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Functional nanoporous materials are categorized as an important class of nanostructured materials because of
their tunable porosity and pore geometry (size, shape, and distribution) and their unique chemical and physical
properties as compared with other nanostructures and bulk counterparts. Progress in developing a broad spectrum
of nanoporous materials has accelerated their use for extensive applications in catalysis, sensing, separation, and

environmental, energy, and biomedical areas.
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| 1. Introduction

Nanoporous materials are categorized as an important class of nanostructured material that possess unique
surface and structural characteristics, including high surface area, tunable pore sizes, tunable pore geometries, as
well as surface topographies with porous architectures. These unique characteristics of nanoporous materials
underline their applications in various fields, such as ion-exchange @, separation [, catalysis [, sensors 4, water
purification B, CO, capture and storage &, renewable energy 8l targeted drug delivery [ tissue engineering
(29 and implants 11, For example, the presence of highly active low-coordinated atoms (i.e., atoms with lower
numbers of bonds such as atoms on surfaces, steps, and kinks) on interconnected curved backbones of
nanoporous structures make them suitable for catalytic applications. Their extensive porous networks facilitate the
mass transfer of reactants from the exterior surfaces to the interior surfaces, thus, enhancing the catalytic reaction
rate, even at low temperatures. The lightweight and excellent mechanical properties of nanoporous materials make
them suitable for use in medical implants. Furthermore, the design of nanoporous materials with variations in pore
size can reduce the response time and improve sensitivity of sensing and microfluidic devices. Nanoporous
materials can be used as a platform to understand and study guest—host reactions 12131 chemical reactivities in
confined environments 24, and chemical reactions involved in the synthesis of nanomaterials (nanoparticles,

nanowires, and quantum dots) 151,

In general, nanoporous materials can be defined as any material with a pore size of nanoscale dimension (100 nm
or less) in their structures. However, these nanoporous materials can be developed and classified into categories
based on pore size, structure of the pores, crystallinity of the materials, and type of materials. In the case of pore

size, these materials are subdivided, based on the international union of pure and applied chemistry (IUPAC)
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nomenclature, into three different categories: microporous (pore size <2 nm), mesoporous (pore size ~2-50 nm),
and macroporous (pore size >50 nm) 28], The classification of porous structures is generally based on disordered
and ordered systems. Compared with disordered structures, ordered nanoporous materials are desirable for
optoelectronic applications as they provide periodicity of pore sizes and, thus, facilitate greater control over their
interactions with electromagnetic waves X7, Furthermore, nanoporous materials can be categorized based on the
crystallinity (i.e., amorphous vs. crystalline) of the materials used. Amorphous nanoporous materials have a
hierarchy of pore sizes (a wide distribution of pore sizes) and are suitable for heterogenous catalytic reactions.
These amorphous nanoporous materials are comprised of cross-linked polymers, carbon, and porous aromatic
frameworks. Crystalline nanoporous materials have a narrow pore size distribution and are suitable for molecular
sieving filtration where uniformity in pore size is important 2819 7Zeolites, metal organic frameworks (MOFs), and
covalent organic frameworks are examples of crystalline nanoporous materials [29[21122] Nanoporous materials
can also be subdivided based on the material type, i.e., inorganic (zeolites, mesoporous silica), metal-organic
frameworks (MOFs), and covalent-organic frameworks (COFs). MOFs are considered to be a new class of
crystalline nanoporous materials with rigid nanopore structures. MOF-based nanoporous materials are formed by
the interconnections of inorganic constituents (metal nodes) with organic molecules. The tunable chemical
functionalities with well-defined nanopore size and geometries makes them suitable for several practical

applications, such as gas separation (23] gas capture 24, energy storage 22, and catalysis [281271(28]

Since the synthesis of mesoporous silica was first reported in the 1990s, significant progress has been made in
developing strategies for fabricating nanoporous materials from a wide range of materials, including metal, metal
oxides, and polymers 2239 The most common strategies adapted for fabricating such materials include
dealloying, soft and hard template methods, physical vapor deposition, nonsacrificial templating, and block
copolymers and colloidal self-assembly. These strategies have been used to fabricate ordered, disordered, and
hierarchical nanoporous materials with tunable pore sizes, shapes, and relative orientation of pores at different
length scales. In recent years, several reviews published on nanoporous materials have primarily focused on

selective modification of nanoporous materials, synthesis, and characterization of specific types of nanoporous
materials and their applications [EIL730][31][32][33][34][35][36][37](38][39]

| 2. Dealloying for Fabricating Nanoporous Materials

Dealloying is considered to be a versatile and robust top-down approach to fabricate disordered and hierarchical
nanoporous materials with tunable pore sizes with few nanometers. In this process, the selective dissolution and/or
leaching of less noble metals from an alloy or composite material induces three-dimensional (3D) porosity in
materials. This was first demonstrated in the Au-Ag alloy system. The selective dissolution of the less noble metal
(Ag) due to acid treatment resulted in the formation of 3D nanoporous metals 4%, The technique can be applied to
fabricate nanoporous materials with macro-scale dimensions and these materials can be engineered to different
shapes prior to dealloying. The precursor alloys should be homogenous to fabricate nanoporous materials with

desirable structural properties and minimal mechanical damage. Various dealloying approaches, such as chemical,
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electrochemical, liquid metal, and vapor phase dealloying have been established to create nanoporosity in both

metals and metal oxides.

