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ABSTRACT

The progress of membrane technology with the development of membranes with controlled parameters led to
porous membranes. These membranes can be formed using different methods and have numerous applications in
science and technology. Anodization of aluminum in this aspect is an electro-synthetic process that changes the
surface of the metal through oxidation to deliver an anodic oxide layer. This process results in a self-coordinated,
exceptional cluster of round and hollow formed pores with controllable pore widths, periodicity, and thickness.
Categorization in barrier type and porous type films, and different methods for the preparation of membranes,
have been discussed. After the initial introduction, the paper proceeds with a brief overview of anodizing
process. That engages anodic aluminum oxide (AAO) layers to be used as formats in various nanotechnology
applications without the necessity for expensive lithographical systems. This review article surveys the current
status of the investigation on AAO membranes. A comprehensive analysis is performed on AAO membranes in
applications; filtration, sensors, drug delivery, template-assisted growth of various nanostructures. Their multiple
usages in nanotechnology have also been discussed to gather nanomaterials and devices or unite them into specific
applications, such as nano-electronic gadgets, channel layers, and clinical platforms tissue designing. From this
review, the fact that the specified enhancement of properties of AAO can be done by varying geometric parameters
of AAO has been highlighted. No review paper focused on a detailed discussion of multiple applications of AAO
with prospects and challenges. Also, it is a challenge for the research community to compare results reported in
the literature. This paper provides tables for easy comparison of reported applications with membrane parameters.
This review paper represents the formation, properties, applications with objective consideration of the prospects
and challenges of AAO applications. The prospects may appeal to researchers to promote the development of
unique membranes with functionalization and controlled geometric parameters and check the feasibility of the
AAO membranes in nanotechnology and devices.
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List of abbreviations

AAO Anodized Aluminum oxide
EPR Electron paramagnetic reverberation
PB Pilling Bedworth
SSAW Standing surface acoustic waves
PDMS Polydimethylsiloxane
AT-AAO Al textured AAO
GZO Ga-doped ZnO
WG Wrinkled graphene
SERS Surface enhanced Raman scattering
SMSA Simultaneous multi-surfaces anodization
FPI Fabry-Perot interferometer
GNW Gold nanowire
TENG Triboelectric nanogenerator
P3HT Poly 3-hexylthiophene
ECR-CVD Electron cyclotron resonance chemical vapor deposition
PPy/DBS Polypyrrole doped with the dodecylbenzenesulfonate
FITC-BSA Fluorescein isothiocyanate labelled Bovine serum albumin
PGMA Propylene glycol monoacetate
DOX Doxorubicin
PBS Phosphate buffered solution
PDMS Polydimethylsiloxane
VACNTs Vertically aligned carbon nanotube
IAAA Indole-3-acetic acid
LCD Liquid crystal display
PAN/GO Polyacrylonitrile/graphene oxide
ZIF-8 Zeolite imidazolate framework 8

1 Introduction

Since the beginning of the 1940s, membrane technology has advanced as a subdiscipline of physical
chemistry and engineering. The development of this technology reached a milestone in the late 40s
with the development of microporous membranes. Other landmarks that marched the development
of this technology include permionic membranes, asymmetric membranes for reverse osmosis and
ultrafiltration, and gas-permeation membranes. Overall, the dyad of research direction and activities
for the development of membrane technology can be categorized into two critical stages. The first stage
was till the 1980s. Scientists made contributions to the early development of membrane formation
using suitable materials. After the 1980s, the second stage is based on membrane formation methods
with controlled conditions for improved membrane characteristics [1–5]. Several classification schemes
have been reported for membranes due to various material, geometry, and fabrication techniques [6].

Membranes depending upon the features like nature, geometry, and transport mechanism, have
numerous medical, and industrial applications like drug delivery [7,8], tissue engineering, dialysis, cold
sterilization for pharmaceuticals, water purification, and industrial gas separation [9,10]. Membrane
processes have also been proved more valuable than traditional technologies. The reason for the wide
range of applications is that the pressure-driven membrane processes provide size-based separation
for a wide range from micro to nano [11].
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The development process of the nanostructured membrane comprises several challenges and
requires the mutual efforts of material scientists and analytical chemists. As for the growth of mem-
brane design and technology, understanding nanostructures, functionalization of nanomaterials, and
chemical incorporation play a vital role [10]. Regarding the material of the membrane, the researchers
performed an extensive investigation on organic membranes in the beginning. But after some time,
inorganic membranes gathered their attention. As inorganic membranes show high resistance to
temperature and pressure, have a longer life span, and are insensitive to bacterial attack [12,13].

Aluminum was preferred over other materials in many applications due to its outstanding
properties. However, most of the applications require well-defined surface properties that fluctuate
by different surface treatments. This paper aims to review the aluminum oxide membrane [14–17], its
properties, formation process with controllable geometric features, and detailed applications. Various
applications of AAO membranes are discussed in detail with the help of available literature, and with
each application, promising prospects are given. Finally, the paper concludes with future directions
for the development and applications of AAO membranes in various fields. This study may open new
paths for investigations in AAO applications.

2 Overview of AAO Membranes

In the beginning, when anodized aluminum was used in industrial applications, the main focus
of the surface finishing industry was to develop a cost-effective anodization process with improved
properties of the resulting products. So, the typical approach to getting porous AAO membrane used
then did not result in an ordered structure free of cracks. Therefore, that process could not be used for
applications in nanotechnology. Hence, attempts were made to develop an Anodization process so that
the geometric factors can be engineered. This section provides an overview of anodization processes,
characterization and properties of AAO membrane.

2.1 Anodization Process
Aluminum cannot exist in a natural environment in its basic form, and a 1–3 nm thick oxide layer

is formed that protects the metal from further reaction with oxygen. Buff [18] in 1857 introduced an
electrolytic oxidization process that forms a relatively thick layer than the natural. That enables the
use of metal at the industrial level to apply to biomedical degradable devices and sensors [19,20]. In
the 1920s, this observed phenomenon of oxidization was exploited for industrial applications [21]. In
the 1960s, exposure tests were carried out on AAO in severe atmospheric conditions. The process is
called anodization, as the electrolytic bath has aluminum as an anode. In the electrolysis process, the
Al is soaked into an acid electrolyte bath. Electric current is passed through the bath in the presence
of a cathode, as shown in Fig. 1. The whole reaction can be expressed using the following equation
(Eq. (1)):

2Al + 3H2SO4 → Al2(SO4)3 + 3H2 (1)

Anodization of metals and semiconductors like Al, Ta, Nb, Mg, W, Hf, Zr, Si, Hf, and InP
has been reported to form nanoporous structures. The oxidization process produces two types of
films depending upon electrolyte and anodizing conditions. These films are known as porous type
and barrier type. In the barrier type, the AAO membrane oxide layer is formed at the top of the Al
substrate. The thickness of these films increases with the current density applied; however, anodizing
time does not affect the thickness between the outer and inner layers. Minimum loss of ions occurs in
the electrolyte from the film while forming barrier-type films. Addition of oxygen and loss of electrons
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or hydrogen ions. The formation of porous type AAO is a complex process. Porous thick films are
formed when the anodic film is chemically reactive to the electrolyte like phosphoric, sulphuric, or
oxalic acid. These films have a barrier layer in contact with the metal and a thick porous layer above
it. The thickness of the porous layer is directly proportional to the amount of anodizing time [18,20,22].
The schematic for barrier and porous type AAO is shown in Fig. 2 and the properties of barrier and
porous oxide films are given in Table 1 [23–27].

Figure 1: Schematic of the anodization process

Figure 2: Schematic representation of barrier type and porous type AAO

Table 1: Properties of barrier and porous oxide films [13,28–32]

Filmtype Common
electrolytes

Morphology Pores growth Membrane
structure

pH Applications

Barrier Phosphate,
Tartrate,
Ammonium Borate

Amorphous
Uniform in
thickness
Sharply
defined

Exponential Circular >7 Capacitors
Rectifiers

(Continued)
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Table 1 (continued)

Filmtype Common
electrolytes

Morphology Pores growth Membrane
structure

pH Applications

Porous Sulphuric acid,
Oxalic acid,
Phosphoric acid

Duplex Linear w.r.t
voltage

Hexagonal
cells with
cylindrical
nanopores

<5 Paints
Lacquers
Adhesives

Both types of layer structures have applications in industry. Barrier type helps make capacitors
because of its thin, resistant yet hard layer that behaves as an insulator. On the contrary, porous films
are thick and have a highly controllable density distribution, pore diameter, cylindrical shape, and
periodicity. Because of their high aspect ratio and porous structure, these templates are widely used in
nanotechnology [23–27].

Pore development behavior under various precise conditions has been studied to plan an interest-
ing permeable stage for explicit applications significantly. All the different types of anodization used
to get porous AAO structure are explained briefly.

(a) Hard anodization: The typical hard anodization process adopted by the industries in the early
1920 was carried out at a potential more incredible than the breakdown value resulting in cracks in the
resulting anodic structure with poor mechanical stability. Various attempts were made to overcome the
problem associated with the process. The modified hard anodization process is carried out at a high
voltage, but the voltage value is below the dissolution of the metal. The primary benefit of this type
of anodization is that we can get a high-quality nanoporous oxide structure with a fast growth rate
[33,34]. A perfectly ordered AAO membrane with a high aspect ratio with an increased oxide growth
rate by 70 mm/h was obtained by a hard anodization process [35].

(b) Mild anodization: Mild anodization is carried out at relatively low voltage, and thus the
oxide growth is slow. In 1996, Masuda et al. developed a two-step anodization process in which the
anodization is carried out in two steps. Two-step anodization combines mild and hard anodization
steps with varied voltage or time in each step. In between these steps, etching is done to remove the
distorted portion. The conditions during both steps for anodization are the same except for each step’s
time interval. The development of this method led to several other studies by researchers for a better
understanding of parameters and their dependence on the anodization conditions [36,37].

(c) Pulse anodization: In the pulsed anodization process, low and high potentials are applied in
pulses for both hard and mild anodization conditions. Many researchers were combining both hard
and mild anodization processes to achieve desired membrane properties. In 1987, Tu et al. [38] reported
pulsed AC and DC anodization; however, the results showed that the structure had satisfactory
corrosion resistance with cracks and high surface roughness. Lee et al. [39] also used pulses of hard
anodization voltage and mild anodization voltage in the presence of sulphuric acid as an electrolyte at
room temperature to achieve AAO membrane.

