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ABSTRACT

Nanoporous anodised aluminium (NAA) is a valuable substance characterised by a
uniform pore structure, exceptional chemical stability, and robust mechanical qualities. It
possesses extensive applicability in biology, energy, sensing, and optics. This research
initially examines the historical development of NAA, elucidates the fundamental
principles of its formation process, and elucidates the mechanism underlying its distinctive
structure. This study systematically analyses the impact of key parameters—oxidation
voltage, oxidation temperature, electrolyte type, and concentration—on the anodization
process and their effects on the structural characteristics of NAA, including pore size, pore
spacing, and oxide film thickness. The comparison of outcomes from various preparation
circumstances elucidates the approach for optimising the procedure to get the desired
structure. This research delineates the unique applications of NAA in the biomedical
domain, encompassing drug carriers, tissue engineering, and antibacterial coatings, while
also categorising its use in energy conversion and storage, including osmotic energy
conversion and battery augmentation. The advanced developments of NAA in humidity,
gas, and optical sensors are thoroughly examined, particularly their potential applications
in the creation of photonic crystals, photocatalysis, and random laser platforms. This
article anticipates the future trajectory of NAA, identifies its technical challenges and
research priorities concerning large-scale preparation, precise structural control, and
multifunctional applications, and offers a theoretical foundation and practical guidance
for further investigation in this domain.
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1.0 INTRODUCTION

Nanotechnology promotes the development of materials through precise control of
nanoscale structures, creating new features and functions, improving performance, and
extensive innovation in application fields, covering various materials with specific
structures and properties, such as nanoparticles, nanowires, and nanofilms. Alumina
nanofilms have the advantages of high-temperature stability, chemical inertness, and
electrical insulation. Nanoporous alumina prepared by anodic oxidation, also known as
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NAA, has been studied extensively among many materials, and its advantages include an
adjustable pore structure and high surface area [1]. The emergence of nanotechnology has
enabled the application of NAA in a wide range of fields. These include data storage [2],
development of chemical or biological sensor devices [3], template-assisted fabrication of
nanostructures [4], and fabrication of corrosion-resistant materials [5]. All these
applications require NAA to have appropriate structural and chemical properties, which
requires adjusting the technical parameters of the anodizing process, pre-treatment, and
post-treatment.

Therefore, this paper systematically reviews the synthesis characteristics of NAA and
its synthesis process in different electrolytes (oxalic acid, sulfuric acid, and phosphoric
acid), focusing on the effects of key parameters, such as oxidation voltage, temperature,
and electrolyte type, on the structure and performance of NAA. In addition, based on the
research progress in recent years, this article discusses an environmentally friendly
synthesis method of NAA under the concept of green chemistry, as well as its emerging
applications in sensors, energy storage, biomedicine, and other fields. Finally, this article
looks forward to the future research direction of NAA, emphasizes the importance of
composite functionalization and sustainable development, and provides a critical
perspective for further enhancing the multifunctional applications of NAA.

2.0 OVERVIEW OF NANOPOROUS ANODIZED ALUMINA (NAA)
2.1 Development of NAA

Anodic oxidation has been used as a method to prevent the corrosion of aluminium and its
alloys by forming a dense oxide layer on the surface of aluminium. With the deepening of
research, scientists have begun to explore the preparation of structured anodized aluminium
with micron-sized pores by controlling electrolysis conditions, which provides a potential
platform for applications such as adsorption, catalysis, and sensing. Subsequently, the
introduction of nanotechnology led to the further evolution of anodic aluminium oxide
(AAO) in the study of NAA, providing new opportunities for innovation in the fields of
nanotemplates [6,7], sensors [8,9], and biomedicine [10,11]. This section outlines the
development of the NAA anodization process.

Anodization is used to prevent [7] the corrosion of aluminium and its alloys by forming
a dense oxide layer on the aluminium surface. In 1875, French scientist Eugene Ducretet
first reported the passivation of aluminium through chemical reactions. He observed
changes in the surface color of aluminium when polarized in an aqueous medium and
described the formation of aluminium oxide owing to the interaction between aluminium
and oxygen [12]. Subsequently, German scientist Charles Pollak developed the first
electrochemical apparatus for anodization, studying the properties of the anodic oxides
formed in different electrolytes. The results demonstrated that anodization can enhance the
corrosion resistance of aluminium and its alloys for industrial applications [13]. With the
advancement of research, scientists have begun exploring ways to fabricate structured
anodized aluminium with micron-scale pores by controlling electrolytic conditions. These
structures provide a promising platform for adsorption, catalysis, and sensing applications.
Later, the introduction of nanotechnology led to the evolution of anodized aluminium oxide
(AAO) into nanoporous anodized aluminium (NAA), offering new opportunities for
innovations in nanostructured templates, sensors, and biomedical fields [6]. This section
provides an overview of the development of the NAA anodization processes.

