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Abstract: The reduction of carbon dioxide to valuable chemical products could favor the establish-
ment of a sustainable carbon cycle, which has attracted much attention in recent years. Developing
efficient catalysts plays a vital role in the carbon dioxide reduction reaction (CO,RR) process, but
with great challenges in achieving a uniform distribution of catalytic active sites and rapid mass
transfer properties. Hierarchical porous materials with a porous hierarchy show great promise for
application in CO,RRs owing to the high specific surface area and superior porous connection. Plenty
of breakthroughs in recent CO,RR studies have been recently achieved regarding hierarchical porous
materials, indicating that a summary of hierarchical porous materials for carbon dioxide reduction
reactions is highly desired and significant. In this paper, we summarize the recent breakthroughs of
hierarchical porous materials in CO;RRs, including classical synthesis methods, advanced charac-
terization technologies, and novel CO,RR strategies. Moreover, by highlighting several significant
works, the advantages of hierarchical porous materials for CO,RRs are analyzed and revealed. Ad-
ditionally, a perspective on hierarchical porous materials for CO,RRs (e.g., challenges, potential
catalysts, promising strategies, etc.) for future study is also presented. It can be anticipated that
this comprehensive review will provide valuable insights for further developing efficient alternative
hierarchical porous catalysts for CO, reduction reactions.

Keywords: CO,RR; hierarchical porous materials; surfactant templating; supercritical fluid; catalytic
hydrogenation; biomass carbon materials; electrochemistry

1. Introduction

The excessive consumption of fossil fuels has contributed to a sharp rise in atmospheric
CO, levels, leading to severe environmental issues [1]. The average concentration of
atmospheric CO; has shown an extraordinary increase, ranging from 172 to 300 ppm before
the latest industrial age to 405 ppm in 2021 [2]. Given the status of global warming, it is of
vital importance to reduce atmospheric CO; levels [3].

The main industrial approaches to decrease CO, emissions can be divided into clean
energy replacement, carbon capture-storage (CCS), and carbon capture and utilization
(CCU) [4]. In particular, the industry is now trying to use clean energy, instead of the
classical fossil energy, to reduce carbon emissions. Jiwei Zhou and his colleagues [5]
achieved the application of 100% ammonia in ceramic roller kilns by implementing swirling
combustion and gas-stage combustion technologies. The combustion efficiency of ammonia
reached 99.99%, and the emissions were primarily water and nitrogen, essentially achieving
zero carbon emissions. Despite it is promising clean energy, the price of ammonia is too
high to be employed in high quantities in the industry. In 2021, the export price of ammonia
approaches USD 900 per ton. Norway offers the cheapest price globally at around USD
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874 per ton, which is still 15% higher than that of fossil fuels [6]. CCS is a technology that
comprises the separation of CO, from CO, emission-intensive industrial sites (chemical
plants, coal gasification, cement plants, etc.), followed by transportation and storage. The
technology can be used by large stationary point sources, such as fossil fuel-fired power
plants, petroleum refineries, steel mills, and so on. According to the project of Texas
Clean Energy (a CCS project located in Texas, USA), the rates of carbon captured can be
as high as 85-95% owing to the CO, adsorbents, which maintain an extraordinary gas
adsorption performance at temperatures ranging from —15 °C to 500 °C. The cost of some
components for this project amounted to USD 754 million, while the operational cost of the
CCS components was USD 8.2 per megawatt-hour. Additionally, there is a risk of leakage
from carbon dioxide storage tanks, which, if it occurs, could have adverse environmental
impacts on local areas. Therefore, the large-scale application of CCS is unpractical due to its
high costs and technical risks. In contrast, carbon capture and application (CCU), which is
based on carbon dioxide reduction reactions (CO,RRs) to produce valuable chemicals, is a
viable strategy for advancing a green economy. Captured CO; can be directly carried on flue
gas from the industry. Its subsequent utilization refers to the deployment of the captured
CO;, for the synthesis of valuable chemicals. Converting CO, into valuable chemicals is
of great interest to the industry because of its high economic benefits. By July 2018, there
were 37 large-scale CCU facilities all over the world [7]. Chemicals converted from CO,
include methane, methanol, ethanol, ethylene, etc.

However, CO, is a chemically inert molecule, and its activation and catalytic con-
version normally happen in difficult conditions, normally by the thermocatalytic process
under high temperatures of 277-500 °C and high pressure of 3-10 MPa, which can lead
to enormous energy losses [8,9]. For example, Kaihang Sun [10] utilized In,O3 as a ther-
mocatalyst to conduct a CO;RR under the reaction conditions of 330 °C and 4 MPa. The
resultant methanol production rate achieved was 3.69 mol-h~! 'kgcat_l. The exploration
of alternative sustainable catalytic strategies is highly desired. Specifically, photocatalytic
CO; reduction reactions are typically conducted under ambient conditions, utilizing solar
energy as the external energy supply, thereby exhibiting exceptional energy sustainability.
However, it was found that photocatalytic CO,RRs exhibit the characteristics of an ineffi-
cient utilization of light energy (less than 10%) by photocatalysts and instability in catalytic
performance (less than 20 h) [11]. Recently, Xiaokun Wang [12] prepared a Ni-loaded
metal-organic framework (MOF) material for photocatalytic CO,RRs, demonstrating an
exceptionally high selectivity value toward CO of 97.7%. However, a dramatic catalyst de-
activation was observed after continuous illumination for 12 h. In addition, electrocatalytic
CO,RRs show great promise owing to their mild reaction conditions and high Faradaic
efficiency. Chun-jun Chen and his team [13] applied N, P-co-doped carbon aerogels in
CO; reduction reactions (CO;RRs), achieving a remarkable Faradaic efficiency of 99.1% for
COin a carbon dioxide-saturated PFs/MeCN electrolyte. Electrocatalytic carbon dioxide
reductions can achieve a high carbon dioxide conversion (>85%) at low reduction potentials
(<—3.0V). Qing-gong Zhu and colleagues [14] significantly enhanced the carbon dioxide
conversion rate on the surfaces of Sn and Pb electrodes by mixing ionic liquids, acetonitrile,
and water. At a reduction potential of —2.2 V, they achieved a carbon dioxide conversion
rate exceeding 90%. Zhu et al. found that the solution system influences the solubility
and mass transfer of carbon dioxide, posing a certain hindrance to the adsorption of CO,
onto the active sites of the catalyst surface. However, great challenges remain in achieving
properties such as the uniform distribution of catalytic active sites and the fast mass transfer
of the catalysts [15].

Conventional electrocatalytic CO,RR materials include metal /metal oxides (i.e., Cu,
Ru, Ir, Rh, TiOy, SnO;, and CeO5,), metal chalcogenides (i.e., ZnTe, SnS;, and CdS), car-
bon nitride, chalcocite materials, and so on [16]. Kun Sun and colleagues [17] employed
Au nanoparticles as a catalytic agent to attain a remarkable CO; conversion efficiency
exceeding 80% at a reduction potential of —0.7 V. However, it is noteworthy that, under
these conditions, the mass activity of the catalyst amounted to approximately 4.5 mA/mg.
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Additionally, Sun conducted a comparative CO, reduction reaction (CO,RR) test utilizing
Au foil under identical experimental parameters. This test revealed a CO, conversion rate
of merely 70%, accompanied by a mass activity that was half of that observed for the gold
nanoparticles. According to Sun’s perspective, neither the nano-sized Au particles nor the
Au foil demonstrated superior performance in terms of mass activity. This observation is
also correlated with their electrochemically active surface area and the electronic structure
of the metal. Due to the limitation of the electrochemically active area, the catalytic hydro-
genation performance of conventional catalysts is limited. Hierarchical porous materials
possess a high specific surface area, which can offer abundant active sites for CO;RRs. Si-
multaneously, hierarchical porous materials have excellent substance adsorption and mass
transfer capabilities that are used for gas adsorption and separation [18]. Advancements
have been achieved in the research domain of carbon dioxide reduction reactions utilizing
hierarchical porous materials [19], including metal-incorporated porous metal-organic
frameworks (MOFs) and metal-based zeolite materials. Qilong Wu [20] successfully en-
capsulated potassium nitrate and zinc oxide nanoparticles in situ followed by pyrolysis to
obtain a zinc-loaded hierarchical porous carbon material. This material boasts an abundant
pore structure and a significant specific surface area (Sggr = 2208 cm?/g). Due to the
extensive introduction of pore cavities, the surface of the Zn-loaded porous carbon material
is covered with numerous surface defects, providing ample catalytic active sites for CO,
reduction reactions (CO,RRs). At a reduction potential of —0.5 V, a near 99% Faradaic
efficiency was achieved. Considering the lack of a timely review of the technologies for
hierarchical porous materials in CO,RRs, these technologies must be summarized to obtain
a comprehensive understanding [21].

In this paper, this paper provides a concise overview of the synthesis method and
the applications of hierarchical porous materials in CO,RRs. Section 2 delves into the
mechanism of carbon dioxide reduction reactions. Section 3 introduces various synthesis
techniques employed in the creation of hierarchical porous materials with diverse chemical
compositions. The subsequent section mainly outlines the specific applications of hierarchi-
cal porous materials in electrocatalytic CO,RRs. At the end of this review, a perspective on
hierarchical porous materials in CO,RRs is provided for future study. It is our aspiration
that this review will serve as a valuable resource for individuals new to or intrigued by this
field, offering essential insights into hierarchical porous materials.