(d) Cyclic anodization: Potentiostatic or galvanostatic periodic oscillatory signal is applied in this
type of anodization process. A slow change of voltage/current between the mild and hard anodization
modes is applied using the periodic signal, resulting in the porous structure. Losic et al. [40,41] applied
this type of anodization process for the formation of AAO membrane. Although the concept of cyclic



1012 CMES, 2023, vol.135, no.2

anodization is not new, it has also been used previously for the anodization of sputter-deposited alloys.
The parameters chosen for the cyclic anodization result in the variation of the morphology of the
anodized membrane. The variation of potential during pulse and cyclic anodization is shown in Fig. 3.

Figure 3: Variation of anodization potential with time in pulse and cycle anodization

When voltage is applied, the pore initiation occurs and with increase of voltage more pores initiate
on the substrate and the pore diameter increases resulting in pear drop shape at high voltage. Metal
dissolution varies for different voltage types pore growth during different types of anodization process
in given in Fig. 4. In hard anodization high voltage is applied so the pores are comparatively thin from
the top where as in mild anodization the upper portion of pores is quite wide. In cyclic and pulse
anodization MA and HA process are applied alternatively so the pore length varies accordingly.

Figure 4: Pore growth (a) Hard anodization, (b) Mild anodization, (c) Pulse/cyclic anodization
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2.2 Characterization of AAO
The anodization process results in a nanostructure that consists of a periodically arranged

hexagonal pore channel. Nucleation of pores occurs on the substrate and grows in the vertical direction
maintaining their direction coherent. The geometric feature of the prepared structure strongly depends
on the experimental conditions. Distinct quantities for the characterization of the AAO membrane are
pore diameter, pore density, porosity, pore length, and interpore distance. Fig. 5 shows the horizontal
view of the AAO membrane with hexagonal cells with pores in their centers, and each hexagonal cell is
separated by a cell boundary. Fig. 6 represents the 3D dimensional view of the AAO membrane with
well-defined oxidized hexagonal cells on an Aluminum substrate.

Figure 5: Horizontal view of ideal AAO membrane

Figure 6: 3-dimensional view of AAO

The parameters of the membrane depend on the anodization conditions. The most critical
parameters for the characterization of the anodized membrane, i.e., pore diameter, interpore density,
porosity, and pore density. Fig. 7 represents the bargraph for obtained pores size for different
anodization conditions reported in literature. Table 2 shows the AAO membrane fabricated using
different anodization types and the resulting parameters of the membrane [15,33,36–38,41–53].
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Figure 7: Effect of two step anodization parameters on pore size of the membrane [37,38,42,43,46–
48,50,53–56]

Table 2: Effect of anodization type and three mostly used acidic electrolytes on characterization
parameters

Electrolyte
used

Anodization
type

Temperature
(°C)

Voltage (V) Pore size
(nm)

Interpore
distance (nm)

Substrate
thickness
(μm)

Refs.

Oxalic acid Hard
anodization

1 100–150 49–59 200–300 110 [33]

Hard
anodization

– 130 40 >400 500 [36]

Hard
anodization

0–5 140–180
and
140–200

∼100 – Disk of
diameter
20000

[42]

Two-step
anodization

17 40 50 100 – [37]

Two-step
anodization

5–7 40 and
20–50

∼70 – 500 [43]

Cyclic
Anodization

<0.5 20–50 Branched
pores

– 5 [44]

(Continued)
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Table 2 (continued)

Electrolyte
used

Anodization
type

Temperature
(°C)

Voltage (V) Pore size
(nm)

Interpore
distance (nm)

Substrate
thickness
(μm)

Refs.

Pulse and
pulse reverse
anodization

18–25 −7 to 30 30–60 – 250 [45]

Two-step
anodization

17 40 52 100 400 [38]

Two-step
anodization

3 40 24 105 – [15]

Sulphuric
acid

Two-step
anodization

1 15–25 18–26 49–65 250 [46]

Pulse
anodization

1 25–35 16–35 – – [47]

Hard
anodization

1 27–80 15–30 70–145 – [48]

Two-step
anodization

−8 15–25 14–11.5 35–37 250
1 5.7–4.9 3.7–2.7 [53]
10 13–15.3 35.7–34.6

Two-step
anodization

0.85 25 33 63 400 [38]

Phosphoric
acid

Cyclic
anodization

−1 20–300 300–1200 – 5 [41]

Two-step
anodization

0 100–160 85–140 – – [49]

Step
Anodization

25 160–20 160–30 580–87 – [50]

Two-step
anodization

12 195 254 490 400 [38]

Two-step
anodization

−5 and 0 100–160 >100 250–490 – [51]

Two-step
anodization

0 160–195 140–190 405 – [52]

2.3 Properties of AAO Membranes
These membranes are highly flexible nanomaterials that consolidate the artificially steady and

precisely vigorous properties of ceramics with a homogeneous nanoscale association that can be
tuned in terms of pore distance and lengths. The AAO membranes have a high surface area that can
accommodate atoms of diverse sizes. AAO membranes exhibit extraordinary properties with tunability
which make them suitable for countless applications. The properties responsible for great attention
received by AAO membranes to get the maximum benefit from AAO membranes are discussed below.
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(a) Electrostatic properties: Electrostatic properties of the inward pore surface just as the neigh-
borhood causticity inside the nanochannels can be tuned. Due to the amorphous nature of the
alumina layer, the nanochannel surface of AAO membranes prepared by anodization shows a positive
charge. The anodization conditions greatly influence the surface electrostatic properties of the AAO
membrane, and the acidity of the aqueous medium inside the pore channels depends on the pore
diameter. Tunability of surface charge and associated electrostatic potentials make the membrane
beneficial for specific applications that rely on acid-base equilibrium [57].

(b) Wettability: The wettability of any droplet deposited on a solid surface depends on the energy
difference of both liquid and the surface. In the case of the AAO membrane, energy difference
governs whether the liquid will enter the nanopores or not. The diameter of the nanopore if increases,
then ultimately, the contact angle of the water with the surface increases [58]. Electrochemical
anodization of the aluminum substrate can result in superhydrophobic AAO membranes if modified
with fluorinated silane solution. The hydrophobic membrane shows long-term stability and can be
used in anti-corrosion membrane applications. The contact angle of ∼165 and sliding angle <2 have
been reported for membranes modified by fluorinated saline [59]. Also, hydrophilic AAO nanoporous
membranes can be prepared using the anodization method. By varying the anodization and the post-
processing conditions, AAO membranes with different wettability and contact angles for water can be
prepared depending on the application for which it is to be used [60,61].

(c) Mechanical properties: The nanoindentation method is used to investigate the mechanical
properties like surface hardness, scratch hardness, and surface roughness of the AAO membrane.
The hardness of the membrane depends on the pore diameter; as the pore diameter increases, the
hardness decreases. Heat treatment after membrane formation influences the mechanical properties of
the membrane, hardness increases as a result of heat treatment. Also, the wettability of the membrane
depends on the surface roughness, and smooth surfaces produce low surface energy [62,63]. Relatively
thin AAO membranes with increased mechanical strength have also been reported by using Si support.
Which results in better performance of membranes in biomedical applications [64].

(d) Biocompatibility: AAO nanopores display excellent biocompatibility towards cells of the
four basic tissue types (neuronal, epithelial, muscle, and connective tissue) as well as with platelets
and different microorganisms. AAO interfacial examinations, a tremendous scope of biomedical
applications have arisen. Nonporous AAO membranes have just been joined into coculture substrates
for tissue designing, alumina biosensors, what’s more, bone embed coatings or nanoporous bio
capsules for drug conveyance. Some portion of these applications has likewise been concentrated in
vivo in brief timeframe tests yielding promising results concerning biocompatibility, drug discharge
properties, what’s more, mechanical security of the nanoporous AAO films [65]. Biocompatibility of
AAO films with a mean pore measurement of 100 nm was studied. A natural assessment of the layers
was finalized to decide cell grip and morphology utilizing the Cercopithecus aethiops kidney epithelial
cell line. Examination’s positive results show that AAO films can be utilized as a feasible tissue platform
for potential tissue designing applications later on [66].

3 AAO Membrane Applications

AAO is an electro-synthetic process that changes the surface of the metal through oxidation
to deliver an anodic oxide layer. During this process, a self-coordinated, exceptionally demanded
cluster of round and hollow formed pores can be made with controllable pore widths, periodicity,
and thickness. These properties engage AAO layers to be used as formats in various nanotechnology
applications without the necessity for expensive lithographical systems. The current status of the
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investigation on AAO for various nanotechnology application make them beneficial in the assembly
of nanomaterials and devices or unite them into unequivocal applications [25,67]. In this paper most
prominent applications of AAO membranes in biomedicine; sensing, separation, drug delivery and
nanostructures formation have been discussed. Properties of AAO membranes with various reported
applications in different fields of interest are given.

3.1 AAO Membrane for Template-Assisted Growth of Nanostructures
3.1.1 Applications of AAO Membrane for Template-Assisted Growth of Nanostructures

Template-assisted growth represents a straightforward method in which the template acts as a
structural framework. The nanostructures of the desired material can be formed within the template
from precursors in situ, with shape and size defined by the pore size of the template. Generally,
templates are of two types; soft templates and hard templates. Naturally occurring micelles are referred
to as soft templates, whereas templates related to materials like AAO membranes are considered
hard templates [68]. Due to size, the influence of diminishment nanostructures has a higher active
part and increased surface to volume ratio, in addition, low-cost synthesis, monodispersed, and
controllable diameter of AAO nanoporous membranes makes them suitable for the template-assisted
growth of different nanostructures. Nanostructures ranging from nanotubes, nanowires, nanorods,
nano dots arrays, interconnected 3D nano networks with highly controllable size and shape of a certain
material can be grown using such membranes [69,70] Successive deposition of specified material into
the nanosized pores of the AAO membrane results in nanostructures embedded in the membrane.
However, free nanostructures can also be obtained by removing the membrane acting as a template
[71,72].