2.1. Chemical Dealloying

Chemical dealloying has been widely used to fabricate nanoporous metals and metal oxides by selective
etching/leaching of less reactive species in an acidic or basic medium ¥142143] This process has been applied to
fabricate homogenous and crack-free nanoporous Au from different precursor alloys, including Au-Ag 44, Au-Ni 43,
and Au-Cu 8. Nanoporosity has evolved as a result of the dissolution of the less noble metal (Ag) layer-by-layer,
followed by surface diffusion and reorganization of more noble metal (Au) at the interface 44, Therefore, the
nanoporosity in materials can be associated with the surface mobility (diffusivity) of the more noble metal.
However, the surface mobility of metal atoms should be optimal because a high surface diffusion rate of metal
atoms can lead to coarsening of the nanoporous structure, which can cause undesirable effects, such as reducing
the surface energy and/or area. This can cause the degradation of physical properties over time, even at room

temperature.

2.2. Electrochemical Dealloying

Electrochemical dealloying is a process in which the selective dissolution of a more electrochemically active metal
of low standard electrode potential from a homogenous alloy leads to the formation of 3D nanoporous structures. In
this process, the elements involved in the precursor alloy should have different chemical reduction potentials. For
example, nanoporous Ni can be fabricated by electrochemical etching of Cu from the homogenous Ni,Cu;_, alloys
because Cu has a lower standard electrode potential than Ni “8. The technique has been employed to produce

nanoporous Au 49 Ag BY pt B pd 521 and Cu 58] as well as bimetallic nanoporous MnFe from Mn-Fe-Cu alloy
54 and PdAu 22,

2.3. Liquid Metal Dealloying

Liquid metal dealloying is a promising technique that has been adapted for fabricating nanoporous materials which
uses metallic melts as the dealloying medium instead of acidic and basic media BZ. This technique relies on the

solubilities of each element of precursor alloy into a liquid metal medium.

2.4. Vapor Phase Dealloying

Vapor phase dealloying utilizes differences in the vapor pressure of elements present in the precursor alloy to
selectively evaporate and/or dealloy one component. In this technique, the precursor alloy is prepared by
mechanically mixing the elements, followed by melt spinning to engineer a thin film. Vacuum heating introduces
nanoporosity in the materials by the selective evaporation of an element from the precursor alloy. Although the
formation of porosity under vacuum was observed by Balluffi and Alexander in the 1950s 28 this technique did not
received a great deal of attention until it was used to generate 3D bicontinuous nanoporous Co by high vacuum

heating of the mechanically prepared precursor CosZn,; alloy 57,
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| 3. Templating

Templating is considered to be a promising approach for fabricating ordered, disordered, and hierarchical
nanoporous metals and metal oxides with tunable pore sizes and pore geometries from a wide range of materials.
A templating method involves three processing steps: (i) designing a soft or hard template, (ii) material deposition
or chemical reduction to the template, and (iii) nanoporous structure formation after the removal of the template.
The desirable materials can be deposited on the template via numerous strategies, including physical vapor
deposition, electrochemical/chemical plating, sputtering, sol-gel method, or electron evaporation. The templating
approach must also meet three essential criteria: (i) the infiltration of materials into the template to generate a
continuous nanoporous structure; (ii) the stability of the template after deposition of the desired materials, and (iii)

an appropriate template removal strategy to obtain stable nanoporous structures.

3.1. Soft Template Method

The soft template method utilizes a micellar structure made from surfactants, and organic and block copolymeric
molecules as a sacrificial template to fabricate nanoporous metals, metal oxides, and carbons. When these
templates are exposed to precursor solution, precursor constituents interact with the template by weak noncovalent
bonds, such as van der Waals interactions, hydrogen bonding, and electrostatic interactions. This approach offers

great control over the geometry, pore size, and architecture of the nanoporous materials.