In the late 1940s, British researcher Simon Wernick [14] first introduced the term
"anodization" to define the electrochemical oxidation of aluminium, marking the formal
adoption of this concept in both industrial and academic contexts. In the early 1950s, Keller
et al. [15] used scanning electron microscopy (SEM) to characterize NAA and observed its
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ordered nanoporous structure. They proposed a schematic model, known as the KHR model,
to explain the formation of NAA. In the 1970s, O'Sullivan and Wood [16,17] introduced
the field-assisted dissolution (FAD) model. This model explains pore nucleation as a result
of the enhanced dissolution of aluminium oxide by acidic electrolytes, driven by localized
field concentrations. Thirty years later, Baron-Wiechec et al. [18] proposed a new theory
called the field-assisted plasticity (FAP) model. The FAP model attributes pore formation
primarily to the non-uniform migration of cations and anions within the anodized
aluminium oxide layer during oxidation, with the electric field driving the pore initiation
and growth. Although both theories are widely accepted and supported by experimental
evidence, they are fundamentally contradictory. Both the models rely heavily on the role
of the electrolyte in the anodization process. Consequently, the exact mechanism
underlying the formation of the porous anodic layers remains a topic of active scientific
debate.

2.2 Basic Principles

Aluminium (Al) and oxygen (O) have very strong chemical affinities, so they can easily
become alumina (AL,Os). Even if Al is only exposed to air, a thin oxide film of 10 A can
be formed on its surface. This oxide film is also called ‘natural oxide film’. However, owing
to its very thin oxide layer, it is difficult to utilize it as an anti-corrosion protective coating.
As the anode, the aluminium sample was electrolyzed in a certain electrolyte, and an oxide
film was formed on the surface of the Al. This is known as ‘aluminium anodic oxidation’
electrolysis [19]. The type of electrolyte, temperature, and applied current or voltage are
critical factors that influence the ultimate chemical and physical properties of the anode
layer. The film is formed by the migration of AI** cations in the Al and OH™ and O* anions
under a high electric field [16]. The anodic reaction for the overall film growth is equation

(1):
2A1(sol) + 3H20(liq) d A1203(0X) + 3H2(g) (1)

The oxide films can be divided into barrier oxide layers (BOL) and porous oxide layers
(POL), as depicted in Figure 1. In one situation, only dense BOL with thicknesses of a few
hundred nanometres (nm) will be produced. In another situation, there is a combination of
a BOL with a thickness between 10 and 100 nm and a POL up to10 pum in thickness [16].
In BOL, especially in alkaline electrolytes, H" and OH™ generated by the water-splitting
reaction are neutralized locally by the reaction of equation (2). In contrast, in the POL, H"
can locally dissolve more oxides as equation (3):

2H*(aq) + OH™ (aq) — H,0(1) ()
1/2A1,05(s) + 3H*(aq) — AlI**(aq) + 3/2H,0(]) 3)

The pores in the POL result from the material flowing from the barrier layers below the
pore base to the cell wall regions [10]. It is worth noting that these subjects have been
studied for many years, and researchers continue to investigate the mechanisms of NAA

production in depth. In the following section, we outline the important findings regarding
the fabrication of NAA.
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Figure 1: Schematic representation of (a) a barrier-type anodic film and (b) a porous-type alumina
film.

The manufacture and applications of nanoporous anodised aluminium (NAA) have
advanced significantly, although certain obstacles remain. The current state of anodising
technology limits large-scale industrial uses by balancing cost-effectiveness,
manufacturing scalability, and structural precision. It is still difficult to achieve accurate
tunability on various scales, even though apertures, distribution, and shape can be
somewhat adjusted [20]. To improve the scalability and usability of NAA in a range of
cutting-edge technologies, future research should concentrate on establishing cost-effective
high-yield production techniques, optimising anode technology, and incorporating multi-
scale structural design.