AAO template-based fabrication of nanowires arrays of pure metals like Pb [73], Sb [74], Ni
[75,76], Zn [76], Ag [76] has been reported using electrodeposition. Thongmee et al. [77] also used
electrodeposition to fabricate metallic nanowires of Ni, Co, Cu, and Fe. Yang et al. [78] reported
low ion concentration and heating rate are beneficial for the AAO template-based fabrication of Ag
nanowires using calcination. For the first time, Wu et al. [79] used AC-DC electrodeposition for the
deposition of Au nanowires into an AAO template. Besides, the galvanic displacement method has
been employed by Ganapathi et al. [80] to synthesize Cu nanowires into AAO. Electrodeposition
method has also been employed for the fabrication of Ag dendrites to be used as 3D Surface Enhanced
Raman Spectroscopy (SERS) active substrates for the detection of trace organic pollutants [81]. Fig. 8
depicts step-wise fabrication of Au nanoparticles on AAO template. Due to the uniform geometry of
the AAO membrane, precisely controlled particle size can be obtained that is required for fine-tuning of
plasmonic absorption peak. The Au nanoparticles transferred to epoxy support are completely stable
in a fluidic environment. The presented mushrooms arrangement of AuNps on epoxy pillars with
reproducible sensitivity successfully demonstrated label-free DNA detection. Other nanostructures of
different materials reported in literature formed using AAO template along with their applications are
given in Table 3 [77–80,82–98].
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Figure 8: AAO based fabrication of AuNps on epoxy substrate for label-Free Plasmonic DNA
Biosensors. Step wise schematic illustration of fabrication process (top), SEM figures of membrane at
different steps (center), TEM STEM and EDS of AuNps within Al template (bottom left), photograph
of sample after 7 steps (bottom right). Reproduced from [98]. Copyright 2020 American Chemical
Society

Table 3: AAO membranes for template assisted growth of various nanostructures

Pore size
of AAO
(nm)

Method Nanostructure
formed

Diameter of
nanostructure
(nm)

Application Refs.

100 Calcination Ag nanowires 35.1 Potential application as
a catalyst

[78]

50 Electrodeposition Cu nanowires 50 Single crystalline
nanowire formation
with good magnetic
properties

[77]

30 AC-DC
electrodeposition

Au nanowires 30 – [79]

67
110

RF magnetron
Sputtering

Au
nanoparticles

55
92

Label free plasmonic
DNA biosensos

[98]

(Continued)



CMES, 2023, vol.135, no.2 1019

Table 3 (continued)

Pore size
of AAO
(nm)

Method Nanostructure
formed

Diameter of
nanostructure
(nm)

Application Refs.

80 Electropolymerization Poly(3-
hexylthiophene)
(P3HT)
nanorods and
nanotubes

100 Effect of monomer
concentration on
nanostructure and
corresponding band gap

[82]

50 Pulsed laser deposition CoFe2O4

nanodots
45 Potential in oxide

nanomagnets and
spintronics

[83]

60 Microwave plasma
electron cyclotron
resonance chemical
vapor deposition
(ECR-CVD)

Carbon
nanotubes

75 potential applications
for cold-cathode flat
panel displays

[84]

75 E-beam evaporation ZnO nanodots
on Si(100)

9.7 – [85]

78 Galvanic Displacement
process

Cu nanowires 73 Electrochemical
denitrification

[80]

80 Infiltration and
sulfurization

CuInS2

nanorods
80 Potential for fabrication

of Photocathodes
[86]

200 CVD Carbon
nanocoils

100–500 – [87]

80 Hydrothermal process
in aqueous solution

ZnO nanowires 80 Field Emission
Applications

[88]

300 Plasma assisted reactive
evaporation

Tree like
structures of
InN
nanoparticles

Thickness 500 – [89]

30 Electrochemical
deposition

ZnO nanorods 60 Fast Response
Photodetector

[90]

230–370
40–100

Sol gel routes γ -Na0.7 CoO2

nanotubules
200–340
35–97

Thermoelectric
applications

[91]

60–70 Electrodeposition Co nanowires 70 Catalyst for methane
combustion

[92]

90 Ultrasonic
hydrothermal method

Fe3O4

nanoparticles
30–40 Arsenic removal [93]

100 Electrodeposition Cu nanowires 100 Antibacterial activity [94]
60 Etching Aluminium

oxide
nanowires

67 Microelectronic devices [95]

(Continued)
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Table 3 (continued)

Pore size
of AAO
(nm)

Method Nanostructure
formed

Diameter of
nanostructure
(nm)

Application Refs.

240 Electrodeposition ZnO nanowires 300 Scintillator [96]
75 Autoclave enclosed

hydrothermal growth
Zr-BiFeO3

nanoflakes
25–100 Energy storage

application
[97]

51 Solid state dewetting Au
nanoparticles

51 Plasmonic DNA
bosensors

[98]

3.1.2 Prospects of AAO Membrane for Template-Assisted Growth of Nanostructures

AAO membranes have excellent prospects as a template for the growth of large-scale nanos-
tructure arrays for practical applications. The template-assisted growth of nanostructure is a widely
accepted theoretical concept, but studies are required for the subset of materials to develop various
structures. Optimization of template synthesis is crucial for the growth of multidimensional structures
on a large scale. The control over crystallinity, diameter, and functionalization of nanostructures
fabricated using AAO templates may open new paths for the expansion of their applications in various
fields.

3.2 AAO Membrane for Filtration
3.2.1 Applications of AAO Membrane for Filtration

Pressure driven membrane filtration process depends upon the pore diameter of the membrane
and is divided into four types. The factor for good selectivity is that the membrane must have
narrow pore distribution. The thickness of the membrane should be between 1 to 10 μm for high
flux. The size-based separation using membrane is used in many industrial and medical applications.
The membranes with a mean pore diameter of 1 μm are used in the filtration process called
microfiltration. Ultrafiltration is performed using a membrane with a mean pore diameter of 100 nm.
For nanofiltration, the membrane should have a pore diameter of 10 nm, and the membranes with
1 nm mean pores are used in the process called reverse osmosis.

Biofiltration can be categorized into two main mechanisms based on the size and chemical
affiliation of filtration membranes. Size limitation results in the blockage of molecules whose size is
greater than the membrane’s pores. Chemical affiliation is related to the filtration mechanism as in
the bonding of molecules with the filter membrane, and the selected molecules can be separated based
on lower or higher chemical affinity with the membranes. If these factors can be controlled, then the
filtration process can be optimized easily [99–102]. The simplest membrane filtration system comprises
a filtration membrane set up in the system, fluid to be filtered is poured onto the membrane, and the
filtrate is obtained.

The separation of desired molecules has applications in the biomedical field. Important factors for
filtration application of AAO membrane include flux rate, selectivity, high chemical, and mechanical
stability with uniform pore size. The porosity of the sheet and membrane thickness is used to determine
the flow rate and produce a mechanically stable AAO membrane for biomedical applications.
Theoretical studies have been done for testing the mechanical stability of AAO membranes for
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filtration application. The studies show that the membrane can bear pressure up to 0.79 MPa and
is suitable for microdialysis [103]. An adaptive ultrafiltration layer has been designed using an AAO
template in polyprotic to provide filtration properties and used for desoxyribonucleic acid analysis
[104]. Two-layered AAO has also been reported to speed up the hemodialysis and hemofiltration
process [105]. Two-layered AAO membrane structures have been used for effective dialysis and to
sieve exosomes, potential biomarkers for the early detection of cancerous cells [106]. Functionalized
AAO membranes for purification of contaminated water and enantioselective separation have also
been reported in the literature [107,108]. Figs. 9 and 10 represent the mechanism of filtration using
functionalized AAO membranes for filtration and separation respectively. Fig. 9 represents a three-
layered composite membrane for efficient water purification. AAO membrane with the middle layer
of AuNps and the top layer of TiO2 Nps shows the photocatalytic function and photothermal driven
evaporation. TiO2Nps exhibit photocatalytic function, and Au Nps enables plasmonic evaporation
using solar energy. The plasmonic Au film heats up due to solar irradiation resulting in a hot zone at
the interface of water and air. The heating up of the interface results in efficient water evaporation. The
bifunctional integration results in an expanded useful solar light range for generating pure water in
one step [107]. Two optically active homochiral polyfluorenes coated on AAO membranes are shown
in Fig. 10. The cylindrical channels of AAO membranes help confine the polymers, which increases the
available chiral surface, resulting in increased enantioselective separation of the amino acid mixture.
One enantiomer was absorbed within the chiral pores, and the other enantiomer was left in the filtrate.
This study revealed that the modulation of polymer-coated membrane and pore size can effectively
enhance the separation process [108]. Various other applications of AAO membranes for filtration
purposes have been reported in the literature and are also given in Table 4 [99,102,105,106,109–121].

Figure 9: Biofunctional membrane for purification of contaminated water. (a) Design of Bifunctional
TiO2-Au-AAO membrane with AAO at bottom Au in the middle and TiO2 at top, (b) Cross sectional
SEM image of two layered structure (Au Np/AAO), (c) Cross sectional SEM image of three layered
structure (TiO2/AuNp/AAO), (d) Schematic illustration of preparation method. Reproduced from
[107]. Copyright 2015 American Chemical Society
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Figure 10: Functionalized AAO membrane for enantioselective separation. (a) Illustration of enan-
tiomer separation process using Chiral Amino Acid Functionalized Polyfluorene Coated AAO
(PF-Lasp@AAO), (b) CD spectrum of remaining solution after separation process, (c) FE-SEM
micrographs of AAO membrane and polymerized AAO membrane. Reproduced from [105]. Copyright
2020 American Chemical Society

Table 4: Different types of AAO membranes for filtration

Membrane type Pore size of AAO
membrane (nm)

Application Refs.

AAO based 3D microchannels 50 Microchannels for molecular
separation

[109]

Two nano-porous AAO
membranes sandwiched in
between PDMS layers

30
80

Two AAO membranes sandwiched
between PDMS for Exosomes
Isolation

[106]

AAO membrane in micro
hydraulic mechanical system

50 Vibro-active nano filter for
filtration, separation, and
transportation of particles, using
standing surface acoustic waves
(SSAW)

[110]

Optical gas sensing package
covered with AAO membrane

40 Filtration interface to let air and
other gases pass and prevent
contaminations in forms of particles
for an
optical gas sensor

[111]

AAO tubular membrane 20 Potential application for
hemodialysis

[112]

AAO membrane and
polydimethylsiloxane (PDMS)
microwells with through holes

25 Microwell-assisted filtration of algal
solution

[113]

(Continued)
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Table 4 (continued)

Membrane type Pore size of AAO
membrane (nm)

Application Refs.

