minimum current density, Jmax = maximum current density, tyin =
time at Jmin, and tnax = time at Jina,) to the left. Right, illustration estab-
lishing the correlation between the profile of the applied current curve
and the final pore geometry of the AAO membrane. Reprinted with per-
mission from ref. 364. Copyright © 2018 The Royal Society of Chemistry.
(b) Transmission spectrum of a single AAO band photonic filter with
characteristic stop band at 331 nm associated with T, = 500 s. (c)
Transmission spectra of multiple AAO band photonic structure filters
with designed stopbands at an anodizing time of 500 s, 700 s, 900 s,
and 1100 s. (d) Transmission spectra of an AAO band photonic filter with
huge bandwidth by increasing the anodization period in increments of
25 s, from 700s to 925 s. Reprinted with permission from ref. 366.
Copyright © 2016 The Royal Society of Chemistry.
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period of 500 s. In the latter case, the time between pulses is
systematically changed in a way that several stopped and per-
mitted bands are fitted in the spectra (Fig. 26¢), or if time
changes are introduced in small time increments, the bands
remain centered while their amplitude increases (Fig. 26d).>%°

These gradient-index filters have proved to be useful for
sensing applications.'®*%%%° Several studies show that engin-
eering of the porous alumina structure can improve its sensi-
bility to certain molecules (i.e., detection of different concen-
tration levels of p-glucose, where the sensibility of the GIF
structure towards changes in the refractive index was
enhanced, the detention limit of 4.93 nm M~ was reduced to
0.01 M).**® Moreover, the functionalization of the alumina
surface further improves the sensing capability of the alumina
gradient filters. For example, thiol-modified surface AAO-GIFs
were developed with increased sensibility to Hg>".**® Using
more complex functionalizing agents such as amino acids or
proteins, more complex detection systems for vitamins and
drugs®”*"" were designed.

Another interesting application making use of more
complex AAO-GIFs systems with tuned located narrow peaks
through multiple-sinusoidal anodization (MSPA, consisting of
the combination of multiple sinusoidal waves) was proposed
by Santos et al. for optical encoding of information within the
porous alumina structure based on a color barcode system.>®”
They fabricated an 8-bit encoding system with ON(1) and OFF
(0) states by enabling or suppressing certain transmission
peaks through modulation of the depth of the pore channels.
Additionally, each of the different possible combinations of
ON/OFF states was associated with a specific interferometric
colour. The developed color barcode encoding system is shown
in Fig. 27.

A different application of alumina porous membranes with
gradient refractive index structures is the development of anti-
reflective films. In this case, the refractive index of the photo-
nic crystal structure is gradually reduced in a layered structure,
which can be divided into different regions according to the
refractive index of each layer (region) by changing the pore dia-
meter and length. Then, the refractive index can range from a
value close to that of the aluminium substrate (Region III,
located at the bottom of the membrane) to a value matching
the refractive index of air (Region I, top side close to the air
surface). The resulting graded refractive index layered structure
showed a broad transmission band up to an angle of 85° inci-
dence light, and hence the reflectance of the porous alumina
membrane was greatly suppressed, having omnidirectional
properties. This is important to suppress the energy loss in the
form of reflected light since it happens at the interfaces
between different media having different refractive indices, for
instance in solar cells.?”

7.3 Biosensors and other biomedical applications

Self-ordered nanoporous alumina also provides a powerful
platform for biosensors and biomedical applications. This is
due to the increased surface area to volume ratio of these
porous membranes, which are characterized by a high density
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Fig. 27 Generation of an 8-bit encoding system in AAO-GIF photonic
crystal structures by MSPA. Left, multiple sinusoidal applied waveforms
(inset shows a magnified view of the anodizing profiles). Center trans-
mission spectrum (inset image interferometric color response of the
photonic crystal structure) and right photonic bar code. Corresponding
to (a) AAO-GIF photonic crystal structure with code 01000000 (number
of waves ON = 1, T, = 400 s) and (b) AAO-GIF photonic crystal structure
with code 01110000 (number of waves ON = 3, T, = 400, 525, and 600
s). (c) AAO-GIF photonic crystal structure with code 01100001 (number
of waves ON = 3, T, = 400, 525, and 900 s). Reprinted with permission
from ref. 367. Copyright © 2016 The Royal Society of Chemistry.