3.0 SYNTHESIS OF NANOPOROUS ANODIC ALUMINA (NAA)
3.1 Synthesis Process

The preparation of aluminium oxide thin films by the electrochemical method was first
proposed by Keller et al. (1953); however, this method is rough, time-consuming, and has
a low repetition rate [15]. Masuda and Fukuda [21] later proposed a two-step anodic
oxidation method to prepare NAA with stable pore formation and a high repetition rate. In
addition, researchers have invented a series of manufacturing methods according to actual
needs, such as multistep anodization [22], nanoimprint lithography anodization [18], and
pulse anodization [24]. There are benefits and drawbacks to each anodising technique. Due
to its high pore structure regularity and good reproducibility, the two-step anodising
procedure is extensively employed; however, it involves a number of processes and takes
a long time to prepare. The pore structure can be further optimised using a multi-step
anodising procedure, although the expense and complexity of the process are increased.
Although it requires costly lithography templates, the nanoimprint lithography anodising
approach allows for exact pore organisation and dimensional control. By varying the
applied voltage pulse, the pulse anodization method may precisely control the aperture and
pore spacing; nevertheless, it necessitates precise process parameter optimisation. Owing
to the widespread use of two-step anodizing, many other improved anodizing methods are
optimized based on this principle. Therefore, this study introduces a two-step anodic
oxidation in detail. The specific process is illustrated (Figure 2).
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Figure 2: The synthetization flow of nanoporous anodized alumina (NAA).

3.2 Different Parameters of Anodic Oxidation

The structural properties of NAA are affected by various process parameters during
anodization and the properties of the substrate [25]. These factors are briefly described in
this section.

3.2.1 The Effects of Oxidation Voltage

The voltage has a direct effect on the inherent porosity of the anode layer; a lower voltage
creates a large number of very small pores, whereas a higher voltage produces few large
pores, which tends to favor the production of a thicker dense layer [26]. This relationship
can be expressed by the following equation (4):

dpore = Cpore X AV “4)

where dyore is the pore diameter, Cyore iS @ proportionality constant that is approximately
equal to 1.3 nm/V, and AV is the anodic oxidation voltage. In addition, the application of a
gradual voltage can affect the morphology of NAA. Put et al. [27] showed that the anodic
film morphology and oxide formation efficiency depend on the voltage change in the
electrolyte. A sudden decrease in voltage (approximately 50 % change drop) produces a
distinct boundary between fine and rough regions in the thin-film morphology, whereas a
sudden increase in voltage does not. Furthermore, the voltage also has a significant impact
on the spacing and width of the pores, although anodization in a high electric field results
in burned oxides [28]. One et al. [22-24] measured the breakdown voltage and obtained
breakdown voltages corresponding to commonly used electrolytes (oxalic acid, phosphoric
acid, and sulfuric acid) as 50 V, 197 V, and 27 V, respectively. The voltages corresponding
to the best sequence are 40 V, 195 V, 25 V which are slight below the breakdown voltage;
therefore, precise voltage control is required. It is also worth noting that excessive voltage
could cause electronic breakdown, which manifests as the breakdown of the aluminium foil.

3.2.2 The Effects of Oxidation Temperature

The effect of temperature on NAA was mainly reflected in the pore spacing and degree of
ordering. Leszek et al. [30] reported the effect of temperature on the pore spacing in a
phosphoric acid electrolyte. It was concluded that the hole spacing increases with
increasing temperature, with an experimental value of 0.02-0.32 nm/°C. In 2018, Li et al.
[31] explored the order degree of NAA template over a wide temperature range (5-50 °C).
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They believe that the degree of order of NAA templates increases first and then decreases
when the temperature rises, and 15 °C is the ideal temperature for the degree of order in
oxalic acid electrolyte. Leontiev et al. [32] studied the effect of temperature change during
anodization with 0.3 M oxalic acid. When anodizing aluminium at a voltage of 40 V,
increasing the temperature (0-40 °C) of the electrolyte increases the contribution of
diffusion current. When the thickness of the NAA film reaches a particular value (50 pm),
the increase in the diffusion current may cause non-uniformity of the oxide layer,
destroying the ordered arrangement of the hexagonal pores. The order of the pores did not
change with temperature for a sufficiently thin (~10 um) NAA layer produced at the same
voltage.