2. Mechanism of CO, Reduction Reaction

The reaction mechanism of carbon dioxide varies between thermocatalytic and
photocatalytic—electrocatalytic processes. In Figure 1A, the thermocatalytic reduction
of carbon dioxide to formate intermediates is illustrated. Initially, it can be observed the
dissociation of hydrogen with the simultaneous adsorption of carbon dioxide molecules on
the catalyst surface [22]. Research has revealed the existence of two forms of CO molecule
adsorption on the catalyst surface: top adsorption and bridge adsorption. These two forms
remain distinct and do not interchange with changes in the applied current. Top adsorption
exhibits a higher likelihood of desorbing to generate CO gas molecules compared to bridge
adsorption [23]. Based on these two adsorption modes, active hydrogen atoms bind to
the carbon dioxide molecules, resulting in the formation of intermediates such as *COOH
(carboxyl) and HCOO* (formate). Subsequently, the active hydrogen atoms further interact
with the intermediates, leading to desorption and the formation of formate products.

Oxide layers on metals like Sn and In play a critical role in the reduction of carbon
dioxide to formate. As it is illustrated in Figure 1B [22], oxygen forms an oxide layer on the
metal surface, acquiring electrons and protons to generate -OH groups in the adsorbed state.
Upon the combination of a CO; molecule with the hydroxyl group in the adsorbed state, a
carbonate intermediate emerges, further evolving into *OCHO or *COOH species. Drawing
insights from fundamental electrochemical analyses and Density Functional Theory (DFT)
calculations, the research team inferred that the binding energy of *OCHO to the electrode
serves as a metric to gauge the selectivity of formate productions. In contrast to metals
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like Sn, the formation of carbonate intermediates does not manifest on the surfaces of
Pb and Bi metals during CO, reduction. Consequently, Pander et al. postulated that,
on the Pb surface, the formate product arises from the interaction of *H with CO,, with
DFT computations highlighting the enhanced favorability of the *OCHO intermediate for
formate synthesis. Through DFT simulations encompassing 27 metal surfaces, YOO et al.
posited that *OCHO intermediates exhibit a greater favorability for generating formate
products compared to *COOH intermediates. This preference stems from the robust scaling
correlation between *COOH and *H, underscoring the challenge of reducing *COOH to
formate products amid hydrogen-evolution side reactions (HERs) on metal surfaces [24].
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Figure 1. (A) Mechanism diagram of thermocatalytic carbon dioxide reduction. In (A), the red
balls represent oxygen atoms, the gray balls represent carbon atoms, and the white balls represent
hydrogen atoms. (B) Mechanism of electron participation in catalytic carbon dioxide reduction at
the surface of Sn, In, Pb, and Bi metals. (C) Mechanism diagram for the preparation of multi-carbon
products by carbon dioxide reduction under carbon—carbon bond coupling conditions. Reprinted
with permission from [22].

In hierarchical porous structures, CO, reduction mechanisms can be enhanced by
improving the distribution of catalytic active sites and facilitating rapid mass transfer. The
unique characteristics of porous materials, such as an increased surface area and tailored
pore sizes, allow for the better adsorption of CO, and more efficient reaction kinetics. These
structures can optimize the interaction between CO; and catalysts, thereby improving the
overall efficiency of the reduction process while addressing the inherent challenges of CO,
activation and conversion [25-38].

In hierarchical porous materials, the interplay between different pore structures sig-
nificantly influences the mass transfer of carbon dioxide. Macroporous and mesoporous
structures primarily play a crucial role in regulating the mass transfer rate. They facilitate
the movement of carbon dioxide, allowing it to travel more freely through larger voids
and transitional spaces. This enhanced transport can lead to localized increases in carbon
dioxide concentration, which in turn drives more molecules to diffuse toward the inner
surfaces of the catalyst. On the other hand, the presence of microporous structures offers
high specific surface areas and an abundance of active sites for catalytic reactions. While
these smaller pores might limit the direct flow of carbon dioxide, they provide the essential
environments for reactions to occur once the gas has diffused into these regions. Thus,
the combination of macro- and mesopores effectively channel carbon dioxide toward the
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micropores, optimizing the overall efficiency of the material in carbon dioxide capture
and conversion processes. The hierarchical design ensures that the mass transfer dynam-
ics are balanced, enabling better performance in applications to reduce carbon emissions.
Chen Jia et al. [29] prepared a single-atom Fe-N-C catalyst with large mesopores and microp-
ores and studied the effect of mass transfer on catalytic performance in CO,RR. Chen found
that, in the limited mass transfer region, the mass transfer of highly ordered layered porous
Fe-N-C was enhanced, and the single atom iron anchored on the porous structure exhibited
an excellent CO,RR catalytic activity (FEco = 96%, Jco = —19 mA x cm2). They found that,
as the pore size increased, the number of carbon dioxide molecules gradually increased by
comparing the concentration of carbon dioxide in the pores. When the pore size is 50 nm,
the density of carbon dioxide molecules is the highest, but the migration rate is the lowest.
The strong diffusion ability of carbon dioxide toward the inner surface of the catalyst is
attributed to the larger mesopores, which create a favorable environment with high local
carbon dioxide concentration for the conversion of carbon dioxide to CO. Jiao et al. [26]
developed a nanoporous silver catalyst through the selective etching of Ag-Al under acidic
conditions and utilized it for CO; reduction reactions (CO,RRs). At a reduction potential
of —0.49 V, this nanoporous silver catalyst demonstrated an impressive Faradaic efficiency
exceeding 92%, coupled with a current density that was 3000 times greater than that of
standard polycrystalline silver catalysts. This remarkable performance can be attributed to
the electrochemically active area of the nanoporous silver catalyst, which is 300 times larger
than that of its polycrystalline counterpart, and its inherent catalytic active sites, which are
20 times more than those found in polycrystalline silver catalysts. The findings highlight
that the development of porous structures in metal-based CO, reduction reaction (CO;RR)
electrocatalysts significantly enhances their catalytic performance. This is expected, as the
increased porosity contributes to a larger surface area and a greater density of accessible
coordination unsaturated sites (like edge and step sites), along with structural defects
(such as vacancies and grain boundaries). These features can provide active catalytic sites,
making them effective for carbon dioxide electro-reduction [39—42]. At present, hierarchical
porous materials have great application prospects in CO,RRs. The preparation method is
crucial for reasonably designing a hierarchical porous catalyst.

3. Synthesis Methods of Hierarchical Porous Materials

Previous research on hierarchical porous materials has focused on exploring various
synthesis strategies. Examples of these strategies include the template method, sol-gel
method, hard template method, and zeolitization method, among others [43]. These
methods can be broadly categorized into basic techniques (such as surfactant templating,
replication, and sol-gel), chemical methods (including emulsion templating, phase separa-
tion, zeolitization processes, and self-assembly), and physical-chemical methods (such as
supercritical fluids, freeze-drying, and selective leaching) [44]. Researchers often combine
two or more strategies to tailor materials with distinct characteristics. For instance, the
template method and sol-gel method from the basic techniques are frequently used in
conjunction with other methods [19,45-47]. One common approach involves combining the
template method with the sol-gel method, where template molecules are initially utilized
to establish the pore structure, followed by the filling or curing of the material within the
template pores using the sol-gel method to create a hierarchical porous structure.

Another example is the integration of the template method with the self-assembly
method, where template molecules are first employed to create the pore structure, followed
by the formation of a layered structure within the void spaces using the self-assembly
method, and ultimately solidifying the structure through subsequent processing steps.
These combined methodologies offer a diverse array of options. By employing a systematic
design and precise control of the synthesis steps, it becomes possible to adjust the pore
structure, size, and connectivity of layered porous materials to achieve multi-functionality,
such as catalytic, adsorptive, and transport properties.
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3.1. Basic Methods
3.1.1. Surfactant Templating

Surfactant templating (ST) represents a fundamental method employed in the creation
of porous materials through the self-assembly behavior of surfactant molecules in a solution,
leading to the formation of organized micellar structures. As shown in Figure 2, these
structures serve as templates around which the material is deposited, resulting in the
eventual development of porous architectures [48]. This technique is primarily utilized for
fabricating porous materials with mesoporous structures, enabling the precise regulation of
mesoporosity and the mesoporous size while preserving the materials” inherent properties,
such as acidity, crystallinity, and thermal stability. The interaction of surfactants within the
solvent plays a pivotal role in the generation of porous structures [48].

Surfactant Intermediates Micellar mixing Hierarchically
< porous
6‘\ ?‘;’\ /; materials

desired ‘

%

undesired

-

@ @ @
!

B O Hydrophilic group

Figure 2. Mechanism diagram of the surfactant template method.

In solution systems, surfactants possess hydrophilic and hydrophobic ends within
their structure, a characteristic determined by the functional groups present at their terminal
ends and their overall molecular configuration. Typically, two distinct types of surfactants
are dissolved in an aqueous medium, leading to the formation of two different micelles.
These micelles interact with each other via cross-linking and other bonding mechanisms
to create a layered porous intermediate structure. The extent of cross-linking between
the micelles is influenced by factors such as temperature, the composition of the solution
system, the inherent structure of the surfactant, and the critical micelle concentration of the
surfactant in the aqueous medium [49]. Once the surfactants have formed micelles, several
additional steps are necessary to facilitate the development of layered porous materials.
Initially, precursors and templates of similar polarity coalesce around the micelles, followed
by the removal of all templates and surfactant molecules through processes such as high-
temperature calcination to yield a hierarchical porous structure.