of uniform pores with diameters in the nanometer scale with
control over the pore sizes (length and diameter), in large
areas of a chemical stable composite, which can be easily tai-
lored and fabricated. To sense biomolecules, it is usually
necessary to place other molecules to act as active molecules
for bioconjugation with the target molecules, which can be
done in the large surface to volume ratio that the pore walls
offer. Based on this technology, a wide variety of biosensors
have been produced, including glucose, DNA, and protein
detection in porous alumina templates (some examples were
given in section 7.2). Other biosensing strategies are based on
coating the alumina templates with different metals, which
enhances the sensitivity and the performance of the sensors
(due to surface plasmon resonance at the metal-AAO film inter-
face, see section 7.1). Complete reviews of the biosensing
applications based on anodic alumina can be found in ref. 18
and 373, ranging from the detection of simple (glucose), and
more complex molecules (proteins, enzymes, DNA, etc.) or
even viruses, to the detection of living cells (tumor cells). Most
of the methods for sensing using these platforms are based on
interferometric measurements such as interferometric reflec-
tance spectroscopy. Accordingly, it is worth highlighting the
recent review by Tabrizi et al.,'® where a variety of applications
using nanoporous anodic alumina for biosensing and sensing
were presented. Among them, when alumina was modified
with trypsin for the detection of cytochrome, a sensibility of
up to 100 nM was achieved, which was used as cancer marker.
Also, in using plasmonic absorption spectra (see for instance
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ref. 20), gold nanoparticle nanocomposites fabricated in
anodic alumina were used to detect DNA.

The characteristics of porous alumina also make it a good
candidate as a drug delivery system, showing some advantages
such controlled drug release that can be sustained over long
periods, with no observed bursting effects (where high doses
of the load are released in the early stage), chemical stability of
alumina membranes and the bonus of the possibility of func-
tionalizing the surface to promote selective release (a review
on this application can be found in ref. 374). The dependence
on the total drug load and diffusion kinetics of the subsequent
drug release on pore geometry has been reported.*! Three
different structures were studied, including straight pores,
nano funnels consisting of different layers with decreasing
pore diameters (from top to bottom), and inverted nano-
funnels. The first two showed a linear relationship between
the amount of drug loaded with pore volume. The Ilatter
showed a higher degree of loading amount of drug per unit
volume and a slower release rate of the drug, which is associ-
ated with the bottle-neck geometry of the pores and smaller
pore diameter of the top layer, hindering the diffusion of the
drug out of the alumina, while favoring drug loading. Inverted
nano-funnels are adequate as long-term release drug systems.
However, if higher release rates are required, then straight
pore structures are more appropriate. Also, higher release rates
have been achieved by reducing the diameter, d, of the pores
at the top surface by adding a polymer layer (d < 5 nm). The
main challenge in this field is to extend the time release by
more 3 months,””” and even though there are some promising
works,?” this goal is yet to be realized.

Other strategies include the aforementioned chemical
tuning of the alumina surface (i.e., hydrophobic or hydrophilic
functional groups can alter the water affinity of the loaded
drug and its release rate).””>*”® The influence of the pH of the
medium has also been investigated by researchers.>®> More
novel intelligent drug release approaches are based on
induced changes in the alumina structures to external stimuli
(change in the pH, inducing electromagnetic fields, etc.) to
have better control over the way and when the drug is released,
and the exact amount that is required in each situation. For
example, if the AAO is coated with a polymer, polymerization,
and depolymerization of this top layer can be controlled by an
applied external field through electrochemical polymerization.
Consequently, the opening and closing of the pores can be
controlled through an external electric field.>* The addition of
iron particles to trigger the release of the load whenever a mag-
netic field is applied has also been reported.’’> Recently, a
process for the photoresponse-controlled transport of mole-
cules has been developed, where alumina was modified with
certain peptides that are sensitive to light exposure, under-
going reversible isomerism transformations. Consequently,
the transport of molecules could be switched on and off by an
optical stimulus.>® Finally, taking advantage of its high surface
to volume ratio and different morphologies that can be
achieved, there are also studies on the application of nanopor-
ous alumina for tissue engineering, providing large areas of
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Fig. 28 Visual summary of some of the most important applications in
which AAO platforms have been used, either as templates or as grown.

hydrophilic or hydrophobic surfaces, depending on the appli-
cation, for cell proliferation, tissue migration, etc.>””

7.4 Adsorption

Another important property of nanoporous alumina is that the
adsorption on its surface is very sensitive to its morphology
and structural features, such as pore diameter and roughness
of its top surface layer. Similarly, the adsorption of different
substances along the pore walls is affected by the shape and
structural properties of the vertical channels (modulation of
their diameter, length, roughness of the pores, etc., see ref.
378). These studies are quite relevant for their use as bio-
sensors, where the pores should be activated to detect certain
molecules. Also, this property can be exploited for applications
such as humidity sensors.>”® A further step in these studies is
the fabrication of superhydrophobic surfaces by fabricating a
highly rough structure with the combination of hard anodiza-
tion and mild anodization, protecting the material from cor-
rosion, bacteria growth, etc. in a cheap way that is easy to be
produced in big areas.**°

In summary, there is a wide variety of applications in which
AAOs have been implemented to date. Fig. 28 shows the most
important applications discussed in sections 6 and 7.