3.2.3 The Effects of Electrolyte

The electrolyte played a vital role in the formation of NAA, which directly determined the
pore distance (Dint). Three common electrolytes have been used in NAA.

Oxalic acid.

Ramana Reddy et al. [33] investigated the structure of NAA films by increasing the
electrolyte molarity from 0.1 M to 0.9 M at 8 °C while keeping the anodic oxidation
potential at 40 V. The results showed that the regularity of the NAA film changed with
electrolyte concentration, with the NAA film formed at 0.3 M having the highest regularity.
Self-ordered alumina nanopores (Dinx = 100 nm) were produced in a 0.3 M oxalic acid
solution (40 V) using a standard mild anodization (MA) method [34]. Huang et al. [35]
reported a high-field anodization process for the manufacture of NAA in high-
concentration oxalic acid (0.75 M), and a highly ordered NAA structure was rapidly
fabricated using a two-step anodization process. At this higher concentration and higher
temperature (30 °C) oxalic acid solution, stable high-field anodization can be achieved
without breakdown owing to the thinner barrier layer. After 50 min of oxidation, NAA with
a thickness of approximately 57 nm, pore spacing of approximately 120 nm, and pore
diameter of approximately 75 nm were obtained. The temperature of oxalic acid can
improve the regularity of the NAA structure, but too high a temperature (>40 °C) can cause
the pores to collapse. The reaction mechanism for oxalic acid is shown in equation (5).

HC,0; (aq) = C,0% (oxide) + H*(aq) (5)

Sulfuric acid.

Sulfuric acid anodization is effective at relatively low voltages (15-40 V) and produces
porous oxide films with small pore diameters [36]. In a typical mild anodization (MA)
process, self-ordered alumina nanopores (Dine = 63 nm) were obtained in 0.3 M sulfuric
acid solution (25 V) [36]. Bruera et al. [37] performed highly ordered NAA under two
conditions: (a). 0.3 M sulfuric acid electrolytes (20 V, 10 °C), and (b). 2 M sulfuric acid
electrolyte (15 V, 5 °C). The results showed three important trends: (a). The pore diameter
and pore distance are proportional to the voltage (b). The density of the pores decreased
with increasing voltage, and (c). The thickness of the oxide film increases with the
electrolyte concentration, temperature, and anodizing voltage. Sulka et al. [22] investigated
a three-step oxidation process in sulfuric acid electrolyte at various voltages. The findings
revealed that the nearly flawlessly ordered aluminium honeycomb structure was primarily
created during the second-phase anodic oxidation process at 15-25 V. It is also worth
noting that the three-step anodization process has no discernible effect on the order and size
of the pores. The reaction mechanism in sulfuric acid is given by equation (6).

HSO; (aq) — SO%~ (oxide) + H* (aq) (6)
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Phosphoric acid.

In a typical mild anodization (MA) process, self-ordered alumina nanopores (Din = 500 nm)
were obtained in 0.1 M phosphoric acid solution when the anodization voltage exceeded
180 V and approached 195 V at 0°C [38]. However, the process required 16 h to complete.
Sadasivan et al. [39] produced NAA in one-step anodic oxidation using 0.53 M phosphoric
acid at a voltage range of 40-120 V, yielding pore diameters in the 60-200 nm range.
Jagminien et al. [40] also reported this method in the same year, in which NAA was
prepared by one-step anodic oxidation in 0.4 M phosphoric acid at a voltage of 80 V at
25°C. The pore size obtained was 80 nm, and the pore distance was 208 nm. The reaction
mechanism of phosphoric acid is shown in equation (7).

H,PO; (aq) » HPOZ™ (oxide) + H* (aq) (7

Table 1 summarizes the NAA with various anodization parameters. Based on the summary,
it can be observed that different electrolytes exhibit their own advantages and
disadvantages throughout the anodization process. The ability of oxalic acid to produce a
nanopore structure with a reasonable pore size and ordered arrangement makes it a popular
electrolyte. However, a lengthy anodization period is necessary for the electrolysis of oxalic
acid [33]. In contrast, sulphuric acid electrolyte has the ability to quickly create high-
density small-pore nanopore structures, which greatly benefits it in applications requiring
a high specific surface area. It should be mentioned, nonetheless, that the sulphuric acid
system is vulnerable to an excessively high rate of oxidation during prolonged anodization,
which could result in a reduction in the stability of the nanopore structure [36]. Phosphoric
acid electrolytes tend to form large pore size structures, which is conducive to achieving
high porosity. However, it is often difficult to obtain a uniform nanopore structure and
requires the application of a higher operating voltage [39]. Therefore, in practical
applications, the selection of electrolytes requires comprehensive consideration of the
characteristics of the target pore structure (such as pore size, porosity, pore density),
anodizing efficiency, and structural uniformity, and trade-offs and optimizations between
these parameters.