3.2. Hard Template Method

The hard template (nanocasting) method of fabrication involves the use of relatively rigid structures to fabricate
uniform and regular nanoporous materials. Examples of hard templates include porous silica 58, zinc oxide 32,
alumina 89, zeolite 29 or self-assembled colloidal crystals 1. The hard template method provides additional
support to nanoporous structures to retain stable pore geometry even after high temperature or solution treatment
of the template. Significant progress has been made to develop scalable strategies based on evaporation for

constructing 2D and 3D self-assembled colloidal crystals [62163],

| 4. Microwave-Based Fabrication of Nanoporous Materials

Microwave-based techniques has been used to fabricate nanoporous materials from various materials, such as
polymers, metal oxides, silica, zeolites, and metal-organic frameworks. When microwave irradiation is exposed to a
precursor material, the temperature increases upon microwave penetration (conversion of microwave energy to
heat). The origin of microwave heating is caused by two mechanisms: ionic conduction (oscillation of cations or
anions back and forth) and dipolar polarization (fluctuations/rotations of dipoles) [23. Microwave heating increases
the temperature of the reaction mixture (not vessel) uniformly as compared with conventional methods of heating,
which are slow and nonuniform. In addition, the microwave approach can fabricate nanoporous materials with high
yield, purity, and selectivity. Low energy microwave heating has been employed to synthesize highly crystalline

mesoporous silica 84, In the synthesis, microwave irradiation of 120 W was applied to precursors consisting of
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CTAB and sodium silicate, which led to the fabrication of highly ordered mesoporous silica of uniform pore size (~4
nm) in 30 min. The wall thickness of silica could be tuned from 0.34-0.36 nm to 0.78-0.90 nm by changing the
microwave power, 120 W and 80 W, respectively (thinner nanoporous backbone at high microwave power).
Attempts have also been made to fabricate heteroatom-doped mesoporous silica structures, thus, offering an

avenue to alter their physical properties B2[68167],

| 5. Additive Manufacturing of Nanoporous Materials

Additive manufacturing involves a layer-by-layer deposition of material to design mechanically robust 3D physical
objects from digital information. In recent years, additive manufacturing has revolutionized the design 3D materials
of complex architectures and customized shapes because of low production cost. Three-dimensional printing
technology has been used during the recent COVID-19 pandemic to meet the demands of the healthcare industry,
from personal protection equipment to medical and testing devices, personal accessories, and isolation wards (58],
Progress has also been made to use additive manufacturing in combination with traditional nanoporous fabrication
methods, such as dealloying, to produce a broad spectrum of ordered or hierarchical nanoporous materials with
uniform porosity. Additive manufacturing offers several benefits, including low fabrication of nanoporous materials
with tunable architecture, ability to produce materials over multiple lengths from meso- to macroscale, high level of
reproducibility, industrial scalability, and mechanical robustness. The 3D printing approach also has the capability
to fabricate compositional gradient hierarchical porous materials by changing the composition of relative ink during

the printing process, thus, providing additional structural control with new functionality.

| 6. lon Beam-Induced Fabrication of Nanoporous Materials

Progress has been made to fabricate nanoporous materials by ion beam irradiation on bulk materials or 3D self-
assembled crystals made from nanoparticles. The ion beam technique is a top-down destructive technique
involving the irradiation of high-energy ion beams, such as Ga*, He*, O*, Ar*, or Xe*. The proposed mechanism
involved in the formation of nanopores using this method can be explained based on the combined effect of milling
and sintering while being exposed to high-energy ion beam. The ion beam technique offers several advantages as
compared with other fabrication strategies adapted for nanoporous materials, such as fine control over pore size
distribution and an interconnected pore network by ion beam acceleration voltage, independent of material choices;
no use of toxic chemicals; and no need for additional steps, such as chemical dealloying. Since the technique
operates in a vacuum, air and water sensitive materials can also be used to fabricate nanoporous materials. lon
beam exposure to the materials may contaminate the backbone of nanoporous structures. However, the use of
inert gas-based ion beams or thermal annealing can be used to remove ion contamination. Bischoff et al. used
focused ion beam (Bi*) to fabricate amorphous porous germanium (Ge) 2. They showed that the porosity and
porous structure could be varied by changing the accelerating voltage of ion beams (30 kV and 60 kV) and the
angle of incidence. In another work, the fabrication of nanoporous indium antimonide (InSb) was demonstrated by

using focused ion (Ga*) beam 9. The results showed a linear increase in the pore size by increasing the ion dose.
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However, nonporous InSb surface with pillar structures formed at a high ion dose instead of the porous structure.

