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Nanoporous anodic aluminum oxide (AAO) is an important template for 1D nanomaterial synthesis. It is used as an
etching template for nanopattern transfer in a variety of contexts, including nanostructured material synthesis, electrical
sensors, optical sensors, photonic and electronic devices, photocatalysis, and hardness and anticorrosion improvement.
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| 1. Nanoporous AAO and its Applications

Anodic aluminum oxide (AAO) technology is one of the most well-known technologies for the fabrication of nanostructured
templates in industry and scientific research. Compared with other nanomaterial templates, AAO exhibits the advantages
of nanoscale pores, self-organization, tunable nanostructures, and good physical and chemical stability . Further,
aluminum is one of the most famously used metals in industry, which makes aluminum surface treatments highly
compatible with production lines. These characteristics make AAO an object for extensive research. AAO is categorized
into a barrier type and porous type, according to its structure. The barrier type of AAO, with a thin and compact structure,
was largely used in the past for protection and dielectric capacitors [&. By contrast, the porous type of AAO, with a highly
ordered nanopore arrangement, has received increasing attention as a template for fabricating nanowires or synthesizing
other 1D/2D nanostructures EBIAIEIE and as a nanopattern transfer for micro/nano applications, for instance, in the
triboelectric nanogenerator (TENG) field [E AAO, as a nanomaterial template, is fabricated using certain
electrochemical processes. Figure 1 provides an overview of the anodization parameters with the dependent pore
geometry and morphology of AAO, including the pore diameter (Dy), interpore distance (Din), pore wall thickness (w),
barrier thickness (tp), and AAO thickness (t). The fabrication parameters during this process are concerned with the
formation of AAQ’s geometry and profile, which are linked to various applications. AAO’s pore geometry and morphology
are mainly affected by the purity, voltage and voltage mold, reaction temperature, electrolyte content and concentration,
and time. Impurities in the Al substrate will increase the dissolution, which causes an irregular pore structure with a non-
obvious hexagonal structure. The anodization voltage is proportional to the Djy, with a positive relation to the D,. The
proper anodization voltage required for AAO formation is dependent on the electrolyte type and concentration.
Modulations in AAQ’s structure occur through complex interactions, which will directly affect the application performance.
The voltage mold of the AAO fabrication process is shown in Figure 2. Generally speaking, the production of AAO
includes polishing and different parameter-controlled anodization processes to meet the required nanostructure. In the
detailed electrochemical anodization at a certain electrolyte content, the parameters can be modulated, including the
temperature (low temperature vs. high temperature), voltage (mild anodization (MA) vs. hard anodization (HA)),
waveforms of direct current anodization (DCA, Figure 2a), pulse anodization (PA, Figure 2b), reverse pulse anodization
(Figure 2c), and hybrid pulse anodization (HPA, Figure 2d), for the desired pore structure and a more efficient process &
(LOJLAA2NI3N1AIASAGIAA8]  Figure 3 shows the various schematic AAO profiles that can be modulated by different
processes or voltage molds. The AAO fabrication process can be divided into three categories 1929 The first is the most
well-known process of fabricating AAO on bulk Al; this is presently the most useful method for preparing AAO. The special
structure of bamboo 2122l and branch structure 23124 are also fabricated from bulk Al using the MA and HA modulation
methods. The second is the pretextured stamp nanoimprinting method, which involves making a master stamp with a
nanostructure to transfer concaves on an aluminum substrate, which is then followed by anodization for regular pores.
The last is conducted by sputtering the Al film onto a substrate, e.g., Si; this method can integrate AAO with different
substrates for further applications.
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Figure 1. The anodization parameters and pore geometry overview of AAO and its applications. The interactive effects of
parameters, profiles, and applications influence one another.
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Figure 2. The voltage mold of AAO fabrication processes by different methods: (a) direct current anodization (DCA), (b)
pulse anodization (PA) by a positive voltage and followed by 0 voltage, (c) reverse pulse anodization by a positive voltage
and followed by the same value of negative voltage, and (d) hybrid pulse anodization (HPA) by a positive voltage and
followed by a relatively small negative voltage.
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Figure 3. AAO process and profile control. AAO fabrication process can be divided into three categories: AAO grown on
bulk Al, pretexture process, and AAO film on substrate.

| 2. Sensor Applications

AAO-based sensor applications can be divided into two categories: electrical sensors and optical sensors. The electrical
AAO-based sensor is primarily based on two types of capacitance and resistance; usually, a thin metal film is deposited
on the surface of AAO as an electrode for humidity 2212681 and gas 24 measurement. Many more publications on pure
AAO humidity sensors than gas ones are probably attributed to the high response in sensing humidity.