Table 1: The summary of fabrication conditions and results of nanoporous anodic alumina
in three common acids.

Oxidation Concentration Voltage

Temperature Pore diameter Pore distance

b M) V) ©C) (o) ) s
-step 0.3 40 i - 95 [36]
2 -step 0.3 40 0,20,40  7943,65%5, 5851 1016, 998, 9540  [32]
S 2step 0.3 120 0,10,20 691, 681, 59+1 281423, 272419, 295£20 [32]
Z lLstep 0.2 40 28 40 103 [40]
2-step 0.75 50 30 75 120 [35]
L 0.3 25 10 i 60.0 [36]
2-step 0.3 10, 15, 20 10 21.0,27.8, 34.0 29.9,40.9, 56 137]
= 2-step 0.3 10, 15, 20 20 214,273,342 290,421,519  [37]
2 2step 0.3 10, 15, 20 30 212,263,297 313,423,499  [37]
& 2-step 2 10, 12, 15 5 15.8,19.9, 20.4 265,309,347  [37]
B 2step 10, 12, 15 10 18.4,19.9, 22.4 286,302,355  [37]
s 2 10,12, 15 20 18.2,17.9, 23.2 281,327,372 [37]
-step 1.53 15 18 13.5 40.5 [40]
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. 2-step 0.3 195 0 - 500
g 5 I-step 0.4 80 25 80 208
g % 1-step 0.53 120, 80, 40 ; 200, 100, 60 -
= Lstep 10 wt % 160 3 - 420

4.0 APPLICATIONS OF NAA

Nanoporous anodic aluminium oxide (NAA) has emerged as a prominent material in
contemporary scientific studies because of its distinctive nanostructure and superior
physical and chemical properties. As a multifunctional platform created through
anodization, NAA exhibits significant versatility in both structural and functional designs.
By regulating critical parameters, including pore size, porosity, and thickness, NAA
demonstrates enhanced mechanical strength and chemical stability, while also enabling
precise functional modulation at the nanoscale. These attributes have facilitated extensive
research and applications of NAA in biology, energy, sensing, and optics, demonstrating
significant developmental potential. Subsequently, we concentrate on the most recent
advancements in the study and application outcomes of NAA in these domains, elucidating
its distinctive performance and technological significance.

4.1 Biomedical Applications

NAA, a biocompatible material, has demonstrated significant potential in the biomedical
sector. Kapruwan et al. [41] established a novel platform utilizing nanoporous anodized
aluminium photonic crystals (NAA-GIF) for real-time assessment of drug molecule release
kinetics. NAA-GIF was synthesized through sequential pulse anodization (SPA) in an
oxalic acid electrolyte solution to create a photonic crystal structure featuring two photonic
band gaps (PSBs), with the first PSB coinciding with the absorption band of the drug
molecule and the second PSB situated outside the absorption range. The experimental and
numerical simulation findings indicate that the relative concentration of the medication
within the pore can be precisely monitored using the reflectance spectrum of NAA-GIF. In
later investigations, scientists developed a novel hybrid NAA-GIF by integrating SPA and
constant potential anodization technology, with SPA modulation at the top and a linear pore
channel at the bottom, to investigate the loading and release dynamics of doxorubicin. This
research indicated that the drip approach could more precisely forecast the nanopore filling
process. A model study utilizing two inverse exponential decay functions indicated that the
drug release quantity within the pore is time-dependent, substantially influenced by pore
length and flow rate, and can be regulated through diffusion. This technology facilitates the
effective real-time characterization of drug release and provides novel technological
assistance for the design and development of drug delivery systems. Lednicky and Bonyar
[42] proposed a technique for fabricating ordered arrays of AuNPs on epoxy substrates.
Gold nanoparticles were synthesized on nanobowl-shaped aluminium templates using a
solid-state annealing technique, which was created by selective chemical etching of porous
anodic aluminium oxide (PAA) developed on aluminium plates via a controlled anodization
process. This technique facilitates precise regulation of the dimensions, morphology, and
interparticle distance of nanoparticles across extensive areas (several square centimetres),
thus enhancing their localized surface plasmon resonance (LSPR) and surface-enhanced
Raman scattering (SERS) spectral characteristics within the range of 535-625 nm.
Following the transfer of gold nanoparticles to the epoxy substrate, they were selectively