Ke Li et al. [50] successfully constructed zinc-based metal-organic framework mate-
rials with uniform mesoporous channels and crystalline microporous frameworks using
amphoteric surfactants as templates, i.e., co-propyl betaine (CAPB) as well as oleamido-
propyl betaine (OAPB), in an aqueous system. Li’s team synthesized an initial mesoUiO-
66-NH,; sample as well as samples made with CAPB and OAPB as templates in an aqueous
system at 60 °C and compared their morphological pore sizes. As shown in Figure 3D,
the isothermal adsorption curves are of types I and IV, proving the existence of microp-
ores and mesopores in the material structure, respectively. According to Figure 3B, the
average distribution values of the mesopores of the samples made from CAPB and OAPB
as templates are 2.8 nm and 3.4 nm, respectively. Representative transmission electron
microscopy images of the synthesized meso-MOFs are shown in Figure 3C, and for the
CAPB-template mesoUiO-66-NH),, it can be observed, in Figure 3C(a,b), a homogeneous
mesopore and a disordered worm-like arrangement. The magnified images show that the
cylindrical mesopores have a regular distribution of diameters, although they lack a long-
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term ordered arrangement. For the sample with OAPB as the template, hexagonal-ordered
mesopores are observed in Figure 3C(c,d). The samples show a honeycomb arrangement
and well-orientated parallel pore channels when observed parallelly and perpendicularly
to the channel orientation, respectively.
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Figure 3. (A) Chemical structure of the applied amphoteric surfactants, CAPB and OAPB, (B) and
(D) the corresponding BJH pore size distribution profiles and Ny sorption isotherms of the pristine
UiO-66-NH; (a) and the mesoUiO-66-NH; synthesized under aqueous solution with CAPB (b) or
OAPB (c) as a template. (C) Typical TEM images of the as-synthesized mesoUiO-66-NH; templates
with the surfactants CAPB (a,b) and OAPB (c,d). Reprinted with permission from [50].

Ningning He et al. [51] introduced two amphoteric surfactants, namely dodecyltrimethy-
lammonium bromide (DTAB) and octadecyltrimethylammonium bromide (OTAB), as tem-
plates to synthesize COF materials with hierarchical microporous/mesoporous structures,
named OHMMCOEF-DTAB/OHMMCOF-OTAB. As shown in Figure 4A, the key step of the
synthesis lies in dispersing DTAB/OTAB in an aqueous solution so that it self-assembles
into spherical micelles at the hydrophilic end. With the increase in the temperature, the
spherical micelles further self-assemble into columnar micelles, and the addition of DABA
promotes the formation of micelles at the peripheral hydrophilic end through ion exchange,
resulting in the formation of DABA@columnar micelles. Subsequently, the amino group
condenses with the added aldehyde to form COFs. As shown in Figure 4C, the lower BET
surface area of the three COFs may be due to the blockage of the inner pores of the COFs
by sulfonate ions or long-chain alkyl quaternary ions. Whereas the variation in pore size
is reflected in the OHMMCOF-OTAB samples, this may be due to the presence of a large
number of ordered aligned templates in the structure, leading to the pore extrusion of the
covalent organic framework. Clear lattice stripes with a spacing of 0.34 nm can be observed
in the high-resolution transmission electron microscopy images of the three COFs, which
are assigned to the (001) lattice planes, further demonstrating their high crystallinity.

Jun Wang et al. [52] synthesized methylpyrrolidinium bromide using ionic liquid
surfactants, namely N-hexadecyl-N-methylpiperidinium bromide, N-hexadecyl-N-
methylpiperidinium bromide, and N-hexadecyl-N, and then employed a hydrothermal
method in an alkaline solution environment to prepare silica with a controllable meso-
porous morphology. As depicted in Figure 54, ionic liquid surfactant (ILS) molecules form
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micelles in an aqueous medium, leading to the formation of an intermediate product with a
porous structure after undergoing a hydrothermal process at 373 K for 24 h. Subsequently,
the resulting product is subjected to calcination at 823 K for 6 h to eliminate the active
agent template, thereby yielding a material with a hierarchical porous structure. The silica
structures synthesized from the three ILSs as templates were characterized by XRD, and
it is visible that there is a large signal peak at 2.28° for MS-P, and three low-signal peaks
at 3.93°, 4.54°, and 5.98°, which are associated with the characteristic reflections of the
hexagonal structure with a space group of p6mm (100), (110), (200), and (210). There are
also four diffraction peaks at 26 of 2.13°, 3.71°, 4.26°, and 5.66°, indicating that MS-M
also has a two-dimensional hexagonal structure. The XRD spectrum of MS-B has only
one signal at 1.72°, indicating that the mesoporous structure has a lower-ordered structure.
This may be related to the size of the polar head group of the ionic liquid. The research
team performed N, adsorption and desorption tests on the samples, revealing that the
adsorption isotherms corresponded to type IV, indicating the presence of a mesoporous
structure characterized by a pore size distribution ranging from 2 to 4 nm.
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Figure 4. (A) Synthesis of OHMMCOF-DTAB/OHMMCOF-OTAB. (B) HRTEM images. (C) Nitrogen
adsorption-desorption isotherms and the corresponding pore size distributions. For all pictures:
(a) MPCOF (b) OHMMCOF-DTAB, and (¢) OHMMCOEF-OTAB. Reprinted with permission from [51].

The surfactant templating approach allows for a predictable design of the pore struc-
ture and facilitates the preparation of hierarchical porous materials with uniform pore
diameters and a highly ordered structure. Porous materials with specific pore sizes can
be prepared by selecting combinations of different surfactants. For example, Li et al. [53]
synthesized layered porous carbon microspheres with a maze structure using surfactants
such as co-propyl betaine (CAPB) and sodium chloride (NaCl). The distribution of macrop-
ores ranges from 10 nm to 45 nm, while the uniform distribution of mesopores is around
3.9 nm. Nevertheless, a significant challenge associated with this method is the difficulty
in effectively removing the surfactant template, which subsequently impacts the material
properties [53-59].
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Figure 5. (A) The formation mechanism of mesoporous silica using surfactant as a template. (B) TEM
image of the mesoporous silica. (C) XRD patterns, N, adsorption—desorption isotherms, and corre-
sponding pore size distribution of (a) MS-P, (b) MS-M, and (c) MS-B (MS-X, the name of samples).
Reprinted with permission from [52].

3.1.2. Replication

The template replication method, regarded as a classic approach, has garnered sig-
nificant attention and finds application across diverse fields. With these methods, there
are three main classifications: soft template methods, hard template methods, and biolog-
ical template methods. In the soft template method, soluble or melt-able materials like
polymers, liquid crystals, and organic colloids possessing self-assembly capabilities are
commonly utilized as templates for synthesizing porous materials. Contrastingly, the hard
template method employs solid materials, such as polymer particles, glass fibers, and oxide
particles, as templates. In the bio-templating approach, living organisms like cells, bacteria,
and plant tissues serve as templates. Initially, a desired pore structure is crafted within the
template, following which the target material is introduced into the pores through filling,
impregnation, or deposition techniques. Subsequently, the template material is eliminated
through dissolution, heat treatment, or chemical reactions, leaving the porous material
behind [60-62].

For instance, as previously mentioned, Rui et al. [63] successfully prepared nitrogen-
doped hierarchical porous carbon materials utilizing natural banana peels as precursors.
The current synthesis methods typically involve hydrothermal, solvothermal, or ionother-
mal processes, characterized by high energy consumption, elevated costs, and low effi-
ciency. This study is centered on exploring the synthesis of mercerized zeolite (MOR zeolite)
through the ice template method. This method offers a high yield, enhanced crystallinity,
reduced water content, significant pressure during reduction, and straightforward setup.
It also harbors substantial potential for the industrial-scale production of MOR zeolite.
The ice template method, also known as ice casting or ice-induced self-assembly, presents
several advantages in porous structure fabrication, including versatility, cost-effectiveness,
and environmental friendliness.

Jingguo Jia et al. [64] synthesized a porous boron nitride (p-BN) material using boric
acid and melamine as raw materials and used it as a template to grow modified HKUST-1 (a
metal-organic framework material of Cu) nanocrystals on the surface of the porous boron
nitride material by the in situ growth method and characterized and tested its microporous
mesoporous volume surface area. As shown in Figure 6B, the isothermal adsorption
curve of the pure p-BN material is of type IV, indicating the existence of microporous and
mesoporous structures in the material, while the isothermal adsorption curve of the pure
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HKUST-1 sample is of type I. The small hysteresis loops may originate from the pores
generated by the accumulation of HKUST-1 nanoparticles. The isothermal adsorption
curves of all p-BN@HKUST-1 samples were similar to those of pure HKUST-1, i.e., the
adsorption capacity increased sharply and reached a plateau at lower relative pressures,
which indicated that the material was rich in micropores. In addition, the H4-type hysteresis
curve suggests the existence of narrow slit voids in the hybridized material, which may
arise between p-BN and HKUST-1. As it can be observed in Figure 6C, the increase in
HKUST-1 nanoparticles with the increase in the number of in situ growth makes the
volume of micropores of the hybridized material increase gradually, while the volume
of mesopores decreases first and then increases. This may be because the precursors or
oligomers of HKUST-1 nanoparticles are filled into the mesopores during the first or second
growth process, while the mesopore volume increases with the accumulation of HKUST-1
nanoparticles during the third growth process. In SEM and TEM images, it is difficult to
observe the mesopore structure, but the characterization of the texture demonstrates that
the mesopore structure is preserved.
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Figure 6. (A) Schematic of the preparation of p-BN@HKUST-1 hybrid materials; (B) N, adsorption—
desorption isotherms. (C) Corresponding bar plots showing the BET surface areas (Sggt), total
pore volumes (Vi) and mesopore (Vmeso) and microspore volumes (Viyicro) of pristine p-BN, pure
HKUST-1, and p-BN@HKUST-1 hybrid materials with different cycle numbers of the growth process.
(D) SEM images and TEM images of p-BN@HKUST-1 hybrid materials with different cycle numbers
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of growth process: (a,d) 1p-BN@HKUST-1; (b,e) 2p-BN@HKUST-1; and (c,f) 3p-BN@HKUST-1.
(g—i) Pore size distribution of all samples. Reprinted with permission from [64].