Nafion-coated AAO filter 20 Nafion-coated AAO filter for ion
separation in presence of electric
field

[114]

Microfluidic channels of AAO
with immobilized probe DNA
sequences

200 Filtration membrane to form probe
DNA
electrode for electrochemical
sensing

[115]

Polyrhodanine modified AAO 150 Heavy metal ions removal with
potential applications for removing
the hazardous heavy metal ions
from wastewater

[116]

Al textured AAO (AT-AAO)
membrane

31.25 Fluid flow and permeability of
acetone, methanol,
dimethylformamide, water,
cyclohexane, ethanol, isopropyl
alcohol, and n-butanol

[117]

Polyrhodanine modified AAO
with activated carbon deposition

55–70 Multi-filtration membranes with
potential applications in removing
heavy metal ions from water, soil,
food and drug

[118]

Two layered AAO membrane
structure

50
350

Wearable hemodialysis device [105]

AAO membrane integrated with
an on-chip microfluidic platform

38.2 Electrokinetic separation of
biomolecules and potential for
binary separation and detection of a
molecular reaction as a result of
specific recognition

[119]

Functionalized nanoparticles
embedded AAO

100 As working template for enhanced
filtration

[120]

Silica–surfactant nanocomposite
in the AAO membrane

3.5 Size-based molecule separation [102]

Functionalized chitosan AAO
membranes

200 Purification of
Hemoglobin from red cell lysate

[99]

Tubular AAO films 60 Liquid or gas filters, drug delivery,
and energy applications

[121]

3.2.2 Prospects of AAO Membrane for Filtration

The AAO membranes have promising prospects in gases and liquids filtration applications.
Chemical affinity is an essential factor, and functionalization of AAO membrane with various
nanostructures are important factors to be studied for enhanced and optimized filtration. Research
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on the bonding of multiple molecules with the membrane and the decoration of nanostructures within
pores can lead to efficient and highly selective filtration. The improved filtration performance may be
proved highly promising to be applied in future areas.

3.3 AAO Membrane in Sensors
3.3.1 Applications of AAO Membrane in Sensors

Due to its unique properties, extensive studies have been performed on AAO to develop low-cost
sensing devices. The characteristic responses of AAO membranes while interacting with light make
them suitable for optically active devices. Effectively immobilized sensing elements within the pores
can optimally interact with the analytes flowing through the pores due to the large surface-to-volume
ratio of the nanopores. Also, AAO with nanoporous structure has the potential in single-molecule
sensitivity. These properties make them suitable for the development of electrochemical and biosensors.
Nanopores of AAO membranes are suitable for molecular transport and attachment, resulting in one
device integrated with both separation and sensing functions. Additionally, AAO membranes have also
been effectively used as a substrate to fabricate various humidity and gas sensors [122]. Highlights of
sensing and biosensing applications of AAO membranes present in the literature are given.

Gorokh et al. [123] prepared two distinct aluminum oxide films using tartaric and malonic acid.
The anodic films were first prepared, then tungsten oxide was sputter deposited on the films to
form metal oxide test sensors. The results indicated that the sensitivity of the sensors using tartaric
acid increases with the increased porosity of the membrane. Both the test sensors were unresponsive
for carbon monoxide but showed an enhanced response for ammonia. Hang et al. [124] deposited
metal oxide gas sensing film of Ga-doped ZnO (GZO), and GZO annealed in H2 (GZO-H) via
electrophoretic deposition on AAO/Al structure. In the presence of an aqueous solution, the substrate
and deposited film were destroyed because of the H2. On the contrary, the deposition was successful
in the presence of ethanol as a dispersant. In gas sensing AAO layer act as an insulator, so its
thickness plays a vital role in enhancing its resistance. Formaldehyde was used as a probe to verify
the gas sensing property of the as-prepared structure. It was concluded that AAO/Al structure could
be used to fabricate metal oxide gas sensors successfully. Lo et al. [125] used anodic aluminum
oxide with nanopores of about 50–60 nm to implement inductive proximity sensors. The anodic
aluminum oxide was used as a template for patterning spiral film of gold. Due to nanotexture, the
gold film has significantly enhanced surface area that improved the inductance of the proximity sensor.
Hong et al. [126] developed a metal-insulator-metal device in which the nanoporous AAO fabricated
on the Si substrate act as an insulator. Au-AAO-Al layers on the Si substrate were implemented. The
top metal layer deposited on the AAO has nanotexture, due to which the capacitive touch sensor has
improved sensitivity. AAO based humidity capacitive sensors were investigated by Balde et al. [127]
Paper was used as a substrate to fabricate the AAO layer. The results showed clearly that the geometry
of AAO and the sensitivity of the sensors varies by voltage variation. The capacitive response of the
sensor increased with temperature up to 45°C but decreased for measurements after two weeks. Also,
the low sensitivity of AAO based capacitive humidity sensors under low humidity conditions has been
addressed by Park et al. [128]. The AAO barrier oxide layer stored humidity within the pore and
resulted in linear capacitance variation at relatively low humidity

Kumeria et al. [129] integrated AAO substrates coated with ultrathin gold layer into microfluidic
devices. Two different strategies were used in this work to explore sensing properties based on reflective
interferometric spectroscopy. Gold-modified AAO with Thiol binding and antibody-modified AAO
with circulating tumor cells binding were studied. Results showed potential for biosensing devices
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with the admirable capability of detecting different analytes. Besides, Shaban et al. [69] fabricated
nanoporous CdS/AOA bi-layer film using AAO as a template for spin coating of CdS film. Due to the
positive experimental results, the bi-layer film was attributed as an efficient, low-cost, and relatively
simple glucose biosensor. Label-free DNA detection is the most challenging application of Localized
surface plasmon resonance sensors due to the petite size of the DNA molecules. Lednicky et al. [98]
fabricated gold nanoparticles-epoxy surface nanocomposites using AAO as a template. The fabricated
LSPR sensors were accurate in the detection of 20 bases long label-free DNA. Ma et al. [111] fabricated
optical gas sensor with an AAO membrane as the air filter. The fabricated system could prevent
contamination with particles above the size of 70 nm. However, the sensor’s sensitivity could be
improved by tuning the pore size of the AAO membrane. Schematic representation for fabrication of a
pressure sensor using AAO membrane with its current response under pressure is provided in Fig. 11.
A pressure sensor with ultra-high sensitivity was reported. AAO membrane sandwiched between two
wrinkled graphene layers acts as an insulator between two conducting graphene layers. The pores
of the AAO membrane act as a pathway for current. The cyclic current response of the sensor was
measured at a wide range of compressions, high compressions result in the ON state of sensors, and
after removal of pressure, the sensors restore their initial state. The introduction of AAO membrane
enhances sensitivity and reduces energy consumption as isolation of the graphene layers acts as an off
state [130]. Few notable applications of AAO in sensing are given in Table 5 [98,106,111,115,123,126–
128,130–140].

Figure 11: Ultrathin Pressure Sensors AAO membrane for insulation of two graphene layers. (a)
Schematic representation of steps for fabrication process of pressure sensor, (b) SEM image of WG
on AAO membrane, (c) Current response under various pressure. Reproduced from [132]. Copyright
2017 American Chemical Society
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Table 5: Different types of AAO membranes for sensing applications

Membrane Pore size
(nm)

Effect of pore
size

Sensor type Application Refs.

Au/AAO/Au 35
100

No significant
effect of the
pore diameter
was observed

Capacitive
sensor

Sensitive to He, SF6,
CO2, N2 and also
applicable for sensing
wide range of
gases/vapors

[131]

AAO
membranes as
dust and
moisture
filtration
interface

40
80

For increased
pore size higher
diffusion factor
but a lower
filtering
performance

Optical gas
sensor

CO2 gas sensing and
potential for other
types of gas sensing

[111]

AAO
membrane as
the binder

30
300

Response time
reduces as the
pore diameter
increases

Pressure-
sensitive
paint

Suitable for
developing
multi-layer paint
systems

[130]

WG/AAO/WG 80–90 – Pressure sensor High-performance
pressure sensor is
promising for
integration in flexible
electronic devices to
fulfill tactile sensing

[132]

Ag NPs
immobilized
AAO
membrane

20 – Surface
enhanced
Raman
scattering
(SERS) sensing

Potential for a
multitude of
applications such as
process monitoring in
energy generation
and production,
molecular adsorption
and desorption
during high
temperature catalysis
involving precious
metals

[133]

Two
nano-porous
AAO
membranes
was designed to
sieve exosomes

80
30

Size of
exosomes is
30–100 nm in
diameter porse
size greater
than 100nm is
not effective

Isolation and
quantitative
analysis of
exosomes

Early cancer
detection

[106]

(Continued)
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Table 5 (continued)

Membrane Pore size
(nm)

Effect of pore
size

Sensor type Application Refs.

AAO filtration
membranes
with
microfluidic
channels

200 – 3-D
microfluidic-
channel-based
electrochemical
DNA biosensor

Flow-forced filtration
hybridization

[115]

AAO layers on
paper

40–90
40–150

Significant
increase in
capacitance at
high humidity
for sensor with
larger pore size

Humidity
sensors

With some treatment
stable capacitance
response can be
obtained

[127]

Multiple AAOs
by
simultaneous
multi-surfaces
anodization
(SMSA)

24.5
31.3
37.3
44.2
44.9
45.2

– Humidity
sensor

Templates and
sensing applications

[128]

AAO as
template for

67
110

Pore size
determines NPs
arrangement
and
interparticle
distances

Plasmonic
sensor

Label-free detection
of DNA

[98]

AAO nanopore
patterns inside
the Fabry-Perot
interferometer
(FPI) cavity

35 – Optical
biosensor

Transparent
nanostructured FPI
device for highly
multiplexed,
label-free
biodetection

[134]

Two metal
films with
AAO as
dielectric layer

70 – Capacitive-type
touch sensor

Detection of small
object such as
Drosophila

[126]

Silver/AAO
arrays

70 – SERS sensors SERS detections and
many applications
based on plasmon
induced by 2-D silver
nanoparticles
encapsulated by AAO

[135]

(Continued)
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Table 5 (continued)

Membrane Pore size
(nm)

Effect of pore
size

Sensor type Application Refs.