etched to create epoxy nanopillar structures topped with flat disc-shaped gold nanoparticles.

This nanocomposite demonstrated a bulk refractive index sensitivity ranging from 83 to
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108 nm RIU™. Label-free DNA detection was accomplished in sensing studies by
identifying Giardia lamblia-specific DNA sequences (20 bp).

After 2 h of hybridization with 1 uM target DNA, the LSPR absorption spectrum
exhibited a redshift of 6.6 nm, and the limit of detection (LOD) was approximately 5 nM.
This AuNP/polymer-based plasmonic sensor is one of the inaugural sensors used to
effectively accomplish label-free DNA detection, offering a novel technical trajectory for
biosensing. Pla et al. [43] introduced an innovative hybrid sensor utilizing aptamer-gated
nanomaterials for the rapid and effective detection of Staphylococcus aureus. The
technique employs nanoporous anodic aluminium oxide (NAA) as a scaffold, incorporates
the fluorescent indicator rhodamine B, and occludes pores with designated aptamers. The
aptamer can specifically identify Staphylococcus aureus cells and occlude the pores to
prevent the release of the fluorophore. In the presence of the target bacterium, the aptamer
was displaced by the bacteria, resulting in pore opening and subsequent release of the
fluorophore. The sensor has a detection range of 2—-5 CFU mL ™ for bacterial concentrations
(with lower limits in buffer and blood) and can be finalized in less than 1 h. The approach
was evaluated using 25 clinical samples, and the results exhibited a high degree of
consistency with typical hospital reference technology. In contrast to conventional
approaches, the sensor is sensitive, quick, cost-effective, and does not require intricate
procedures, such as polymerase chain reaction (PCR), rendering it highly ideal for on-site
rapid detection systems. Agbe et al. [44] applied a silver—polymethylhydrosiloxane (PMHS)
coating to the surface of NAA. The synthesized Ag-PMHS nanocomposite demonstrated
remarkable antibacterial efficacy against clinically significant planktonic bacteria, yielding
inhibition zone measurements of 25.3 + 0.5 mm for Pseudomonas aeruginosa (PA)
(Gramme —ve), 24.8 + 0.5 mm for Escherichia coli (E. coli) (Gramme —ve), and 23.3 £3.6
mm for Staphylococcus aureus (SA) (Gramme +ve), with adhesion reduction rates of
99.0%, 99.5%, and 99.3%, respectively. The Ag-PMHS nanocomposite coating on
anodized aluminium exhibited superior antibacterial and anti-biofouling characteristics.

4.2 Energy Applications

Nanoporous anodized aluminium (NAA) has extensive potential applications in the energy
sector owing to its distinctive nanostructure and multifunctional characteristics. In recent
years, researchers have employed NAA's revolutionary applications in osmotic energy
conversion and passive radiation cooling technology to provide novel concepts and
methods for efficient energy utilization. NAA serves as a cost-effective and efficient
nanofluid platform for the conversion of osmotic energy through reverse electrodialysis
(RED). Liu et al. [45] employed a straightforward in situ growth approach to create a light-
responsive sub-nanochannel of the metal-organic framework (MOF) NH:-MIL-53,
encapsulating spiropyran (SP-MIL-53) using an NAA membrane as a template. This
channel may be opened and closed, thereby efficiently regulating ion flux and functioning
as a sophisticated ion gate. Under ultraviolet irradiation, the on-off ratio in a 10 mM
potassium chloride aqueous solution reached 16.2, offering an efficient approach for
harnessing salinity gradient energy. Chen et al. [46] presented a hybrid membrane that
incorporated a hydrogel within a nanofluid matrix. A generator utilizing this novel hybrid
membrane demonstrated exceptional energy conversion efficiency and mechanical
characteristics. The distinctive nanochannels and negatively charged regions inside the
hybrid membrane confer significant cation selectivity, with a peak power density of 11.72
W/m? under a 500-fold salinity gradient.