Luis Estevez et al. [65] synthesized two-layered porous carbon materials, HPC-1-Act
and HPC-2-Act (HPC, hierarchical porous carbon; Act, activated), using the template
method. Both samples used silica templates to form mesopores. Luis combined ice tem-
plates with hard silica templates, which allows for a higher silica-to-carbon precursor ratio.
As this ratio increases, the well-dispersed colloidal silica forms local aggregates and forms
pores that are larger than the size of colloidal silica. HPC-1-Act, which has a 1:2 ratio of
carbon precursor to silica template, HPC-2-Act, which has a 2:1 ratio of carbon precursor
to silica, and an over-activated sample, HPC-1-OA, are present, and the three samples are
compared in terms of morphology and structure. In Figure 7(A1,B1,C1), it can be observed
that, comparing the HPC-1-Act and HPC-1-OA samples, there is an over-activation of the
small mesopores, merging to form large pores, while the increase in the ratio of the carbon
precursor creates larger pores. The observation of the TEM images of the three samples
reveals that the microporous structure of the materials was preserved when the ratio of
precursor to template was tuned. The isothermal adsorption curves of all three samples
were of type IV (Figure 7D), indicating that microporous and mesoporous structures exist
within the materials. Observing the pore size distribution (Figure 7E), it can be observed
that, in the HPC-1-type sample, the pore size fraction is mainly concentrated around 80 nm,
while the pore size distribution of the HPC-2-type sample is about 10 times smaller than
that of the former one, which is also in agreement with the results of the porous density, as
reflected in the transmission electron microscopy images.
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Figure 7. (1) SEM, (2) TEM, and (3) higher-magnification TEM for (A) HPC-1-Act, (B) HPC-1-OA,
and (C) HPC-2-Act. (D) N sorption isotherms for all the HPCs. (E) BJH pore size distribution for all
the HPCs. Reprinted with permission from [65].

Bio-templates, as primitive materials in nature, have also been applied to make layered
porous carbon materials. Zejun Luo et al. [66] synthesized three-dimensional interconnected
layered porous carbon materials using a heavy fraction of bio-oil (HB) as well as crayfish
shells (CSs) in combination with different activation temperatures of sodium hydroxide.
Luo’s team converted lobster shells into lobster shell templates after oxidative digmentation,
alkaline deproteinization, and purification steps, as shown in Figure 8A; bio-heavy oil
was added to the methanol solution along with crayfish shells to raise the temperature
and heat to carry out the carbonization of the material, followed by the addition of an
acidic solution to remove the template to obtain a crude sample. Finally, activation was
carried out at three different temperatures (700/800/900 °C) to obtain the final product.
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The obtained products were named CSB-700, CSB-800, and CSB-900, and another sample,
HB-800, without the addition of a lobster shell template was synthesized to compare the
morphology and pore size structure characteristics.
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Figure 8. (A) Schematic illustration of the synthesis of HPCs from HB via a biological template

strategy at different NaOH activation temperatures; FESEM images of (B) HB-800, (C) CSB-700,

(D) CSB-800, and (E) CSB-900; (F-I) FESEM image and corresponding EDS mappings of CSB-800;

(J) N adsorption-desorption isotherms; (K) corresponding pore distribution (PSD); and (L) XRD

pattern. Reprinted with permission from [66].

In Figure 8B-E, it can be seen that the CSB-n (n = 700,800,900) samples have an
obvious layered porous structure compared to the HB-800 sample. This is due to the
addition of the CS template during the carbonization process, which provides it a rich
hierarchical porous structure and full contact with the etchant during the activation etching
stage. Three-dimensional layered porous carbon materials applied in electrochemistry
can provide a near-flux migration of electrolyte ions, minimizing the diffusion distance
and diffusion resistance. In addition, the pore size increases and then decreases with the
increase in the temperature due to the activation function of sodium hydroxide with the
increase in the temperature. However, at the peak activation temperature, some micropores
or mesopores are destroyed to form mesopores or macropores with larger pore sizes,
respectively. The isothermal adsorption curves of all carbon materials are of type IV, with a
significant increase in the ny adsorption volume at P/Py < 0.01, and a significant hysteresis
loop at 0.4 < P/Py < 0.95, which suggests that there is a large number of micropores and
mesopores in the materials. According to the pore size distribution graph, it can be learned
that the pore size distribution of HB-800 is around 2.04 nm, of CSB-700 is at 2.03 nm, of
CSB-800 is at 2.15 nm, and of CSB-900 is at 3.06 nm.

This paper centers on the replication synthesis of hierarchical porous carbon materials,
while also recognizing the potential of the templating approach for producing other hierar-
chical porous materials. For example, silica can be utilized as a macroporous silicon scaffold
in the development of metal-incorporated porous silicon thin-film materials. In this process,



Catalysts 2024, 14, 936

13 of 56

the metallic component contributes to forming a micro- or mesoporous structural backbone,
enhancing the overall properties of the resulting material. This versatility of the templating
technique opens up possibilities for creating advanced materials with tailored porosity and
functional characteristics for various applications. The new pore structure obtained through
the post-processing of the template can be combined with the intrinsic pore structure of the
template to form a layered porous structure. This approach is suitable for preparing various
types of layered porous carbon materials, including macroporous-mesoporous (50-100 nm,
2-50 nm), macroporous—microporous (50-100 nm, <2 nm), and mesoporous—microporous
(2-50 nm, <2 nm) configurations [60-62,67-74].

3.1.3. Sol-Gel

The sol-gel method stands as one of the most prevalent techniques utilized in material
preparation and synthesis. As shown in Figure 9, a precursor solution is formulated to
create a colloid or suspension containing colloidal particles. Subsequently, the solvent
is eliminated through evaporation, resulting in the formation of a gel with a distinct
structure. This gel is then subjected to a low-temperature heat treatment to yield the
desired materials, such as thin films, powders, porous materials, and zeolites. Typically,
the precursor solution comprises a solution of metal salts or metal-organic compounds,
leading to the hydroxylation of metal alkoxides and salts, thereby forming X-OH colloids
(where X represents a metal ion).

precursor Sol Gel

RN - -

P \ \ / Films Fibers
N S o

Figure 9. Schematic of the process and products of the sol-gel method.

The process of cross-linking and aging to obtain colloids under specific conditions,
known as desolventization, allows for the creation of gels with unique structures [75].
Unlike conventional high-temperature sintering methods, the sol-gel method is conducted
at lower temperatures, preventing phase changes or the loss of volatile components in
the material. Through the adjustment of precursor solution composition, concentration,
and treatment parameters, the material properties can be tailored, ensuring the uniform
mixing of sol and continuous gel coalescence. This results in materials with a well-defined
chemical structure and diverse pore size morphology.

Pei-Wen Xiao [76] and colleagues synthesized core-shell-structured porous carbon—
silica (CS) materials with a uniform structure and morphology using the sol-gel method. As
illustrated in Figure 10, Xiao et al. employed a commercial triblock copolymer of ethylene
glycol/propanol/ethylene glycol and in situ-formed pyrrole formaldehyde polymer as
co-templates, with pyrrole formaldehyde polymer serving as a precursor and tetraethy-
lorthosilicate (TEOS) as the silicon—shell precursor. The feedstock was calcined at 600 °C
under nitrogen stream protection to produce the spherical core—shell-structured material
CS-PFS. CS-PFS exhibited porosity, with a BET-specific surface area of 410 m?-g~! and a
pore volume of 0.53 cm3-g~1. Furthermore, by calcining CS-PFS-Raw (or CS-PFS) or etching
CS-PFS with HE, it is possible to obtain pure silica shells or nitrogen-doped carbon materials.
The XPS analysis revealed a high nitrogen content in CS-PFS, reaching up to 9.9% (atomic
ratio). The nitrogen species present in the materials are predominantly pyridine-n and
pyridine-n/pyrrolen, significantly impacting the CO, adsorption capacity. Additionally,
the CS-PF materials exhibited a favorable selectivity for CO, /N, and CO, /CH,4 adsorption.
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Figure 10. Synthesis Approach and SEM images of Core-Shell Structured Nitrogen-Doped Car-
bon@Silica (CS-PFS). Reprinted with permission from [76].