2.1. Electrical Sensors

With the development of micro—nano technology and automated industry, sensor applications have received attention.
Humidity sensors play a vital role in industrial development and daily life, encompassing fields such as weather
forecasting, agriculture, process control, and materials or food preservation. AAO is one of the most famous ceramic
nanomaterial templates with physical and chemical stability. After depositing a thin film of metal on AAO, the capacitor or
resistor structure is formed and easy to apply for humidity measurement. This approach has garnered significant research
attention in exploring sensor characteristics. Furthermore, the application of AAO humidity sensors involves
measurements within a specific area (mm?), where the correlation with individual pore characteristics is not prominent.
This characteristic allows the process of humidity sensors to be suitable for the one-step AAO fabrication process, which
can replace the traditional two-step, low-temperature method.

In terms of the indicators of humidity sensors, two important characteristics are highlighted. One is the sensor’s response
or sensitivity, which signifies its capability to differentiate between different humidity levels. In the context of AAO humidity
sensors, this is often measured through capacitance, which can be defined as follows:

_ AC
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where AC is the capacitance change and Cg is the initial capacitance value of low humidity. Secondly, the response and
recovery time indicates the measurement speed and the sensor’s ability to adapt to rapid environmental changes.

The sensing mechanism of AAO humidity sensors can be categorized into three main factors: external conditions,
nanostructures 2812980 and anionic effect 2818321331 External conditions primarily involve changes in humidity and the
application of an external magnetic field B[22, The capacitance calculation and the well-known adsorption theory were
introduced by Nahar et al. [2584, When the humidity is below 45%, water vapor only forms a chemisorbed layer on the
surface, resulting in a lower sensor response. On the other hand, when humidity is above 45%, a physically adsorbed
layer is formed and the layering of these physical adsorbed layers causes the capacitance value to rapidly increase 22,
exhibiting a natural function curve.

In terms of geometrical effect, Kashi et al. [28 studied the sensitivity of AAO by anodizing in phosphoric acid at high
voltages of 165-185 V and enlarging the pore size to 107—-127 nm. This study aimed to decrease the pore density of AAO
while achieving better sensitivity. The improved AAO sensitivity was found to be related to the pore size (Dp) and
anodization voltage. Additionally, the number of pores also plays a crucial role. Chung et al. 22 demonstrated that AAO
produced from two-step anodization of high-purity aluminum at lower voltages possesses a larger total adsorption area,
which can enhance the performance of AAO humidity sensors. A greater total adsorption area can absorb more water,
thereby enhancing sensor response. Furthermore, humidity sensors based on AAO typically utilize the traditional two-step
anodization process on small areas (<3 cm?) of high-purity aluminum (>99.99%) substrates at low temperatures (0-15
°C). However, this often leads to a lower response B3IB8I37 and longer response—recovery time 281381391 Non-AAO
humidity sensors employing nanofibers, polyaniline (PANI), polyvinyl alcohol (PVA) B9, or nickel sulfide 41 have also
been reported, but they also suffer from low strength and extended response—recovery times.

Table 1 lists a performance comparison between AAO-based humidity sensors [221[26130)[31][33][35](361[37](38] 5ng some non-
AAO sensors BU4l The traditional AAO humidity sensors are synthesized by two-step anodization from high-purity
aluminum at low temperature or by the sputtering method. However, AAO humidity sensors have the potential to shorten
the process through one-step anodization.

Table 1. Comparison of humidity sensor fabrication and performance.