Passive radiative cooling technology is an efficient method for reducing the energy
usage in cooling systems. NAA nanostructures demonstrated their capacity for daytime
cooling in 2019, exhibiting a solar reflectivity (Rg)) of 94%, an IR emittance (gg)of

90%, a cooling power (Peool) of 64 W/m?, and a temperature drop (47) of 2.6 °C [47]. We
clarify how the morphological characteristics and chemical composition of NAA-AI

DOI: 10.11113/jm.v48.554 Page 44



Wang A, Johari N.D, Yusop A.H, Yajid M.A.M, Wan Ali W.F.F
Jurnal Mekanikal, December 2025, 48: 36-49

samples influence their optical properties and cooling efficiencies. The thickness of the
alumina layer, variation in pore spacing and porosity, and counterions employed
substantially influenced the cooling capability of the NAA-ALI structures. Diaz-Lobo et al.
[48] enhanced prior research by recording a maximum temperature reduction 47 of 8.0 °C
under direct sunlight on a summer day in Spain and determined a peak cooling power Pcool
of 175 W/m?* for NAA-AI samples anodized in sulfuric acid, exhibiting a thickness of 12
pum and a porosity of 10%.

4.3 Sensors Applications

NAA-based sensors are classified into two categories: electrical and optical. NAA-based
electrical sensors primarily fall into two categories: capacitance and resistance. A thin
metallic coating is typically applied to the surface of the NAA to serve as an electrode for
humidity measurement [49]. Yang et al. [50] developed two distinct substrates, silicon and
anodized aluminum oxide (NAA), for the manufacture of relative humidity sensors to
enhance sensitivity. The capacitive response of indium nitride compound-doped oxygen
sensors (InN:O) utilizing NAA substrates surpassed that of InN:O sensors employing
silicon substrates. The magnetic field influences the response recovery time of the NAA
humidity sensors. Chung et al. [51] discovered that a magnetic field can markedly improve
the efficacy of anodized aluminium oxide (NAA) humidity sensors across various acid
concentrations and relative humidity (RH) levels. At low relative humidity (45%), the
magnetic field enhances the capacitive response of the sensor by promoting a more
organized arrangement of water molecules. Conversely, at high relative humidity (> 45%),
the capacitance of NAA sensors subjected to a magnetic field exhibits a notable
enhancement, attributable to the phonon-assisted electron tunnelling mechanism and the
increased conductivity of the pore walls. The results demonstrated that the application of a
magnetic field can significantly improve the sensitivity and stability of the NAA humidity
sensor across a broad relative humidity range.

Optical sensors transform the interaction between a substrate and analyte into optical
signals. This technology is extensively utilized in chemical trace detection owing to its
advantages, including being label-free, fast, and non-invasive. NAA serves as an
exceptional substrate for diverse optical sensing devices, offering benefits such as
nanoscale pores, self-assembly characteristics, programmable geometry, and favourable
biocompatibility [49]. Malinovskis et al. [52] synthesized oriented ZnO nanorods
exhibiting photoluminescence properties and incorporated them into a two-step vertical
NAA structure. The analyte, human vascular endothelial growth factor, was identified by
diminishing the PL intensity via ZnO nanorods. Surface plasmon resonance (SPR) denotes
the oscillation of electrons on a metal surface induced by the incoming light. The analyte
is identified by alterations in the SPR absorbance of the substrate [49]. Lednicky et al. [42]
identified unlabelled DNA from Giardia lamblia by assessing the red shift in the LSPR
absorbance spectrum induced by gold nanoparticles fabricated on a nanobowl barrier on an
aluminium substrate, following the removal of the NAA layer.