Jinhao Li [77] and his team synthesized double-doped boron and nitrogen-layered
porous carbon materials by the template-free hydrothermal method using boric acid as the
boron source, ethylenediamine as the nitrogen source, dimethylformamide (DMF), 3,3’ 4,4’-
xylenol tetracarboxylic dianhydride (BTDA) and biphenol (BZD) as the solvents, and
diahydride and diamine monomers. Nitrogen-layered porous carbon materials. The sample
of B-doped prepared porous carbon material was named BHC-1, the sample obtained
by replacing the diamine monomer BZD with pPDA was denoted as BHC-2, and the
sample of heteroatom-free porous carbon material prepared without the addition of boric
acid and ethylenediamine monomers was denoted as HC. The microstructures of the
prepared porous materials are demonstrated in the transmission electron microscopy
images in Figure 11A-D, where the microstructures of the materials after re-doping can
be observed. The boron and nitrogen elements allowed the material to retain a rich pore
structure. Moreover, it can be observed in the HRTEM images that the material shows
an amorphous structure without a regular lattice, which is favorable for the adsorption
and trapping of gases such as CO,. The disorder of the material also changed when
the diamine monomer was converted from BZD to pPDA, indicating that the diamine
monomer played an effective role in regulating the overall structure and pore structure. In
Figure 11E, all samples are analyzed by XRD and all samples have two distinct peaks at
23-28° as well as at 42-44°, caused by stacked carbon layers (002) and ordered hexagonal
graphite structure (100), respectively. This is a typical feature of amorphous graphite
materials, and this result is also consistent with the HRTEM test results. A closer look
reveals that the (002) crystal plane of the boron/nitrogen-co-doped carbon material is wider
than that of HC, and the diffraction peak intensity is also significantly higher. This result
indicates that the disorder and graphitization of the layered porous carbon materials are
somewhat improved after heteroatom doping. Nitrogen adsorption and desorption tests
were carried out on all the samples, and the results show that the isothermal adsorption
curves of the HC samples are characterized by a combination of Type-I and type-IV as
well as H4-type hysteresis loops, which proved the existence of micropores and mesopores.
In contrast, the isothermal adsorption curves of the BHC-1 sample after the addition of
boric acid conformed to the characteristics of type II and type IV, indicating the presence of
mesoporous and macroporous structures in the material. When the diamine monomer was
replaced with pPDA, the isothermal adsorption curve of BHC-2 showed to be of type I, but
its characteristics were not obvious, which also indicated that the material contained only
a small amount of pores. These results are also consistent with the pore size distribution
results shown.
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Figure 11. TEM images of (A) HC and (B) BNHC-1. HRTEM images of (C) BNHC-1 and (D) BNHC-2.
(E) XRD pattern; (F) N, adsorption-desorption isotherms; and (G) pore size distributions. Reprinted
with permission from [77].

Huichao Chen et al. developed porous calcium adsorbents and investigated the
effect of steam on the reactivity of the synthetic adsorbents in a carbonation-calcination
atmosphere based on an orthogonal design by doping metal oxides via the sol-gel method.
Figure 12A shows the carbonation—calcination reaction system, including the carbonation
reactor and calcination reactor. Steam is generated from the steam reactor and forms a gas
mixture with CO,, Ny, and O,. The sample is then moved between the various reactors. The
carbon dioxide capture performance of the synthesized adsorbent at different carbonation
temperatures is shown in Figure 12B,C, where the carbonation conversion increases rapidly
as the temperature is increased from 600 °C to 675 °C, but decreases slightly with further
increases in the temperature, which indicates that the increase in the temperature affects
the carbonation of the synthesized adsorbent well, with a relative increase in the sintering
resistance. The adsorbents CaO-MgO and CaO-MnO,; showed a lower decay of carbonation
conversion after several cycles. The SEM testing of these two samples (Figure 12D,E) reveals
that the samples have small particles with smooth surfaces, and the stacking of particles
with particles forms obvious macroporous pores, and this is consistent with the results
of the pore size distribution, which shows that the samples have both macroporous and
microporous pore structures.

A) @ ®) (©),

0
Pore size/ nm Pore size/nm

Figure 12. (A) Schematic carbonation/calcination reaction system. Effect of the carbonation tempera-
ture on the CO, capture performance of the synthesized sorbents: (B) CaO-MgO and (C) CaO-MnO,.
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SEM images of (D) CaO-MgO and (E) CaO-MnO,. Pore size distribution of (F) CaO-MgO and
(G) CaO-MnOs,. Reprinted with permission from [78].

Sol-gel methods are widely utilized for synthesizing porous materials that exhibit
unique physical and chemical properties. This technique allows for the creation of or-
ganic/inorganic hybrid interfaces, which are specifically tailored to enhance the material
performance. Through the precise control of the sol-gel process, it is possible to develop
organic—inorganic composite porous materials and nanoporous materials that cater to
various applications. The sol-gel process involves the transition from a liquid (sol) to a
solid (gel) phase, facilitating the incorporation of different elements and compounds at the
molecular level. This leads to the formation of materials with tailored porosity, surface area,
and functional properties. The sol-gel method is frequently combined with techniques
such as freeze-drying and phase separation to create porous materials, including porous
aerogels. These methods yield pore structures that typically range from 2 nm to 100 nm,
resulting in materials with a highly uniform element distribution. This uniformity makes
them particularly suitable for fabricating macroporous and mesoporous materials. The
integration of these methods enhances the properties of the resulting materials, making
them desirable for various applications, such as insulation, catalysis, and environmental
remediation. This method has successfully controlled the design of hierarchical functional
0D, 1D, 2D, and 3D materials, such as particles, fibers, films, and monomers. Using various
synthesis strategies, nanostructured materials can be produced through the sol-gel process,
and precise definitions and local functions can be integrated into specific locations to maxi-
mize their properties and interactions with other functions [75,79-89]. Table 1 summarizes
basic methods for preparing hierarchical pore materials.

Table 1. Basic methods.

FE (%)/Yield 3 5
Method Structure (umol/g) Vp (em°/g) SgeT (M~/g) Ref.
Surfactant Meso-micro - 0.12 462 [51]
templating
Surfactant .
templating Meso-micro 42.2 uymol/g 0.30 76.0 [55]
Surfactant .
templating Meso-micro 360.0 umol/g 0.05 25.0 [59]
Replication Macro-meso-micro 81.1% 0.15 270.2 [60]
Replication Macro—-meso-micro 79% 0.54 888.9 [70]
Replication Macro-meso—micro - 0.25 913.0 [71]
Replication Macro-meso-micro - 0.80 1175.0 [74]
Sol-gel Meso-micro - 0.99 1122 [80]
Sol-gel Meso-micro - 0.35 188 [82]
Sol-gel Meso-micro 96.6% 0.92 816 [84]
Sol-gel Macro—-meso—-micro 81.1% - 269 [86]

3.2. Chemical Technology
3.2.1. Emulsion Templating

The emulsion template method is a widely used approach for crafting porous materials,
relying on the creation of a stable emulsion system and meticulous control over the porous
structure formation through the interplay of dispersed and continuous phases within the
emulsion [90,91]. Figure 13 can simply describe the basic principle of preparing hierarchical
porous materials by emulsion template method. This interaction stands as the linchpin of
the emulsion template method. The method unfolds in several sequential steps: (i) Selection
of a suitable emulsifier enabling the formation of a stable emulsion system during the
emulsification of dispersed and continuous phases. (ii) Dissolution or suspension of the
desired dispersed phase in an appropriate solvent, followed by the addition of the emulsifier.
Through proper ultra-sonication or stirring, the dispersed phase is evenly dispersed in the
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continuous phase to form an emulsion. (iii) Introduction of precursors or reactants into the
emulsion, triggering the desired chemical reaction. (iv) Adoption of methods to solidify
the dispersed phase based on the reaction type and precursor characteristics, such as
regulating reaction time, temperature, or incorporating cross-linking agents. (v) Removal
of the dispersed phase or emulsifier from the emulsion through sintering, dissolution,
or other chemical processes, leaving behind a porous material structure with voids and
pores. (vi) Implementation of activation or surface modification to further fine-tune the
material’s structure and properties. By altering emulsifiers, precursors, and processing
conditions, diverse porous materials with varying pore distributions and morphologies
can be fabricated.

Oil in water concentrated emulsion

Water in oil concentrated emulsion

Figure 13. The mechanism diagram of emulsion mixing.

Sungyu Choi and colleagues [92] engineered multiscale porous catalyst layers featuring
macropores and mesopores through the one-step emulsion templating technique. In this
process, the highly inwardly oriented emulsion Nafion ionomer served as the emulsion
template, with aqueous- and oil-phase solutions homogeneously mixed before uniformly
coating the desired substrate with the resulting emulsion. Subsequently, the crafted catalyst
layer underwent freeze-drying at 0 °C to establish a layered porous structure, followed by
heat treatment under specific pressure to eliminate the excess template and yield the final
catalyst layer (CL). Throughout the emulsion-drying phase, the emergence of macropores
in the material structure was observed as the liquid removal commenced. The mesoporous
structure of the catalyst, attributed to the Nafion ionomer, persisted during the drying
process, contributing to a hierarchical porous configuration alongside the developed macro-
pores. These macropores play a crucial role in enhancing the catalyst layer’s mass transfer
efficiency and water removal capability, ultimately boosting substance transport within the
synthesized catalyst layer. Furthermore, low-temperature scanning electron microscopy
unveiled oil-phase particles exceeding 10 pm in size, with detailed observations indicating
the encasement of the oil phase by the water phase. This observation suggests a broad size
distribution within the oil phase, as depicted in the magnified images.