Gold nanowire
(GNW)/AAO

90 – Metal ion
sensor

Sensing electrode for
applications in
biochemistry and
electrochemistry

[136]

AAO template 400 – Triboelectric
nanogenerator
(TENG)
Self-powered
sensitive sensor

Real-time mobile
healthcare services
for the management
of chronic diseases

[137]

AAO-assisted
MoS2

honeycomb
structure

200 – Humidity
Sensor

Wearable sensor for
multifunctional
applications such as
noncontact sensation
of human fingertips,
human breath, speech
recognition, and
regional sweat rate

[138]

AAO photonic
crystals

30–40 – Concentration
sensor

Enhanced
photoluminescence
for optical devices

[139]

WO3 deposited
AAO

60 – Metal oxide
sensor

potential utilizations
in the fields of energy
storage devices,
micro-, opto and
nanoelectronics

[123]

SiO2 coated
AAO

74
65
61

Greater
aqueous
stability for
smaller pore
size

Label-free
optical
biosensing

Applicable for highly
sensitive and specific
biomolecular
interaction detection

[140]

3.3.2 Prospects of AAO Membrane in Sensors

AAO membranes have promising prospects in sensing applications. High sensitivity and out-
standing sensing performance of AAO membranes have been reported. Further progress in superior
sensing performance is expected through structural improvement and chemical modification. AAO
based implantable biosensors can be explored to be used as immunosensors for biological systems
monitoring. So, miniaturized and integrated lab on chip systems based on AAO membranes may
further develop sensing applications. For further advances in AAO based sensing and biosensing
devices, bio-diagnostics and environmental toxic agent detection are the main focus areas.
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3.4 AAO Membrane in Drug Delivery
3.4.1 Applications of AAO Membrane in Drug Delivery

A drug delivery system aims to deliver a definite amount of medicine to a specific location at a
precise time [141,142]. This method helps in the targeted medication delivery, but the system’s main
challenges are bypassing hepatic metabolism and constant drug release to avoid multiple doses [143].
Drug delivery systems can be categorized as osmotic and diffusion-controlled membrane systems. The
osmotic system contains a semi-permeable polymeric membrane that is permeable to water but not
permeable to the drug. While diffusion-controlled membranes systems work on the diffusion principle,
the transport of the drug across the membrane and the thickness of the membrane determines the drug
release. In this type of system, porous as well as non-porous membranes can be used [9].

The properties like chemical stability and the possibility of functionalization of membrane surface
for enhanced targeted drug delivery make anodic aluminum oxide membrane an excellent candidate
to be used as a drug delivery system [70]. The intracellular behavior of tubular AAO structure has
been investigated to develop new pathways for AAO nanotubes to be used as drug carriers for the
targeted delivery of drugs [144]. In nanomedicine, nanomaterials have gained much attention from
researchers to establish reliable drug delivery systems [145]. AAO membrane can also be effectively
used to form hollow nanostructures, these hollow nanostructures can be used as drug carriers after
the encapsulation of drugs [146–149]. Piezoelectric nanorobots referred to as nanoeels using AAO
templates have also been reported for targeted drug delivery. With the help of a magnetic field, these
nanoeels could be steered to the target location for on-demand drug release [150].

Polymeric micelles as nanocarriers loaded in AAO membrane can also be used to deliver poorly
soluble drugs. The deposition of ultrathin polymer film via the plasma polymerization method helps
in the constant release of medication for an extended period [151]. La Flamme et al. [152] used AAO
biocapsules fabricated by anodization for controlled release of insulin for immunoisolation. the study
proved that cell density and capsules transport area play a vital role in the optimization of the output
of the device. Kang et al. [153] fabricated AAO on stents for controlled release of 2-deoxyadenosine.
The effect of pore size and diameter on the drug release was studied. The results indicated that the
amount of drug released during a specified time interval was directly proportional to the pore diameter
and inversely proportional to the pore depth. Simovic et al. [154] combined structural and chemical
modification of the pores of AAO membrane by plasma polymer deposition. They proposed that the
plasma polymer layer would help control the diameter of pores at the surface of the membrane hence
resulting in controlled drug release. It was concluded that the plasma polymerization reduced pore
size at the surface and helped modify the physical and chemical properties. This method provides
enormous flexibility for fine-tuning the drug release. In a study [155], the effect pore diameter and
pore depth of AAO membrane for drug release of Paclitex, a drug used in cancer chemotherapy. The
results showed that the diameter of the pores does not affect. However, pore depth has a direct relation
with drug release. Park et al. [156] used an AAO membrane to fabricate mesoporous silica nanorods
for controlled release of the anti-cancer drug doxorubicin. The nanorods proved to be ideal for cancer
treatment, and the addition of Na content to the nanorods results in increased biodegradation speed
of the nanorods.

Fig. 12 presents a schematic of drug storage and release using aligned caron nanotubes embedded
in AAO for the controlled release of drugs. Nanocontainers for temperature dependent drug delivery
were designed by functionalizing one end of the CNTS with thermoresponsive hydrogel, and the
other end was functionalized with electrophoretic paint. The functionalized CNTs were embedded
in uniform pores of AAO. Fluorescein molecules were stored in nanocontainers, and unidirectional
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release from the containers below 32°C was observed. The functionalized VACNTS embedded in
AAO pores has the potential to be used as drug containers and temperature-dependent controlled
drug delivery [157]. Chitosan functionalized AAO membrane for the formation of drug release system
with the schematic and experimental setup is provided in Fig. 13. Therapeutics releasing system was
proposed by C. S. Law. For nanocontainers’ formation, the surface of Al nanowires was anodized and
coated with chitosan, a biocompatible polymer. The nanopores were filled with bovine serum albumin
molecules labeled with fluorescein. A series of experiments were performed under static and dynamic
conditions to study the therapeutic release from the nanocontainers. The effect of temperature on drug
release under static condiction and dynamic conditions is presented in Figs. 10i and 10j. Enhanced
degradation and diffusion rate of polymer molecules result in a much slower release under static
conditions [158]. Various applications of AAO membrane in drug delivery systems are given in Table 6
[100,151,154–168].

Figure 12: Modified VACNTs embedded in AAO for controlled drug release, SEM images of (a)
top and (b) bottom parts of VACNTs inside the AAO membrane, (c) Schematic illustration of
fluorescein storage and release mechanism from Electrophoretic paint (EP) at right and poly(N-
isopropylacrylamide) (pNIPAM) at left and optical image of fluorescein released as a function of
time at center. Reproduced from [157]. Copyright 2020 American Chemical Society
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Figure 13: Therapeutics releasing AAO nanowires. Schematic representation of proposed therapeutic
releasing system formation (a) electopolished Al wire, (b) after anodization (c) after protein loading
(d) after chitosan coating, (e) cross sectional view, (f) SEM of nanoporous AAO-Al wire after pore
widening (scale bar = 250 nm), (g) top view of NAA-Al wire after 1 cycle of chitosan coating) (scale
bar = 1 μm), (h) top view of Nanoporous AAO-Al wire after 5 cycles of chitosan coating (scale bar
= 1μm), effect of temperature on protein release performance from chitosan-coated NAA-Al wires
under static (i) and dynamic conditions (j), (k) schematic of experimental setup to check therapeutic
releasing performance. Reproduced from [158]. Copyright 2015 American Chemical Society
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Table 6: AAO membranes for drug delivery

Membrane type Pore
diameter
(nm)

Pore length
(μm)

Drug loaded Efficiency/
behavior of
drug release

Application Refs.

Plasma
polymerized
nanotubular
AAO
membrane

65–160 20 Indomethacin
and
fluorescent
dye loaded in
polymeric
micelles

31%–55% drug
release
in 6–8 h
followed by the
slow release
over 8 to 22
days

Porous
therapeutic
implants for an
extended
elution time

[151]

Electrically
responsive AAO
membrane elec-
tropolymerized
by polypyrrole
doped with the
dodecylben-
zenesulfonate
anions
(PPy/DBS)

410 60 Fluorescein
isothiocyanate
labelled
Bovine serum
albumin
molecules
(FITC-BSA)
in 0.1 M
NaDBS
aqueous
solution

On demand
drug release
with switching
time less than
10 s

Pulsatile drug
release for
metabolic
syndrome and
hormone
related disease

[159]

AAO with
embedded silica
nanotubes

20 30 A racemic
mixture of the
RS and SR
enantiomers
was used as
feed solution

30 nanomoles/
15 h

Enantiomeric
drug separation

[100]

PGMA
nanotubes
embedded
inside AAO
nanopores

200 60 Doxorubicin
(DOX)

67.47% and
43.66% released
after 11 h for
long and
fragmented NTs
respectively

Diagnostics and
Therapeutics
for cancer

[160]

Silica deposited
AAO template

123 4 Prepolymer
solution with
DOX

– Composite
silica nanotest
tubes for
targeted cancer
therapy

[161]

(Continued)
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Table 6 (continued)

Membrane type Pore
diameter
(nm)

Pore length
(μm)

Drug loaded Efficiency/
behavior of
drug release

Application Refs.

AAO nanotube
structure

20 38 1 ml of 1%
amoxicillin in
phosphate
buffered
solution (PBS)
was loaded

Burst effect in
the first hour
with ∼13 μg of
drug release
with sustained
release of 2 μg
for 5 weeks

Potential for
therapeutic
surface coatings
on medical
implants

[162]

Silicone
elastomer
polydimethyl-
siloxane
(PDMS)-based
contact lens
with AAO thin
films in central
region

140 2 Timolol was
mixed with a
fluorescein
dye loaded
into the
nanopores of
AAO

90% of the drug
was released
after 30 days

Contact lens
device for
Glaucoma
diagnostics and
in situ drug
delivery

[163]

Nanoporous
AAO
membrane

70 10 Se with
chitosan and
indomethacin

Cumulative
mass release of
0.16 mg after
300 h

Promising
alternatives for
localized
delivery of Se
using simple
and low-cost
drug-releasing
implants

[164]

AAO as
template for
mesoporous
silica nanorods

200 50 DOX loaded
in silica
nanorods

Initial burst was
observed within
the first 24 h
and was linearly
released (40 μg)
until the 8th day
of incubation

Anti-Cancer [156]

TiO2 coated
AAO

40–50 0.5 Paclitaxel was
loaded in
AAO

23 μg released
in 8 days with
linear increase

Cancer
chemotherapy

[155]

(Continued)
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Table 6 (continued)

Membrane type Pore
diameter
(nm)

Pore length
(μm)

Drug loaded Efficiency/
behavior of
drug release

Application Refs.

Plasma
polymerized
AAO

80–90 20 Vancomycin
was used as a
model drug

∼100% in 500 h Fine-tuned drug
release
platforms to
various types of
drugs and
applications

[154]

Aluminum
wires featuring
nanoporous
anodic alumina
layers and
chitosan
coatings

50 62 BSA-FITC is
selected as a
model drug

Sustained
release
performance for
up to 6.5 weeks

Potential
platform for
future clinical
therapies based
on localized
release of
therapeutics

[158]

Electrically
gated AAO
membrane

80 – Ethacrynic
acid and
timolol
maleate

250 μg/cm2h
ethacrynic acid
at 2 V
40 μg/cm2h
timolol maleate
at 2 V

Potential for
treatment of
ocular diseases
including
glaucoma

[165]

Functionalized
AAO with
hydrophilic and
hydrophobic
agents

80 – Indomethacin Initial “burst”
effect up to
65%–75% of
cumulative
release in the
first 3 h
with sustained
release upto
120 h

Excellent
platform for
drug delivery
applications

[166]

Fragmented
AAO
membrane

130 – AAO particles
embedded in a
polymer
matrix as the
fillers loaded
with Ag NPs

Elution of
50 h without
and 350 h with
PMMA sealing

Platform for in
situ drug release

[167]

(Continued)
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Table 6 (continued)

Membrane type Pore
diameter
(nm)

Pore length
(μm)

Drug loaded Efficiency/
behavior of
drug release

Application Refs.