Reference

[25]

[31]

[33]

[35]

[36]

[37]

[38]

[26]

[39]

[40]

[41]

[30]

Fabrication Method/Time

AAOINA

AAO prepared by oxalic acid from high-purity Al/4
h

AAO prepared by oxalic acid from high-purity Al at
-5 °CINA

AAO prepared by oxalic acid and pore widening
from high-purity All6 h

Al sputtering on paper and anodized by phosphoric
acid from high-purity AIINA

Spin coating polymer material on AAO/NA

Sputtered Al for AAO on Si from high-purity AIINA

AAO prepared by oxalic acid and pore widening
from high-purity Al at 15 °C/8 h

Silica and poly(3,4-ethylenedioxythiophene)
composites/INA

carbon nanofiber (CNF) and nanofibrillated
cellulose (NFC)/27 h

bis(4-benzylpiperazine-1-carbodithioato-k2S,
S")nickel(ll) complex/NA

AAO prepared by oxalic acid/2 h

2.2. Optical Sensors

Signal Intensity
(RH%)

0.08-20 nF
(RH5%-95%)

0.65-108.9 nF
(RH15%-80%)

1.5-60 nF
(RH5%-95%)

1.8-16 nF
(RH5%-75%)

NA
(RH20%-80%)

10-38 pF
(RH20%-90%)

2.08-2.17 pF
(RH30%-90%)

NA

About 20-1000 pF
(RH11%-95%)

About 231-3290 pF
(RH40%- 100%)

15.95 pF-38.1 pF
(RH30%-90%)

19.25-984.26 nF
(RH20%-80%)

Response
(ACICy)

About
20,000%

16,650%

About
3900%

793.02%

About 500%

280%

About 4.4%

About
4830%

About
4000%

About 100%

About 138%

5013%

Response-
Recovery Time

NA

NA

NA

NA

NA

NA

289 s/286 s

18-188 sINA

77sl30 s

41 s/50 s

25si30 s

Below 10 s/10 s

Optical sensors are devices that transform the interaction between substrates and analytes into an optical signal, which is

a technique that has been widely applied in chemical trace detection with label-free, fast, and non-invasive advantages.
Common sighal conversion technologies in optical sensors include reflection interference spectroscopy (RFIS) [221[43](44]
(45 photoluminescence spectroscopy (PL) H8I47I48I149] syrface plasmon resonance (SPR) BB ang SERS 5]
[S6]571[S8(5960161] AAQ s an outstanding substrate for various optical sensing devices with the advantages of nanoscale
pores, self-assembly properties, controllable geometry, and good biocompatibility. The optical sensors based on AAO
substrates are described in the following sections and summarized in Table 2 with four different mechanisms: RIFS, PL,
SPR, and SERS.

Table 2. Comparison of recent optical sensors based on AAO with the mechanisms of RIfS, PL, SPR, and SERS.

Ref.

[42]

[43]

[45]

[48]

[49]

Technique

RIfS

PL

Analyte LOD Substrate
Plant horm_or_1es (ABA, SA_, auxins, 0.1 um
cytokinins, gibberellins)
Quercetin 0.14 mg/mL
cu®* 0.007 ppm
Drug release -

Staphylococcus aureus Cocaine 0.5 pm
Vascular endothelial growth factor 1 ngluL

(VEGF)

One-step vertical AAO on ITO glass chip

Two-step bilayered or funnel-like NAA

structures

Two-step vertical AAO

One-step bamboo-like AAO fabricated by
Sinusoidal anodization

Two-step vertical AAO

Two-step vertical AAO filled with ZnO



Ref. Technique Analyte LOD Substrate
[50] L i
abel-free DNA 5nm Nanobowled AAO barrier
BB Transmembrane protein CD63 1 ng/mL Gold nano a_rray fabricated using 2-step
vertical AAO as a mask
2] IgA 10 ng/pL Gold-capped 2-step vertical AAO
SPRILSPR
[53] Label-free DNA 10 nM Gold nanoantenr}a array fabricated using 1-
step vertical AAO as a mask
[54] . -~ Nanoimprinting cyclo-olefin polymer (COP)
Cell interleukin-6 10 ng/mL using 2-step vertical AAO mold
[55] . Bipyramid-like nanoparticles in 2-step
Aflatoxin B1 0.5 ug/L vertical AAO
[56] C-reactive protein, interleukin-6, 53.4, 4.72, 48.3, Gold-Silver core-shell nanoparticles on
serum amyloid A, and procalcitonin and 7.53 fg/mL commercial AAO
[571 Nitrate ion 1.03 ppm Gold nanoparticle clusters on 1-step AAO
layer
. e e
SERS P
[62] ) . . Striped Au-Ag nanowire fabricated using
Beta-hydroxybutyric acid 11nM vertical AAO as a shadow mask