Figure 14B and e depict scanning electron microscopy tests conducted on emulsi-
fied slurries at low temperatures, whereas images ¢ and f, as well as e and f, showcase
the surface and cross-sectional morphologies of the catalyst layers fabricated using the
emulsion template method and the conventional spraying method, respectively. A notable
observation is that the catalyst layer produced via the conventional method exhibits a
well-defined mesoporous structure. In contrast, the catalyst layer generated through the
emulsion template method not only features the mesoporous framework of the ionomer
condensate but also presents numerous macropores within the mesoporous matrix. When
measuring the porosity and pore size distribution of catalyst layers prepared through
the traditional method and the emulsion template method using the mercury intrusion
porosimetry technique, it was observed that the intermediate pores in the catalyst layer
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produced via the emulsion template method were predominantly clustered around 15 nm,
with some pores ranging from sub-micrometer to several micrometers in size. In con-
trast, the average size of the intermediate pores in the conventionally prepared sample
was 24 nm, indicating that the catalyst layer synthesized through the emulsion template
method boasts a larger framework and superior mass transfer capabilities compared to the
conventional counterpart.
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Figure 14. (A) Scheme of the emulsion-templated fabrication process and structural features of the
resulting CL. (B) Cryo-SEM image and (E) magnified cryo-SEM image for the e-CL slurry. SEM
images of the c-CL ((C) surface and (F) cross-section) and the e-CL ((D) surface and (G) cross-section).
(H) Pore distribution of the c-CL and the e-CL measured by mercury intrusion porosimetry. (I) CV
voltammetry curves of the c-CL and the e-CL at 65 °C and RH of 100%. Reprinted with permission
from [92].

Ji Han et al. [93] used a hard emulsion-induced interfacial super-assembly strategy
to prepare two-dimensional freestanding UiO-66-NH; hierarchical porous nanosheets.
This strategy relies on the careful design and construction of a 2D sheet-like F127/n-
octadecanol “hard” template emulsion, which transforms n-octadecanol from molten
droplets to molecular crystals as the temperature drops below the melting/freezing point
in protein water emulsions. As shown in Figure 15A, the discrete non-homogeneous
nucleation of mesoporous MOF nanocrystals on the ‘hard” emulsion template, followed
by super-assembly in a loose form over time, is a key factor in the formation of the
two-dimensional hierarchical porous nanosheets. In Figure 15B, it can be observed that
the prepared 2D UiO-66-NH,; HPNSs (hierarchical porous nanosheets; UiO-66-NHj is
the sample name) have a well-defined lamellar morphology, and the average diameter of
the MOF nanosheets is ~1.5 um. A close-up observation of a single UiO-66-NH, HPNS
reveals the interstitial mesopores on its surface (Figure 15C). In addition, Figure 15D is
an SEM image at high magnification, which further reveals a large number of imperfectly
interconnected irregular mesoporous MOF nanobodies forming a slit-like porous structure
among them. The thickness of the 2D UiO-66-NH; HPNS can be found to be ~28 nm
in Figure 15E AFM image. The further characterization of the nanosheets using TEM
shows that a large number of uniform small mesopores and slit-like large mesopores are
present throughout the MOF nanosheets, as shown in Figure 15F. In the MOF nanotubes,
the diameter of the uniform small particle pores is about ~8 nm. The crystal structure
and phase purity of the prepared 2D UiO-66-NH; HPNSs were investigated using XRD
analysis. As shown in Figure 15I, the strong diffraction peaks of the 2D UiO-66-NH;
HPNSs are in good agreement with those of the UiO-66-NH, MicroCs, indicating that the
two samples have the same crystal structure. Observing the isothermal adsorption curve
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of the UiO-66-NH; HPNS sample (Figure 15]) reveals that it has a gradual absorption of
nitrogen and a hysteresis curve, which also indicates that there is a mesoporous structure
in the material, and its pore size distribution values are mainly at 9 nm and 27 nm.
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Figure 15. Morphological and structural characterizations of the 2D UiO-66-NH,; HPNSs.
(A) Schematic illustration of the synthetic protocol of the 2D UiO-66-NH,; HPNSs in the F127/n-
octadecanol “hard” emulsion system. (B-D) SEM images, (E) AFM image and corresponding height
information, (F,G) TEM images, as well as (H) scanning transmission electron microscopy (STEM)
image and elemental mappings of the 2D UiO-66-NH; HPNS sample. (I) XRD patterns, (J) N, sorp-
tion isotherms, and (K) BJH pore size distributions of the 2D UiO-66-NH, HPNSs and UiO-66-NH,
MicroCs. Reprinted with permission from [93].

In a study by Zhipeng Wen and colleagues, a multi-template porous superhydrophobic
material was crafted utilizing the multi-template high internal-phase emulsion template
method. The findings demonstrated that the material exhibited a water contact angle of 143°
and an oil contact angle close to 0°, showcasing superhydrophobic and super-oleophilic
properties. These characteristics effectively facilitated the separation of submerged oil
slicks and heavy oils [94].
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As a versatile soft template technique, the emulsion template method finds diverse
applications in crafting hierarchical porous functionalized materials, spanning from tissue
scaffolds to drug delivery systems and environmental engineering materials. Porous mate-
rials prepared using the emulsion template method typically exhibit minimal shrinkage
and enhanced structural integrity, making them less prone to breaking. The pore sizes
produced through this method generally range from 10 nm to 100 nm. In concentrated
lotion environments, however, this range can expand significantly, reaching from 10 nm up
to 1000 nm, allowing for a greater versatility in applications that require specific porosity
characteristics [95-101].

3.2.2. Phase Separation

The phase separation method is a widely employed technique in the industry for
the fabrication of porous materials. This method is derived from the sol-gel process
and involves separating the solution phase from the gel phase. By manipulating factors
such as temperature control, solvent evaporation, or the addition of additives in the
precursor substances and solvent mixture, phase separation can be induced. During this
process, different components within the mixture segregate into distinct phases, leading
to chemical cross-linking and the formation of layered porous structures with varying
pore sizes [102]. These separated phases are then immobilized in the desired configuration
through gelation or curing in the phase-separated state. To attain the desired hierarchical
porous material, any residual template is eliminated through high-temperature sintering,
dissolution, or other chemical reactions post-phase separation. The conventional approach
for producing monolithic porous materials involves sol-gel processing combined with
phase separation and subsequent thermal treatment, particularly developed within silica
systems. In silica systems, phase separation is regulated by adjusting the hydrolysis and
polymerization of precursors. Porous monomers are derived from alkoxysilanes, yielding
co-continuous macroporous structures through sol-gel transitions that prevent the spinodal
decomposition of the transient structure. The resulting silica monomers exhibit smooth,
continuous macropores, serving as efficient pathways for mass transfer. Mesoporous
structures can be incorporated either through the introduction of external materials into
the macroporous framework or during the gelation or curing stages of the material.

Zhi Chen et al. [103] obtained porous carbon nanotubes by removing MoO, particles
from MoO,@C core-shell nanofibers synthesized by phase separation using single-needle
electrostatic spinning. Figure 16A shows a simple schematic diagram of the synthesized
carbon nanotubes, which were firstly synthesized by single-needle electrostatic spinning
method using ammonium molybdate tetrahydrate (AMM) and poly (vinyl alcohol) (PVA),
which were annealed at 850 °C under an argon atmosphere to form core-shell-structured
nanofibers. Porous carbon nanotubes (CNTs) were then obtained by removing MoO, with
hot nitric acid. In Figure 16B, it can be found that the MoO, particles were encapsulated by
carbon shells, forming a core-shell structure. The porous carbon nanotubes after heating
treatment for 24 h are shown in Figure 16C. As shown in the low-magnification SEM image
(Figure 16D), the product has a porous structure. An amorphous and disordered carbon
nanostructure is shown in Figure 16E (HRTEM). Figure 16F shows the Raman spectra of
porous carbon nanotubes at 1350 and 1600 em L, showing the D and G bands (sp2 carbon),
respectively. The wide 2D band (=2800 cm ') indicates that the porous carbon nanotubes
are well graphitized, which may play an important role in maintaining the integrity of the
tested structures and effectively increasing the conductivity of the porous carbon nanotube
electrode. In addition, the N, adsorption and desorption isothermal curves of the samples
exhibited type-IV isothermal adsorption curves associated with the presence of micropores
and mesopores.

Yuji Sato and colleagues [104] prepared five distinct precursor solutions from niobium
chloride using phase separation and heat treatment following the sol-gel methodology. The
process involved the thorough stirring of the solutions with additives at 0 °C, aging at 60 °C
to induce gel formation, and subsequent drying at room temperature. The macroporous
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size distribution, as well as the meso- and micropore size distributions, were assessed
through mercury pressure and nitrogen adsorption-desorption techniques. It was observed
in the Figure 17G that the specific surface area of the material decreased with the rise in the
heat treatment temperatures due to crystal coarsening, as determined by the BJH and BET
methods. Post-800 °C, no discernible characteristic peaks were identified in the BJH pore
size distribution analysis. Even after heat treatment at 800 °C, the macroporous structure
remained visibly intact under scanning electron microscopy. Further analysis using field
emission scanning electron microscopy depicted a pore structure comprising crystal-to-
crystal gaps within the material’s framework. The nitrogen adsorption-desorption tests
unveiled that the dried gel exhibited a microporous structure, which, however, vanished at
500 °C due to thickening. Samples treated within the range from 550 °C to 600 °C exhibited
a mesoporous structure arising from the gaps between the crystals in the framework, with
the pore size gradually increasing in tandem with the heat treatment temperature.
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Figure 16. (A) Schematic illustration for preparing porous CNTs. (B) The image of MoO,@C
core@shell nanofibers annealing at 850 °C. (C) SEM images of porous CNTs with nitric acid heat
treatment. (D,E) TEM and HRTEM images of porous CNTs. (F) Raman spectra of porous CNTs. (G) N,
adsorption-desorption isotherms (inset is the pore size distribution). Reprinted with permission
from [103].