Functionalized
AAO
membrane with
vertically
aligned carbon
nanotube
(VACNTs)
arrays

200 60 A fluorescent
dye was used
as a model
compound

Fluorescent
molecules can
be stored in the
VACNTs when
the temperature
is above 32°C,
and released
when the
temperature
decreases below
32°C

Drug storage
and delivery

[157]

Electrospun
coated AAO

190 50 Indole-3-
acetic acid
(IAAA)

90% of IAA was
released during
the initial 5 h
and a slow
release till 24 h

Controlled drug
release

[168]

3.4.2 Prospects of AAO Membrane in Drug Delivery

AAO membranes have been used for effective drug delivery, but there is still plenty of room for
advancement. Drug loading inside cavities of AAO membranes can be enhanced by emphasizing
stable chemistries and modified anodization procedures. Furthermore, for successful drug delivery
platforms, research related to the biocompatibility of the membrane to be used for delivering thera-
peutics and testing several medications could be crucial. The critical point is to redirect the published
work for in vivo applications. For this purpose, the drug delivery system can be integrated with sensors
or microchips for sustained and targeted drug delivery. Recently a power contact lens has been reported
that utilizes AAO membrane as iop sensors, drug delivery and detection of ocular diseases biomarkers
[163]. Microchips for fluid transport and collection can be integrated with concentration sensors for
measurement of glucose concentration.

3.5 AAO Membrane in Miscellaneous Fields
3.5.1 Applications of AAO Membrane in Miscellaneous Fields

Highly variable dimensions make AAO capable of other significant applications including optical,
electrical devices and several applications in biomedical. Fabrication of liquid crystal display (LCD)
panels using AAO membrane has been reported. The nanocavities of the AAO membrane were filled
with liquid crystal molecules. Accurately aligned liquid crystals in AAO exhibited excellent perfor-
mance to be used in an electro-optical device [169]. Gold nanoparticles deposited AAO membrane
has been used to prepare plasmonic absorber with the ability to absorb a wide wavelength range. This
plasmonic absorber can also be used in applications like solar steam generation [170].



1036 CMES, 2023, vol.135, no.2

Davoodi et al. [171] presented the idea of nonporous AAO usage in tissue culture, biofunction-
alization, drug delivery, and biosensing. Cyclic and pulse anodization was used to get uniform pores.
Moreover, AAO can also be combined with biomaterials to form a composite scaffold for greater
advantage. Three AAO films have different pore sizes for application as nano topological apparatuses
in disease research. Cell morphology and attributes were subject to the pore size of AAO layers. AAO-
1 layers (∼22 nm) did not prompt adjusted cell morphology, though AAO-2 and AAO-3 films were
instigated around. Subsequently, permeable AAO films were helpful nano topological instruments for
in vivo disease research because of their capacity to incorporate natural cell adhesion and growth on the
anodized aluminum oxide membrane data, dependent on the cell microenvironments. The permeable
AAO films like in vivo malignant growth conditions very well may be utilized for malignant growth
target treatment [172].

Electric vehicles appear to be a reasonable contender to tackle the energy deficiency issue.
The issues with the current lithium-particle battery are the low energy thickness restricted by the
graphite anode. Also, the development of lithium dendrites that use lithium metal as an anode will
prompt serious wellbeing issues. The utilization of AAO films has been proposed to improve the
presentation and the security of lithium metal batteries [173]. Aluminum and its compounds are
by and large used essentially for marine and clinical applications. An essential procedure to make
polyaniline/chitosan/zinc stearate superhydrophobic coatings on aluminum with a small-scale nano
surface structure by polymerization of aniline and sworn statement of chitosan and zinc stearate
covering is also accounted for. The superhydrophobic surface shows the most important water-
repellent property, which is liable for the antiadhesion of microorganisms. Also, incredible erosion
obstruction of aluminum [174]. AAO has also been reportedly used for passive radiative cooling.
Silica-coated porous AAO shows perfect spectral emissivity in the atmospheric window. This proposed
approach can be used for low-cost and efficient radiative coolers applications [175].

Schematic illustrations of AAO membrane for applications in miscellaneous fields like electronic
packaging technologies, energy harvesting, and optoelectronics are shown in Figs. 14–16, respectively.
Copper nanopillar arrays embedded in pores of the AAO membrane for electronic interconnection
are shown in Fig. 14. Superior anisotropic thermal conductivity was observed by CuNPA-filled AAO
film. The 3-D package of film soldered with the Copper substrate is compatible with the packaging of
high-density electronic and power devices [176]. Fig. 15 represents an ion pool structured nanofluidic
diode designed by sandwiching AAO between oppositely charged layers of ZIF-8 and WO3 for
excellent rectification performance. Changes in pH can affect the surface charge density of ion pool
nanochannel. This pH-responsive ion pool structured membrane can be used in energy harvesting
applications [177]. Carbon black nanoparticles sprayed onto the AAO membrane fabricated on the
silicon substrate to form metal free absorber are illustrated in Fig. 16. The reflectivity of the metal-
based plasmonic absorbers was studied. The results indicate average absorbance of 97.5% can be
achieved for the wavelength range 2.5–15.3 μm. These absorbers are suitable for applications in
optoelectronics and photonics [178].

Soft computing techniques have been applied by many researchers for advanced applications
of AAO membrane. Patel performed numerical simulations using COMSOL Multiphysics to check
whether nanomembrane could function as a vibro-active nano filter. MATLAB simulations have also
been performed to optimize the pore diameter of the membrane. Researchers used ANSYS analysis to
study mechanical, fluid flow properties of the membrane. The real-life conditions utilization during
analysis helps estimate the results of pratical applications. These techniques may be efficient for more
advanced applications with a reduction of cost of practical optimization of application [15,103,110].
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Figure 14: Schematic and SEM image of copper nanopillar array-filled AAO for anisotropic thermal
conductive interconnectors. Reproduced from [176]. Copyright 2019 American Chemical Society

Figure 15: Schematic representation of the pH-driven Ion pool-structured multichannel gating mem-
brane for the Osmotic energy harvesting device (top), (i−iii) SEM images with step wise fabrica-
tion description of ion pool-structured nanofluidic diode with membranes of AAO, AAO−WO3,
WO3−AAO−ZIF-8. Reproduced from [177]. Copyright 2021 American Chemical Society
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Figure 16: Carbon Black/AAO Templates on Nanoporous Si for optoelectronics and integrated
photonics. SEM image of self assembled carbon black/AAO on Si (left), reflectivity of carbon black
onto AAO templates on nanoporous Si (right). Reproduced from [178]. Copyright 2019 American
Chemical Society

Table 7 provides applications of AAO in miscellaneous fields [57,61,65,66,94,171,176–189].

Table 7: Miscellaneous applications of AAO membranes

Membrane Properties studied Application Refs.

AAO Pore distance and length Applications that rely upon
corrosive base equilibria

[57]

AAO Thickness The upgraded erosion
opposition

[179]

AAO Cell adhesion and
proliferation on AAO
nanopore geometries and
surface modifications

Nanostructured substrate for
Cell development

[65]

AAO Manipulation of chemical and
structural features

Tissue Replacement [171]

AAO Porosity and membrane
thickness

Cell culture [180]

AAO Porosity Ovarian malignant growth
target treatment

[172]

AAO Controllable pore breadths,
periodicity and thickness

Tissue designing applications [66]

AAO Porosity and surface area Biotechnology [181]
AAO Hardness, impact strength,

tensile and wears resistance
Automobile and aerospace [180]

Cu nanowires on AAO Resistive or capacitive
properties

Electronic (manufacture of
nanodevices) and medical
services applications

[94]

AAO Pore size Inhibition of Lithium
Dendrites by employing AAO
membrane

[173]

(Continued)
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Table 7 (continued)

Membrane Properties studied Application Refs.

AAO Wettability of PAN/GO
nanofibers

For Li-S batteries to improve
the cycle steadiness and rate
limit

[183]

AAO Investigation of polymer
coatings on the surface
morphology and corrosion
resistance

Marine and clinical
applications

[174]

AAO Thickness Power generation [184]
AAO Pore distances High energy material science [185]
AAO Reactor design, synthesis

conditions, the catalytic role
Wall conductivity [186]

AAO Surface morphologies For surface wetting [61]
Nafion/AAO membrane Membrane thickness Composite proton exchange

through-plane conductivity
[187]

AAO Structure High chemical and thermal
conductivity

[188]

AAO Fiber structure Water Sportage and
through-plane conductivity

[189]

Cu pillars on AAO Thermal conductivity Electronic packaging
technologies

[176]

AAO sandwiched between
zeolite imidazolate
framework 8 (ZIF-8) and
WO3

Rectification performance Osmotic energy harvesting
device

[177]

AAO with Carbon black
nanoparticles

Light absorbance Optoelectronic and integrated
photonics

[178]

3.5.2 Prospects of AAO Membrane in Miscellaneous Fields

The prospects of AAO membrane applications translate into infinite possibilities of nanofabri-
cated devices with enhanced properties and improved performance. Assembly of devices with enhanced
properties devoted to specified application purposes, like energy and storage devices enhancing the
storage capacity, can be achieved efficiently. The controllable features can be proved fruitful in the
pharmaceutical, food, and energy industry. AAO based broadband absorbers can be used with other
technologies for efficient thermal imaging and infrared detection. Nanochannels arrays pave the path
for optimized nanofluidic diodes with applications in energy conversion zones.

4 Challenges of AAO Membranes Applications

Various challenges are associated with the application of AAO membranes. Two main types of
technical challenges are worth highlighting: those related to evaluating the performance of devices
and those related to scale-up under real-use conditions. Scaling up includes quality control of
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mass-produced nanoscale components, consistency of component integration, impurity management.
Real-use suggests testing of the effect of deviations from prescribed operating procedures. There is a
gap in knowledge related to the coating of nanomaterials with anodized aluminum oxide. Exposure
and toxicity make it challenging to incorporate safety parameters into early decisions or designs. For
the applications of AAO incorporated nanomaterials, the production of nanomaterials is expensive,
and the characterization procedure of nanomaterials is also costly. Premium materials are required
to ensure the reliability of applications of the nanomaterials embedded in the AAO membrane. Solar
thermal applications need hard-anodized aluminum coatings, but the challenge in implementation is
that AAO coating has higher rates; the higher budget is the major problem for producing any novel
innovation for the extensive application area.