4.4 Optical and Photonic Applications

Nanoporous anodic aluminium oxide (NAA), a multifunctional medium produced by
electrochemical aluminium oxidation, has extensive applications in the optical domain. Its
meticulously engineered nanoporous framework may create diverse photonic crystal (PC)
structures and utilize numerous interactions between light and matter (such as Bragg
diffraction, confinement, and interference) to attain the exacting control of light. NAA-PC
can be integrated with luminescent materials to modulate the characteristics of the emitted
light across the spectrum and is extensively utilized in the construction of luminescence
and quantum optical systems. Owing to the ongoing advancements in anodization
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techniques and photonic crystal architectures, NAA has demonstrated significant potential
in optical domains including telecommunications, sensing, imaging, energy, and laser
systems, while also encountering challenges and opportunities for further optimization and
expansion [53]. Liu et al. [54] introduced a novel photonic crystal consisting of nanoporous
anodic aluminium oxide (NAA) broadband distributed Bragg reflector (BDBR)
functionalized with titanium dioxide (TiO:) for photocatalysis driven by visible light.
NAA-BDBR, produced by double exponential pulse anodization (DEPA) technology, has
an extensive photon stop band (PSB) characterized by high resolution and spectral
tunability, with its width adjustable from 70 & 6 to 153 = 9 nm (in air). The photocatalytic
efficacy of TiO2-NAA-BDBR with variable PSB widths under visible-NIR irradiation was
examined by three model photodegradation reactions of organic substances with absorption
bands located in the visible light spectrum. The photocatalytic efficiency is maximized
when the red edge of the PSB aligns closely with the electronic band gap of the TiO: coating,
a shift of the red edge towards the visible spectrum results in a substantial decline in
photocatalytic performance. Nonetheless, when the red edge of the PSB coincides with the
absorption band of the organic materials, the photocatalytic efficiency is restored.

This indicates that TiO--BDBR can augment the photocatalytic reaction by decelerating
the group velocity of photons within a certain spectral range, offering a novel concept for
the development of high-performance photocatalysts. Li et al. [55] fabricated multiband-
responsive NAA-based photonic crystals (PCs) using pulsed anodization. These PCs
demonstrate several photonic band gaps (PBGs) in the visible to near-infrared (vis-NIR)
spectrum, enabling accurate experimental manipulation of the positions of these band gaps.
Physical vapor deposition (PVD) applied a silver layer onto the surface of an NAA-based
photonic crystal to modify its refractive index, successfully creating a uniform distributed
Bragg reflector (DBR) structure with a tunable optical Tamm state (OTS). Gunenthiran et
al. [56] investigated the integration of fluorescent dye dendrimers (second-generation
dendrimers) with the geometric characteristics of a porous scattering medium, nanoporous
anodic aluminium oxide (NAA), to enhance random laser efficacy. Dendrimers contain
fluorescent dye molecules and electrostatic interactions anchor them to the inner surface of
the NAA platform, resulting in a solid-state composite structure. This research revealed
that the NAA platform, characterized by low porosity and suitable thickness, when
integrated with fluorescent molecules encapsulated by dendrimers, can facilitate high-
quality random lasing. The optimized lasing platform generates highly polarized lasers
(wavelength: 594 nm) with a superior gain product of 1588 au, a polarization mass of 0.86,
and a lasing threshold of 0.05 mJ/pulse. The enhanced lasing platform markedly diminished
the photobleaching effect and amplified the encapsulation effectiveness of the dendrimers
by 2.5 times relative to conventional surfactants. These results indicate that the
encapsulation of fluorescent molecules and the configuration of the scattering media
significantly influence the development of random lasing platforms. These platforms
provide innovative concepts for the application of optical and optoelectronic technology.

5.0 SUMMARY

This article analyzes and summarizes the fundamental principles underlying the synthesis
of NAA, elucidates its synthetic mechanism, delves into the step-by-step synthetic process,
and analyses numerous influencing elements in the oxidation of three common acidic
solutions. A thorough examination of the results and conditions of these oxidizing acids
revealed that the performance characteristics of the NAA structure, such as pore size and
pore distance, are affected by factors such as the oxidizing acid type and concentration,
oxidation time, current density, voltage, and temperature. The regulation of these
parameters on pore properties such pore size, pore spacing, and structural stability is the
main focus of a comparative study of anode conditions and their products under various
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acidic environments. Furthermore, this study offers crucial theoretical direction for
optimizing the NAA preparation procedure for particular uses. Researchers can further
optimize the anodization method to attain improved material qualities by thoroughly
comprehending the structure-effect relationship between synthesis circumstances and
structural attributes. The technological developments in NAA synthesis covered in this
article provide the groundwork for the creation of novel preparation techniques that have
enormous potential for use in a variety of sectors, including biomedical engineering, energy
storage, sensors, and optics.
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