Yu Lin et al. [105] employed the sol-gel and phase separation methods to synthesize
nanoporous magnesium fluoride powders and fabricate magnesium fluoride coatings on
polytetrafluoroethylene (PTFE) substrates featuring porous multidimensional structures.
Initially, PEO was dissolved in anhydrous ethanol and deionized water by Lin et al., fol-
lowed by the dissolution of MgCl,—6H,0O in water. The PEO solution was then mixed with
the MgCl,—6H,0 solution to create a precursor solution. Subsequently, a specific amount
of HF was introduced into the solution and stirred for one hour at 80 °C in a water bath
under heating conditions to form a sol. After further stirring and the addition of a specific
desiccant inhibitor, the sample was aged at 75 °C for a minimum of 3 h and subsequently
dried in an oven at 60 °C for 48 h to yield a porous magnesium fluoride sample.

The sample underwent N, adsorption and desorption testing, along with BJH pore
size distribution analysis, resulting in the acquisition of isothermal adsorption curves and
pore size distribution graphs. In Figure 18G, it is evident that the isothermal adsorption
curves of the samples exhibited type IV characteristics, indicating the presence of capillary
condensation and porous adsorption in all three samples. Among these, S-MgF,: 0.008 %o
displayed the highest adsorption amount and pore count, while S-MgF,: 0.028 %o exhibited
the lowest values for both parameters. Notably, significant variations in the curves were
observed in response to changes in the PEO content, underscoring the substantial impact
of the PEO quantity on the phase separation structure. Pore size distribution illustrates
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the pore size distribution curves of the three samples with varying PEO concentrations.
In the S-MgF,: 0.008%. sample, a three-dimensional pore structure was evident, encom-
passing micropores, mesopores, and macropores, with an average pore size ranging from
approximately 9.3 nm to 10.8 nm. Conversely, the S-MgF,: 0.028 %o sample displayed an
average pore size of 13.8 nm, indicating that the PEO content influences the degree of phase
separation, consequently affecting the material’s pore size variability.
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Figure 17. (A) Appearance of the resulting dried gel. SEM images of the samples prepared with
varied starting compositions: (B) Nb-1, (C) Nb-2, (D) Nb-3, (E) Nb-4, and (F) Nb-5. (G,H) Nitrogen
adsorption-desorption isotherms and differential BJH pore size distributions of the samples heat-
treated at varied temperatures in air. Reprinted with permission from [104].
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Figure 18. (A) S-MgF;:0.008 % PEO. (B) S-MgF;:0.02%.PEO. (C) S-MgF,:0.028 %, PEO. (D-F) Porous

MgF, dry gel of (D) S-MgF;:0.008%.PEO, (E) S-MgF:0.02%,PEO, and (F) S-MgF;:0.028%.PEO.

(G) Nitrogen adsorption-desorption isotherms with different amounts of phase separation inducer.

Reprinted with permission from [105].

Phase separation, as a straightforward synthesis method, is often coupled with other
techniques to generate hierarchical porous structures. During the phase separation process,
materials inherently develop pores, and the simultaneous occurrence of the self-assembly
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process of supramolecular templates and phase separation enables the production of
macroporous—-mesoporous materials embedded with highly ordered mesopores. During
the phase separation process, pore structures are generated, with pore sizes ranging from
10 nm to 10 pum. This method is particularly effective for preparing macroporous, meso-
porous, or macroporous structures. For example, in the surfactant template-induced phase
separation process, highly ordered mesoporous macroporous skeleton materials can be
obtained [106-113].

3.2.3. Zeolitization Process

Zeolitization is a widely employed technique for crafting synthetic layered zeoli-
tized core—shell composites. Zeolites serve as precursors or templates, imparting porous
materials with expansive specific surface areas, heightened adsorption capacities, robust
acidity, exceptional thermal stability, and precisely defined pore sizes. Through meticulous
control at the sol-gel interfacial juncture, the porous materials engendered by zeolites are
categorized into three distinct core-shell configurations as shown in the Figure 19 [114].
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Figure 19. The zeolitization strategies for synthesizing zeolite with hierarchical structures. Reprinted
with permission from [115].

In the first scenario, a solitary shell layer envelops the zeolite crystals, constituting a
singular core-shell structure. Here, the zeolite crystals are encased by a uniform shell layer
boasting elevated crystallinity and porosity. Alternatively, the multicore—shell structure fea-
tures multiple concentric shell layers within the zeolite crystal, fostering pore connections
between these layers and facilitating a stratified pore arrangement conducive to efficient
mass transfer and separation processes.

Lastly, the hollow shell structure entails a hollow shell layer encircling the core of
the zeolite crystal, creating a spacious internal void suitable for storage and substance
transfer. During zeolitization, zeolites with distinct pore structures can be selectively
employed for varying objectives. Crucially, the cross-linking of precursors within the
zeolite template stands as a pivotal stage in the generation of layered porous architectures
or other specialized configurations within zeolites.

Xuguang Liu and colleagues [116] utilized non-nano cubic hierarchical porous TS-1
zeolite (HTS-1), derived from the alkaline hydrothermal treatment of conventional ellip-
soidal solid TS-1 (titanium silicate-1), as a crystalline seed for fabricating highly oriented
films. The process involved dissolving tetraethyl silicate in deionized water and heating
the solution in a water bath within a temperature range of 348-353 K for 1 h. Subsequently,
Ti(SOy4), was dissolved in hydrogen peroxide to generate a peroxo compound of titanium,
which was then added to the previous solution and thoroughly mixed. The resulting
homogeneous mixture was then heated in a PTFE-lined reactor at 393 K for 48 h.
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The resulting product underwent centrifugation, washing, and drying before being
calcined at 823 K for 5 h to yield layered porous non-nano cubic TS-1 zeolite crystal species.
Through the alkaline hydrothermal treatment of TS-1 zeolite, hierarchical porous TS-1
zeolite (HTS-1) was produced. The gel mixture was then transferred into a reactor, where
the crystalline species were horizontally immersed into the gel. The temperature was
gradually increased to 393 K at a rate of 2 K/min and maintained for 48 h. Subsequently,
the temperature was reduced to 303 K at a rate of 5 K/min and held for 3 h. Following
this process, the samples underwent a nitrogen suction—desorption test to assess the pore
structure and pore size distribution.

As illustrated in Figure 20G, the isothermal adsorption curves of HTS-1 and TS-1
exhibit hysteresis loops, indicative of capillary condensation within the material’s structure
and adsorption occurring in a layered pore configuration. The analysis of the pore size
distribution graph reveals that, in traditional TS-1 materials, the pore sizes are predomi-
nantly micropores, with an average size ranging from 0.5 to 0.06 nm. In contrast, the HTS-1
material displays a combination of microporous and mesoporous structures, with pore
sizes spanning from 2 to 50 nm.
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Figure 20. SEM images of the surface and cross-sectional view of the TS-1 (A,B) and HTS-1
(C-F) membranes. (G) N; isotherms of TS-1 and HTS-1 seed (inset is the pore size distribution).
(H) XRD patterns of TS-1 (a), HTS-1 (b), TS-1 seed layer (c), and HTS-1 membrane (d). Reprinted with
permission from [116].

According to the XRD test findings, the HTS-1 membrane has a significant orientation
and forms a polycrystalline layer with a thickness of approximately 2-3 um. In the CO;, /N,
gas separation evaluation of the HTS-1 membrane, the separation factor was measured at
2.5, while the gas permeability of the HTS-1 membrane was found to be around four times
higher than that of the TS-1 samples. This notable increase in gas permeability underscores
the HTS-1 membrane’s enhanced ability for CO, separation.

Compared to hard templates, utilizing soft templates to synthesize mesoporous ze-
olites through controlled phase separation is relatively straightforward. This is because
soft templates can readily self-assemble with silicon-based species. The hydrophilization
of the template polymer surface serves as an effective method to control the presence of
phase separation. The boiling process effectively preserves the original pore size of zeolite
templates, ensuring that the pore structure remains stable, even under high-temperature
and -pressure conditions. When utilizing the petrochemical boiling method, the resulting
porous materials exhibit a diverse range of pore sizes, extending from micropores (less
than 2 nm) to mesopores (from 2 nm to 50 nm). This wide range of pore sizes makes



Catalysts 2024, 14, 936

25 of 56

them particularly suitable for creating gas separation and adsorption materials that feature
mesoporous-microporous composite structures [117-126].