Examine AAO nanopores as cell interfaces for long-term in vivo response to multiple tissues
is a challenge in developing future innovative biomedical devices that incorporate. AAO based
nanosensors require comprehensive testing to confirm that they are reproducible and can perform
accurately in the appropriate environment. An economic and business challenge in implementing
AAO nanosensors is dealing with protection and intellectual property. Manipulation of the AAO
membrane-based materials is complex on the engineering and nanoscale band-gap alignments, which is
advantageous for separation, generation of charge, and transportation is worthy of intensive attention
in the future. Another challenge is the selection of different functional materials and assembling
them toward an integrated device. In energy storage and conversion applications. For energy storage
and conversion applications, methods like electrochemical deposition, physical vapor deposition, spin
coating, and sol-gel [190–192] infiltration are widespread for filling or covering the AAO template with
active materials. The resulting materials are not usually single crystalline. So, it is a challenge how
to improve crystal quality becomes critical to reducing charge-carrier loss in crystal imperfections.
Comprehensive and systematic investigations are still required to thoroughly understand the transfer
dynamics of photogenerated charge carriers in the complicated surface surroundings and explore
a more effective means for harnessing solar energy. However, because basic science is constantly
evolving, and patent granting organizations may lack adequate functional nanotechnology expertise
to evaluate applications honestly, patents create considerable barriers to product commercialization in
the field of nanotechnology.

The surface of the AAO membrane has rich content of hydroxyl groups that allow them to be
easily modified with the help of organic molecules according to desirable functions. Despite all these
techniques used for the modification of AAO, the application of functionalized AAO membranes will
depend on the unpredictable needs of the market. Yet, these techniques are only implemented by the
developments in the performance of the devices and cost. This area of science and development still
holds different opportunities and challenges for researchers to investigate.

5 Conclusion and Future Directions

Porous membranes with desired features resulted in the development of membrane technology.
Different methods have been used for the formation of such membranes. In this paper, we have
presented an overview of different methods for porous membrane formation. Different anodization
methods have been used to form AAO membranes and can be used to control the geometric features
of the membranes by varying the parameters. The effect of different anodization parameters on the
morphology of AAO porous membrane and its properties are presented. Empirical relations defining
the geometric structure parameters of porous AAO have also been recognized. Cost-effective and
self-organized anodization makes it attractive for high-tech industries and biomedical applications.
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Different applications reported in the literature in various fields are discussed, along with detailed
applications. The following essential points can be deduced from applications of AAO.

1. The applications of AAO strongly depend on the size and chemical affinity as the membrane
parameters can be controlled easily.

2. The AAO membranes can utilize all of the selectivity paradigms by modification using various
molecules.

3. Effectively immobilized sensing elements within the pores can optimally interact with the
analytes flowing through the pores due to the large surface-to-volume ratio of the nanopores.

4. Nanochannels of AAO promote the transfer of matter. In the presence of a barrier layer, the
nanopores mimic nanocavities for containing medicine for targeted release or formation of
various nanostructures with multiple applications.

5. Proper functionalizing of the surface properties and defined geometry of porous AAO can
further expand its applications, resulting in up-and-coming prospects for nanotechnology
applications of porous AAO membranes.

The highly variable dimensions of AAO membranes make them capable of being used in many
applications. However, depending on the unpredictable requirements, there are many challenges to
overcome for AAO to be used commercially. More efforts are required to improve existing methods
of functionalization of membrane and the development of effectual techniques for the development
of desired nanostructures using AAO. Enhanced stability and durability with improved methods may
open new paths for promising applications.
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56. Ateş, S., Baran, E., Yazıcı, B. (2018). The nanoporous anodic alumina oxide formed by two-step
anodization. Thin Solid Films, 648(2018), 94–102. DOI 10.1016/j.tsf.2018.01.013.

57. Kovaleva, E. G., Molochnikov, L. S., Tambasova, D., Marek, A., Chestnut, M. et al. (2020). Electrostatic
properties of inner nanopore surfaces of anodic aluminum oxide membranes upon high temperature
annealing revealed by EPR of pH-sensitive spin probes and labels. Journal of Membrane Science, 604,
118084. DOI 10.1016/j.memsci.2020.118084.

58. Yang, J., Wang, J., Wang, C. W., He, X., Li, Y. et al. (2014). Intermediate wetting states on
nanoporous structures of anodic aluminum oxide surfaces. Thin Solid Films, 562, 353–360. DOI
10.1016/j.tsf.2014.04.020.

59. Zhang, H., Yin, L., Shi, S., Liu, X., Wang, Y. et al. (2015). Facile and fast fabrication method for
mechanically robust superhydrophobic surface on aluminum foil. Microelectronic Engineering, 141(3),
238–242. DOI 10.1016/j.mee.2015.03.048.

60. Ye, J., Yin, Q., Zhou, Y. (2009). Superhydrophilicity of anodic aluminum oxide films: From “honeycomb”
to “bird’s” nest. Thin Solid Films, 517(21), 6012–6015. DOI 10.1016/j.tsf.2009.04.042.

https://doi.org/10.1088/0957-4484/23/7/075303
https://doi.org/10.1021/nn7001322
https://doi.org/10.1038/337147a0
https://doi.org/10.1016/j.surfcoat.2009.10.051
https://doi.org/10.1021/am4001425
https://doi.org/10.1002/adfm.200901213
https://doi.org/10.1186/1556-276X-7-474
https://doi.org/10.1186/1556-276X-9-416
https://doi.org/10.1088/0957-4484/20/5/055301
https://doi.org/10.1016/j.electacta.2006.07.053
https://doi.org/10.1016/j.surfcoat.2019.124970
https://doi.org/10.1016/j.apsusc.2012.01.025
https://doi.org/10.1016/j.tsf.2018.01.013
https://doi.org/10.1016/j.memsci.2020.118084
https://doi.org/10.1016/j.tsf.2014.04.020
https://doi.org/10.1016/j.mee.2015.03.048
https://doi.org/10.1016/j.tsf.2009.04.042


CMES, 2023, vol.135, no.2 1045

61. Zhang, W., Huang, L., Zi, C., Cai, Y., Zhang, Y. et al. (2018). Wettability of porous anodic aluminium oxide
membranes with three-dimensional, layered nanostructures. Journal of Porous Materials, 25(6), 1707–
1714. DOI 10.1007/s10934-018-0584-5.

62. Ko, S., Lee, D., Jee, S., Park, H., Lee, K. et al. (2006). Mechanical properties and residual stress in porous
anodic alumina structures. Thin Solid Films, 515(4), 1932–1937. DOI 10.1016/j.tsf.2006.07.169.

63. Sundararajan, M., Devarajan, M., Jaafar, M. (2020). Investigation of surface and mechanical properties
of anodic aluminium oxide (AAO) developed on Al substrate for an electronic package enclosure. Surface
and Coatings Technology, 401(12), 126273. DOI 10.1016/j.surfcoat.2020.126273.

64. Osmanbeyoglu, H. U., Hur, T. B., Kim, H. K. (2009). Thin alumina nanoporous membranes for similar size
biomolecule separation. Journal of Membrane Science, 343(1–2), 1–6. DOI 10.1016/j.memsci.2009.07.027.

65. Brüggemann, D. (2013). Nanoporous aluminium oxide membranes as cell interfaces. Journal of Nanoma-
terials, 2013(3), 1–18. DOI 10.1155/2013/460870.

66. Poinern, G. E. J., Le, X. T., Hager, M., Becker, T., Fawcett, D. (2013). Electrochemical synthesis,
characterisation, and preliminary biological evaluation of an anodic aluminium oxide membrane with
a pore size of 100 nanometres for a potential cell culture substrate. American Journal of Biomedical
Engineering, 3(6), 119–131. DOI 10.5923/j.ajbe.20130306.01.

67. Liu, S., Tian, J., Zhang, W. (2021). Fabrication and application of nanoporous anodic aluminum oxide: A
review. Nanotechnology, 32(22), 222001. DOI 10.1088/1361-6528/abe25f.

68. Mao, Y., Park, T. J., Zhang, F., Zhou, H., Wong, S. S. (2007). Environmentally friendly methodologies of
nanostructure synthesis. Small, 3(7), 1122–1139. DOI 10.1002/(ISSN)1613-6829.

69. Shaban, M., Mustafa, M., Khan, A. A. P. (2020). Hexagonal diameter in cadmium sulfide/anodic alumina
nanoporous bi-layer membrane by a sol-gel spin coating and their sensing application. Applied Physics A:
Materials Science and Processing, 126(4), 268. DOI 10.1007/s00339-020-3371-5.

70. Ruiz-Clavijo, A., Caballero-Calero, O., Martín-González, M. (2021). Revisiting anodic alumina templates:
From fabrication to applications. Nanoscale, 13(4), 2227–2265. DOI 10.1039/D0NR07582E.

71. Li, W., Zhang, J., Shen, T., Jones, G. A., Grundy, P. J. (2011). Magnetic nanowires fabricated by anodic
aluminum oxide template—A brief review. Science China: Physics, Mechanics and Astronomy, 54(7), 1181–
1189. DOI 10.1007/s11433-011-4371-4.

72. Tomassi, P., Buczko, Z. (2015). Aluminum anodic oxide AAO as a template for formation of metal
nanostructures. In: Electroplating of nanostructures. London, UK: InTech.

73. Yi, G., Schwarzacher, W. (1999). Single crystal superconductor nanowires by electrodeposition. Applied
Physics Letters, 74(12), 1746–1748. DOI 10.1063/1.123675.

74. Zhang, Y., Li, G., Wu, Y., Zhang, B., Song, W. et al. (2002). Antimony nanowire arrays fabricated by
pulsed electrodeposition in anodic alumina membranes. Advanced Materials, 14(17), 1227–1230. DOI
10.1002/1521-4095(20020903)14:17<1227::AID-ADMA1227>3.0.CO;2-2.

75. Nielsch, K., Müller, F., Li, A. P., Gösele, U. (2000). Uniform nickel deposition into ordered
alumina pores by pulsed electrodeposition. Advanced Materials, 12(8), 582–586. DOI
10.1002/(SICI)1521-4095(200004)12:8<582::AID-ADMA582>3.0.CO;2-3.