8 Conclusions

AAO membranes have proved to be a powerful and versatile
tool for the development of future technologies, with many
different applications in a wide variety of fields. One of their
main advantages is their low production cost, which makes
alumina-based devices cheaper and more easily scalable to
industry production than nanostructures fabricated by other
techniques, such as lithography. The latest fundamental
studies devoted to understanding their formation mechanisms
to achieve better control over the produced structures have
been reviewed in this work, together with the different regimes
at which ordered porous aluminium anodization can be pro-
duced (mild and hard anodization). Accordingly, a whole set of
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Table 2 Summary of the different morphologies that can be obtained for alumina membranes (straight pores, branched pores, and modulated or
interconnected pores) and possible modifications of the pore shape and geometry, the structures that can be grown by several deposition tech-
niques when acting as templates and the direct applications of these membranes according to their different morphologies

Morphology Example

1)¥branched  2) Mol branched 3) Hierrachicaly
NwsorNTs®®  NwsorNTs®®  branched Nws/NTs°°°

Uses as template Uses as grown

) Trianguiar
1)Square dotarrays** bes***

Pre-patterned guided porous Photonic devices

structure”

cyinders****

Ordered hanoporous
structure”

Structural coloration Fabry Pérot adsorption

Branched structure® Drug delivery biosensors

Modulated in diameter

Structural coloration: DBR, photonic crystals, optical microcavities,
nanopores?

graded index filters and biosensors

Nanoporous structure’ Structural coloration: Distributed Bragg, reflector, photonic crystals

and biosensors

“Reprinted with permission from ref. 192. Copyright © 2009, AIP Publishing and ref. 180. Copyright © 2011, the American Chemical Society.
**Reprinted with permission from ref. 229. Copyright © 2015, the American Chemical Society ***Reprinted with permission from ref. 335.
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Weinheim. ooReprinted with permission from ref. 220. Copyright © 2018, the American Chemical Society. oooReprinted with permission from ref.

340. Copyright® 2018 by MDPI. ¢

structural possibilities was presented, and many different
porous structures can be achieved in a controlled way.

Also, these membranes constitute reliable platforms for the
nanostructuration of all types of different materials with a
high degree of control over the shape to synthesize a certain
material, ranging from solid nanowires, hollowed nanotubular
wires, and non-continuous films of antidots arrays, to modu-
lated (in diameter) nanowires and 3D interconnected nanowire
networks (see Table 2). In these cases, the diameter of the
different structures can be tuned as desired as well as the
interpore distance between neighboring wires, D;,, the nano-
tube length, and, in the case of 3D structures, the periodic dis-
tance at which modulation of the diameter or actual intercon-
nections along the longitudinal nanowires are generated. This
opens new possibilities and ways to tailor the magnetic, electri-
cal, and optical properties at the nanoscale for the design of
next-generation devices and their implementation and
improvement of existing technologies.

Finally, the most recent and relevant examples of the state-
of-the-art developments and applications based on AAO mem-
branes have been shown, from their use for structural color-
ation to distributed Bragg reflectors, drug delivery, and
sensing applications (see Table 2). The engineering of these
nanostructures enables the development of novel approaches
to different problems encountered in a great variety of fields.
Some of these future applications appear nowadays as chal-

This journal is © The Royal Society of Chemistry 2021
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lenges that are being tackled, such as the fabrication of nano-
wires or 3D nanostructured metamaterials with tailored pro-
perties, or the design of novel AAO nanostructures, with direct
applications in fields such as biotechnology, optical detection,
energy storage, conversion and generation, and filtering. For
instance, 3D-AAO templates provide a way of obtaining an
assembly of mechanically robust nanowires, making it poss-
ible to obtain scaffolds of interconnected nanowires. Also, the
3D-AAO structure itself provides a much higher surface to
volume ratio than other structures, which can be beneficial for
techniques that use activated surfaces, such as bio-sensing
(virus detection, DNA, etc.). Most importantly, these AAO plat-
forms will also be the answer to problems not envisaged yet in
fields where they have not been traditionally used, where their
outstanding properties such as thermal, chemical, and
mechanical stability, control over morphology, and large area
coverage can be determinant to find novel solutions.

The number of original works based on AAO membranes
discussed in this review, either using their nanostructuring
possibilities to nanostructure different materials in a scalable
way or to directly exploit their properties, justify the impor-
tance that the understanding of their growth mechanisms has
to be further developed to gain finer control over their struc-
tures. Thus, AAO membranes are a powerful and promising
platform to explore novel metamaterials through nanostruc-
turation and creative applications in a wide range of fields.
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