Therefore, the ion dose plays a vital role in controlling the porosity.

| 7. Laser-Induced Fabrication of Nanoporous Materials

Laser techniques have widely been employed to generate micro- and nanopatterned surfaces [l microfluidic
channels 2, and tiny photonic waveguide structures 72, Laser irradiation in combined with dealloying strategies
have been explored for fabricating nanoporous materials. In the work of Gu et al., the fabrication of nanoporous
manganese was demonstrated by laser cladding, followed by selective electrochemical dealloying 3. Mn-Cu
precursor alloy of thickness 1 mm was prepared by mixing Mn and Cu elemental powder and depositing it on the
mild steel substrate. Laser power of 1.2 kW and scanning speed of 6 mm/s were used to achieve low diffusion
cladding. The electrochemical dealloying of the laser processed specimen led to the formation of nanoporous
MnCu. The pore size and backbone size of porous structures could be tuned by changing the electrochemical
dealloying time from 30 min to 150 min. Additionally, strategies such as chemical oxidation and femtosecond laser
ablation have been demonstrated to fabricate nanoporous anatase TiO, on a microstructured Ti-based substrate
74, Firstly, a femtosecond laser was used to generate a primary microarray patterned Ti surface. In the next step,
nanoporous TiO, was produced by the chemical oxidation (H,O,) of femtosecond laser-treated Ti surface. Finally,
the nanoporous surface was thermally annealed to form anatase TiO, without significant change in the morphology.
The annealed anatase TiO, showed improved photocatalytic activity and excellent stability under ultraviolet-visible
(UV-Vis) light irradiation.

| 8. Biomedical Applications of Nanoporous Materials

Nanoporous materials have several biological and medical applications including biosensing, delivery of biological
molecules, antimicrobial properties, dialysis, developing novel medical devices for orthopedics, and neural implants
(73] |t has been shown that nanostructured materials can facilitate and increase cell growth, tissue remodeling,
angiogenesis, and antimicrobial properties. Xu et al. demonstrated that Ti-based alloys modified by nanoporous
oxidation to form nanopores and nanotubes on the substrates could facilitate enhanced cell adhesion, proliferation,
and matrix deposition as compared with unmodified substrates, providing favorable conditions for tissue growth
and osseointegration 8. Furthermore, He et al. developed nanoporous surfaces by anodizing of Ti surface to
generate the titania nanotubular structure to investigate the effects of nanotopography on osteogenesis. It was
shown that the nanotopographical features promoted macrophage recruitments around the implants and inhibited
osteoclast activity. The nanoporous Ti implants facilitated the secretion of cytokines that promoted mineralization,
inhibited the activity of osteoclasts through the integrin signaling pathway, and regulated improved implant

osseointegration 4.

| 9. Conclusions
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The dealloying approach has been extensively investigated to produce nanoporous metals and metal oxides with
controlled pore sizes, porous structures, and chemical composition. Although dealloying is very simple and yields
mechanically robust nanoporous materials, the approach cannot be considered to be a generic technology to
fabricate a wide range of materials, including soft materials. Moreover, the use of toxic chemicals used during
fabrication, careful preparation of alloy, and limitations with industrial scalability restrict applying the technique to a
range of applications. Templating methods can be considered to be an alternative method to dealloying
approaches because of their capability to produce nanoporous inorganic, polymers, or composite materials.
However, the mechanical stability of nanoporous structures is compromised and hinders their broader practical

applications, since the removal of template can destabilize the nanoporous structures.

Nanoporous materials truly encompass an ever-expanding list of applications, ranging from agriculture to
biosensing, tissue engineering, biomedical implants, energy, and environmental applications. Advanced fabrication
technologies have allowed for growth in these areas due to their tailorability, highlighting the fact that different
applications require different sets of criteria out of nanoporous materials (i.e., pore size, pore structure, crystallinity,
and ordered vs. disordered structures). For example, ordered nanoporous materials prove much more efficient for
optoelectronic applications because the interaction of electromagnetic waves with ordered nanopore structures can
be controlled by the periodicity of nanopores. Ordered nanoporous materials are desirable for membrane and
separation applications over disordered nanoporous materials. However, the disordered nanoporous materials are
mechanically robust as compared with ordered nanoporous materials and, thus, can be used for the applications
requiring excellent mechanical stability. Microporous materials are suitable for catalysis, sensing, and drug delivery
applications. However, mesoporous materials can be used as adsorbents to remove pollutants from water and
storages of gases. When nanoporous materials are exposed to harsh environments, their physical and chemical
properties can degrade over time. To protect these nanoporous from degradation or aging, a coating of stable

metal or doping of metal into the nanoporous structures is required to enhance the resistance towards aging.

Further work is necessary to maximize the potential benefits offered by additive manufacturing. In particular, the
challenges associated with generic and environmentally friendly fabrication technology (capability to produce
nanoporous materials independent of material choice without the use of toxic chemicals and materials recycling)
and industrial-scale manufacturing are yet to be addressed. To minimize the environmental impact, new
nanoporous manufacturing technologies should be designed and optimized to reduce the reliance on toxic and

harsh solvents.
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