76. Pan, H., Sun, H., Poh, C., Feng, Y., Lin, J. (2005). Single-crystal growth of metallic nanowires with
preferred orientation. Nanotechnology, 16(9), 1559–1564. DOI 10.1088/0957-4484/16/9/025.

77. Thongmee, S., Pang, H. L., Ding, J., Yi, J. B., Lin, J. Y. (2008). Fabrication and magnetic properties of
metal nanowires via AAO templates. Journal of Magnetism and Magnetic Materials, 321(18), 2712–2716.
DOI 10.1016/j.jmmm.2009.03.074.

78. Yang, R., Sui, C., Gong, J., Qu, L. (2007). Silver nanowires prepared by modified AAO template method.
Materials Letters, 61(3), 900–903. DOI 10.1016/j.matlet.2006.06.009.

https://doi.org/10.1007/s10934-018-0584-5
https://doi.org/10.1016/j.tsf.2006.07.169
https://doi.org/10.1016/j.surfcoat.2020.126273
https://doi.org/10.1016/j.memsci.2009.07.027
https://doi.org/10.1155/2013/460870
https://doi.org/10.5923/j.ajbe.20130306.01
https://doi.org/10.1088/1361-6528/abe25f
https://doi.org/10.1002/(ISSN)1613-6829
https://doi.org/10.1007/s00339-020-3371-5
https://doi.org/10.1039/D0NR07582E
https://doi.org/10.1007/s11433-011-4371-4
https://doi.org/10.1063/1.123675
https://doi.org/10.1002/1521-4095(20020903)14:17&#x003C;1227::AID-ADMA1227&
https://doi.org/10.1002/(SICI)1521-4095(200004)12:8&lt;582::AID-ADMA582&gt;3.0.CO;2-3
https://doi.org/10.1088/0957-4484/16/9/025
https://doi.org/10.1016/j.jmmm.2009.03.074
https://doi.org/10.1016/j.matlet.2006.06.009


1046 CMES, 2023, vol.135, no.2

79. Wu, Z., Zhang, Y., Du, K. (2013). A simple and efficient combined AC-DC electrodeposition method for
fabrication of highly ordered Au nanowires in AAO template. Applied Surface Science, 265, 149–156. DOI
10.1016/j.apsusc.2012.10.154.

80. Ganapathi, A., Swaminathan, P., Neelakantan, L. (2019). Anodic aluminum oxide template assisted
synthesis of copper nanowires using a galvanic displacement process for electrochemical denitrification.
ACS Applied Nano Materials, 2(9), 5981–5988. DOI 10.1021/acsanm.9b01409.

81. Zhang, C., Lu, Y., Zhao, B., Hao, Y., Liu, Y. (2016). Facile fabrication of Ag dendrite-integrated anodic
aluminum oxide membrane as effective three-dimensional SERS substrate. Applied Surface Science, 377,
167–173. DOI 10.1016/j.apsusc.2016.03.132.

82. Pourjafari, D., Serrano, T., Kharissov, B., Peña, Y., Gómez, I. (2015). Template assisted synthesis of poly(3-
hexylthiophene) nanorods and nanotubes: Growth mechanism and corresponding band gap. International
Journal of Materials Research, 106(4), 414–420. DOI 10.3139/146.111196.

83. Gao, X., Liu, L., Birajdar, B., Ziese, M., Lee, W. et al. (2009). High-density periodically ordered magnetic
cobalt ferrite nanodot arrays by template-assisted pulsed laser deposition. Advanced Functional Materials,
19(21), 3450–3455. DOI 10.1002/adfm.200900422.

84. Chen, P. L., Chang, J. K., Kuo, C. T., Pan, F. M. (2004). Anodic aluminum oxide template assisted growth
of vertically aligned carbon nanotube arrays by ECR-CVD. Diamond and Related Materials, 13(11–12),
1949–1953. DOI 10.1016/j.diamond.2004.05.007.

85. Xu, T. N., Wu, H. Z., Lao, Y. F., Qiu, D. J., Chen, N. B. et al. (2004). Anodic-aluminium-oxide template-
assisted growth of ZnO nanodots on Si (100) at low temperature. Chinese Physics Letters, 21(7), 1327–
1329. DOI 10.1088/0256-307X/21/7/040.

86. Yang, W., Oh, Y., Kim, J., Kim, H., Shin, H. et al. (2016). Photoelectrochemical properties of vertically
aligned CuInS2 nanorod arrays prepared via template-assisted growth and transfer. ACS Applied Materials
and Interfaces, 8(1), 425–431. DOI 10.1021/acsami.5b09241.

87. Su, C. C., Teng, Y. C., Chang, S. H. (2010). Synthesize uniform carbon nanocoils by anodic aluminum
oxide. 2010 IEEE 5th International Conference on Nano/Micro Engineered and Molecular Systems, pp. 950–
953. Xiamen, China.

88. Lai, C. H., Chang, C. W., Tseng, T. Y. (2010). Size-dependent field-emission characteristics of ZnO
nanowires grown by porous anodic aluminum oxide templates assistance. Thin Solid Films, 518(24), 7283–
7286. DOI 10.1016/j.tsf.2010.04.091.

89. Li, H., Zhang, H., Wu, H., Hao, J., Liu, C. (2020). Tree-like structures of InN nanoparticles on agminated
anodic aluminum oxide by plasma-assisted reactive evaporation. Applied Surface Science, 503, 144309.
DOI 10.1016/j.apsusc.2019.144309.

90. Maurya, M. R., Toutam, V. (2019). Fast response UV detection based on waveguide characteristics of
vertically grown ZnO nanorods partially embedded in anodic alumina template. Nanotechnology, 30(8),
085704. DOI 10.1088/1361-6528/aaf545.

91. Liu, C. J., Chen, S. Y., Shih, L. J., Huang, H. J. (2010). Fabrication of nanotubules of thermoelectric
γ -Na0.7CoO2 using porous aluminum oxide membrane as supporting template. Materials Chemistry and
Physics, 119(3), 424–427. DOI 10.1016/j.matchemphys.2009.09.016.

92. Tzaneva, B. R., Naydenov, A. I., Todorova, S. ZH., Videkov, V. H., Milusheva, V. S. et al. (2016).
Cobalt electrodeposition in nanoporous anodic aluminium oxide for application as catalyst for methane
combustion. Electrochimica Acta, 191, 192–199. DOI 10.1016/j.electacta.2016.01.063.

93. Maghsodi, A., Adlnasab, L., Shabanian, M., Javanbakht, M. (2018). Optimization of effective parameters
in the synthesis of nanopore anodic aluminum oxide membrane and arsenic removal by prepared magnetic
iron oxide nanoparicles in anodic aluminum oxide membrane via ultrasonic-hydrothermal method.
Ultrasonics Sonochemistry, 48, 441–452. DOI 10.1016/j.ultsonch.2018.07.003.

https://doi.org/10.1016/j.apsusc.2012.10.154
https://doi.org/10.1021/acsanm.9b01409
https://doi.org/10.1016/j.apsusc.2016.03.132
https://doi.org/10.3139/146.111196
https://doi.org/10.1002/adfm.200900422
https://doi.org/10.1016/j.diamond.2004.05.007
https://doi.org/10.1088/0256-307X/21/7/040
https://doi.org/10.1021/acsami.5b09241
https://doi.org/10.1016/j.tsf.2010.04.091
https://doi.org/10.1016/j.apsusc.2019.144309
https://doi.org/10.1088/1361-6528/aaf545
https://doi.org/10.1016/j.matchemphys.2009.09.016
https://doi.org/10.1016/j.electacta.2016.01.063
https://doi.org/10.1016/j.ultsonch.2018.07.003


CMES, 2023, vol.135, no.2 1047

94. Nehra, M., Dilbaghi, A. N., Singh, V., Singhal, N. K., Kumar, S. (2020). Highly ordered and crystalline Cu
nanowires in anodic aluminum oxide membranes for biomedical applications. Physica Status Solidi (a),
217(13), 1900842. DOI 10.1002/pssa.201900842.

95. Ghezghapan, S. M. S., Saba, M. (2018). Synthesizing high aspect ratio aluminum oxide nanowires from
highly-ordered anodic self-assembled templates. https://doi.org/10.1149/osf.io/zejvp.

96. Esfandi, F., Saramad, S., Shahmirzadi, M. R. (2017). Characterizing and simulation the scintillation
properties of zinc oxide nanowires in AAO membrane for medical imaging applications. Journal of
Instrumentation, 12(7), P07004. DOI 10.1088/1748-0221/12/07/P07004.

97. Attiq-ur-rehman, Ashraf, M. W., Mahmood, A., Rehman, A. U., Ramay, S. M. et al. (2021).
Growth of Zr-BiFeO3 nanostructures on two step anodized porous alumina for estimation of optical
and dielectric response. Physica E: Low-Dimensional Systems and Nanostructures, 127, 114513. DOI
10.1016/j.physe.2020.114513.

98. Lednický, T., Bonyár, A. (2020). Large scale fabrication of ordered gold nanoparticle-epoxy surface
nanocomposites and their application as label-free plasmonic DNA biosensors. ACS Applied Materials
& Interfaces, 12(4), 4804–4814. DOI 10.1021/acsami.9b20907.

99. Shi, W., Shen, Y., Ge, D., Xue, M., Cao, H. et al. (2008). Functionalized anodic aluminum oxide
(AAO) membranes for affinity protein separation. Journal of Membrane Science, 325(2), 801–808. DOI
10.1016/j.memsci.2008.09.003.

100. Lee, S. B., Mitchell, D. T., Trofin, L., Nevanen, T. K. et al. (2002). Antibody-based bio-nanotube mem-
branes for enantiomeric drug separations. Science, 296(576), 2198–2200. DOI 10.1126/science.1071396.

101. Losic, D., Cole, M. A., Dollmann, B., Vasilev, K., Griesser, H. J. (2008). Surface modification of
nanoporous alumina membranes by plasma polymerization. Nanotechnology, 19(24), 24570. DOI
10.1088/0957-4484/19/24/245704.

102. Yamaguchi, A., Uejo, F., Yoda, T., Uchida, T., Tanamura, Y. et al. (2004). Self-assembly of a silica-
surfactant nanocomposite in a porous alumina membrane. Nature Materials, 3(5), 337–341. DOI
10.1038/nmat1107.

103. Ashraf, M. W., Qureshi, M. Z., Ghaffar, F., Tayyaba, S. (2016). Structural study of AAO membrane during
the dialysis process. 2016 International Conference on Intelligent Systems Engineering (ICISE), Islamabad,
Pakistan.
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