[59] Rhodamine B 1 % 10°2° moliL Ag-loaded bamboo-ll_ke AAO as_lD photonic
crystal and defective photonic crystals

[60]

Methylene blue 1nM Irregular 1-step AAO pores
[61] Melamine 0.05 ppm Irregular 1-step AAO pores in 1-2 ym

cavities

RIfS is a useful optical method for sensing the substances, especially biomolecules, which is caused by the interference
of light reflected from the top and bottom of the film 8. The interference spectroscopy depends on the effective optical
thickness (EOT), which can be calculated by the equation below:

EOT = 2 negs d cosO = mA

where EOT is the effective optical thickness, ngg is the effective refractive index of AAO, d is the thickness of the AAO, m
is the order of the interference, and A is the wavelength of the light. After adding the analyte on the AAO film, a change in
the EOT causes a shift of the interference spectroscopy. In general, to increase the sensitivity and selectivity of the
measurement, the binding reaction between the analyte and the film is essential 48, The nanostructured porous films
compared with the planar polymer films have higher surface area for increasing the sensitivity 42,

Recently, Feng et al. presented an AAO-based RIFS biosensor to detect the different plant hormones including ABA, SA,
auxins, cytokinins, and gibberellins by coating an aptamer on the AAO nanofilm 42, Nemati et al. presented bilayered
AAO films with hierarchical funnel-like structures for optimizing the optical sensing performance toward multi-analyte
biosensing 2! Kaur et al. combined self-assembled glutaraldehyde-cross-linked, double-layered, polyethylenimine (PEI-
GA-PEIl)-modified AAO interferometers and reflectometric interference spectroscopy (RIfS) as an optical sensing system
for detecting ionic copper in environmental waters 44, Kapruwan et al. exploited the optical properties of AAO gradient
index filters, which have been used to measure the release dynamics of the cargo molecule in real time 23], PL refers to
light emission after the absorption of photons, which causes photon excitation and produces the electronic transition. The
absorbed light causes the electrons of the material to jump to a higher state and then return back to a lower energy level
with a light emission 14,

Surface plasmon resonance (SPR) is the oscillation of electrons on a metallic surface stimulated by an extra incident light.
The analyte is detected based on the changes in the absorbance of SPR of the substrate 2%, Furthermore, AAO can be
used to fabricate some nanostructure to produce localized surface plasmon resonance (LSPR). Compared with SPR,
LSPR is more easily excited, which means complex optical configurations are unnecessary. Thus, some LSPR sensing
researches using simple, even portable, optical devices have been reported BQI5152](53](54]

Recently, SERS has been the most-published topic and can be applied for trace detection of various substances. SERS is
a sensitive technique for detecting trace substances in industry, environment, wastewater, and air pollution. The



enhancement comes from the overall effect of the electromagnetic mechanism (EM) and the chemical mechanism (CM).
The EM is attributed to the local electrical field enhanced by the plasma resonance, and the CM is attributed to the
electrons transfer between the analyte and the SERS substrate 89, Here, the SERS substrates majorly based on the EM
are discussed because the enhancement of EM is substantially higher than that of CM. The porous materials with
properties of simple manufacturing and high aspect ratio are regarded as good candidates for forming the nanostructures
of SERS substrates. Therefore, AAO with tunable nanopores is a popular material for fabricating the SERS substrate with
various approaches. The current reported AAO-based SERS substrates can be divided into MNPs in the AAO pores [B2156]
571 using AAO as a mold for fabricating the metal nanostructure array, and the metal film on the nanopores. First, AAO
can be the support for the nanoparticles: Lin et al. used a drop-dry approach to deposit gold nanobipyramids (Au NBPs)
into vertical two-step AAO pores as the SERS substrate to detect Aflatoxin B1. For Aflatoxin B1 sensing, the Au NBPs—
AAO substrate has a corresponding linear range from 1.5 pg/L to 1.5 mg/L and an LOD of 0.5 pg/L 55,

Second, AAO can be the mold or the mask to fabricate the nanoparticles, nanowires, and nanorods. Chung et al.
demonstrated the UV-curable resin nanorods array deposited with Ag MNPs as the SERS substrate. The UV-curable resin
was filled into the nanopores of the two-step vertical and branched AAO to transfer the morphology of the nanopores to
the UV-curable resin and generate the nanorods array.
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