3.2.4. Self-Assembly

Self-assembly has found extensive application in synthesizing hierarchical porous
materials to create parallel perforated structures with microporous/mesoporous walls.
This self-assembly process orchestrates the orderly arrangement of molecules within the
material, facilitating the formation of a highly organized hierarchical structure and pore
network. By fine-tuning the conditions and parameters of the self-assembly process, one can
manipulate the material’s pore structure, including pore size, distribution, and connectivity,
to impart specific functionalities and applications to the material. The self-assembly process
typically involves the following steps: (i) selecting raw materials possessing self-assembly
characteristics, such as polymers or liquid crystal molecules; (ii) dissolving the initial raw
materials in a suitable solvent to form a homogeneous solution, and then adjusting the pH,
temperature, or concentration of the solution to induce the self-assembly process, resulting
in the formation of a porous structure with a layered morphology; and (iii) introducing
cross-linking agents to solidify and stabilize the porous structure.

Na Sheng and colleagues [127] utilized a solvent-free approach to thermally decom-
pose solid dipropylammonium phosphate (DPA-H3POy) at 200 °C, leading to the formation
of DPA molecules without the use of mesoporous templates. This process triggered the
self-assembly of solid DPA-H3PO4 into SAPO-11 molecular sieves characterized by a lay-
ered structure. Specifically, a mixture of Al;O3, P,Os, DPA, S5iO;, and H,O in molar ratios
of 1,0.8,0.24, 1.6, and 2.4, respectively, was milled at room temperature and subsequently
heated at 200 °C in a stainless-steel autoclave lined with polytetrafluoroethylene. During
the heating process, an amorphous phase formed after 4 h, and with further heating for 8 h,
the DPA-H3PO4 molecules decomposed, releasing DPA gas and initiating the generation
of mesopores within the material. It is noteworthy that the synthesis of SAPO-11 with a
highly hierarchical porous structure was unsuccessful when water was introduced as a
solvent into the system. This can be attributed to the significant decrease in the sample
porosity as the molar ratio of water increased, as the DPA molecules tend to dissolve in
the solvent rather than being released as a gas, hindering the formation of the desired pore
structure. To delve deeper into the self-assembly mechanism of SAPO-11, the research team
led by Na conducted an analysis utilizing XRD (Figure 21A), SEM (Figure 21B), and N,
adsorption and desorption tests (Figure 21C). The XRD data revealed the emergence of
characteristic crystal peaks in the curve after 6 h of heating, with the sample achieving full
crystallization at 13 h, as evidenced by well-defined peaks.

Notably, there was little disparity between the curves at 13 h and 14 h of heating,
indicating complete crystallization at the 13-h mark. The SEM imaging of the intermediate
stages showcased a distinct mesoporous structure becoming prominent after 6 h of heating.
The analysis of the N, isothermal adsorption curve (Figure 21C) highlighted a significant
decrease in N, absorption below 6 h or above 13 h, with a less pronounced hysteresis
loop, suggesting that mesopores primarily developed between the 6- to 13-h heating
window. Catalytic evaluations for n-dodecane hydrogen isomerization demonstrated
that the Pt catalyst supported on S-meso-SAPO-11—13 h exhibited a superior isomer
selectivity compared to the Pt catalyst supported on conventional SAPO-11 (Pt/C-SAPO-
11). This enhanced selectivity, coupled with the absence of mesoscale templates, presents
a promising avenue for the cost-effective synthesis of hierarchical molecular sieves with
potential applications in n-dodecane alkane hydrogen isomerization processes.

Xin Zhang [128] prepared porous photoluminescent cellulose fibers by the self-assembly
of porous cellulose fibers constructed by the hydrolysis of microcrystalline nanocrystals
(CNCs) via sulfuric acid to obtain cellulose nanocrystals (CNCs) and the compression of
CNCs into a coagulation bath containing the silica precursor obtained by the hydrolysis of
tetraethylorthosilicate, which were then combined with graphene carbon quantum dots
(GQDs). As shown in Figure 22A, the coagulation bath is usually made of 15 wt.% sodium
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hydroxide solution and ethanol, to which a certain amount of the silica precursor solution is
added for homogenization, followed by injection of 10 mL of the CNC (3 wt.%) suspension
into the coagulation bath via wet spinning, and the self-assembly of CNC fibers is formed
by electrostatic repulsion and van der Waals forces. After 12 h of self-assembly, the alcohol-
washed product yielded CNCs/SiO, composite fibers (CS), which were acid-washed to
remove SiO; and washed and dried to yield porous cellulose fibers (C2). In Figure 22B,C,
it can be observed that a small number of irregular SiO, particles are visible on the fiber
surface after 3 h of self-assembly. With the increase in the self-assembly time, more SiO; par-
ticles were formed in the composite cellulose fibers and gradually approached a spherical
shape (Figure 22D-F). Observing the surface morphology (Figure 22K), the surface consists
of a porous network with a large number of macroporous structures. Figure 22H shows the
isothermal adsorption curves of C2—400, and it can be seen that its isothermal adsorption
curves are not closed or crossed, which indicates that the surface area of this sample is
small, and is also consistent with the results of the surface morphology. Apparently, the
isothermal adsorption curves of C2-600 and C2-800 (Figure 22L]) are of type IV, where
the capillary line condenses and the isotherm jumps upward when the relative pressure is
more than 0.5, and there is a H3-type hysteresis loop, which may be due to the slit voids
of the sample. The distribution values of the pore sizes of C2—400 are around 2 nm and
6.3 nm, and these micropores may be due to the injected CNC suspensions solidifying
violently in the solidifying solution and the internal polymer condensing slowly due to
double diffusion. The pore sizes of C2-600 and C2-800 are centrally distributed around
28.8 nm and 20 nm, respectively.
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Figure 21. (A) XRD pattern. (B) SEM images. (C) Ny sorption isotherms of the washed S-SAPO-11
samples crystallized at (a) O h, (b) 3h, (c) 4 h, (d) 6 h, (e) 9 h, (f) 12 h, and (g) 14 h. Reprinted with
permission from [127].
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Figure 22. (A) Illustration of the preparation of mesoporous cellulose fibers by the self-assembly
method. SEM images of the surface of the composite cellulose fibers obtained with the silicon
precursor at an added amount of 800 uL after different self-assembly times in the coagulation bath:
(B) 3 h under high magnification, (C) 3 h under low magnification, (D) 6 h, (E) 9 h, (F) 12 h, and
(G) 18 h. N adsorption-desorption isotherms and pore size distribution of three porous cellulose
fibers: (H) C2-400, (I) C2-600, and (J) C2-800. (K) SEM image of the surface morphology. Reprinted
with permission from [128].

Seongseop Kim [129] developed a polymer-polymer interfacial self-assembly strategy
to synthesize hierarchical porous carbon nanosheets (HNCNSs) with microporous and
mesoporous structures by combining the migratory behavior of immiscible-phase ternary
polymers with the self-assembly of block copolymer (BCP) orientation. As shown in
Figure 231, Kim used excess homopolystyrene (hPS) and homopoly (methyl methacrylate)
as the main phases; poly (ethylene oxide) -b-poly(styrene) (PEO-B-PS) as the structural
director; phenol-formaldehyde (PF) and melamine-formaldehyde (MF) resins as the carbon
and nitrogen precursors, respectively; and predehydroxysilylates (AS) sols as the porogen
for micropores in tetrahydrofuran (THF). In order to study the polymer—polymer interfacial
self-assembly, BCP/AS/PF-MF hybrids of 100 nm thickness were micro-cut and subjected
to TEM tests, and the results are shown in Figure 23A. After solvent evaporation, the
BCP-rich phase (dark region) was confined at the boundary between the hPS (gray region)
and hPMMA (bright region) macroscopic domains to reduce the surface tension. After
carbonization and the removal of AS species by sodium hydroxide etching, SEM images
and TEM images show that the HNCNSs have an ultrathin 2D structure, which is built by
a monolayer of ordered mesoporous structures (Figure 23B-D). In Figure 23E,F, it can be
observed that the thickness of the HNCNSs in the AFM image is ~8.8 nm and the thickness
of the overlapped HNCNSs is ~16 nm. The isothermal adsorption curves of the HNCNSs
(Figure 23G) are of type IV, with capillary shrinkage at a relative pressure of P/P; of 0.9,
which suggests that there is a predominantly macro-mesoporous structure in the material,
as indicated by the distribution of the pore sizes. It can be seen that the micropores of the
material are mainly distributed at 0.6-1.4 nm, and the mesopores are mainly at 25 nm.

Self-assembly exhibits notable advantages as follows: (1) it possesses the capability
to synthesize oxide materials characterized by a hierarchical porous structure directly;
(2) the operational procedure is straightforward to implement; and (3) it holds promising
prospects for industrial-scale application. Moreover, this approach can be easily integrated
with other techniques to synthesize the hierarchical porous materials with specific structures
and functions. Recent studies have demonstrated the successful preparation of carbon
nanotube materials characterized by a uniform pore size distribution and elevated porosity,
generally featuring pore sizes below 50 nm. In contrast, dual continuous porous materials
fabricated through the self-assembly of block copolymers can attain significantly larger
pore sizes, typically ranging from tens of nanometers to several hundred nanometers. This
advancement in material synthesis opens up new potential applications, particularly in
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areas such as catalysis, gas separation, and drug delivery systems, where tailored pore
structures are advantageous [130-138]. Table 2 includes the hierarchically porous materials
prepared by chemical methods and their basic parameters.

e PEO-HPS »’;f \»‘. %%p e
. Q
A wps .g ». ’ ;D o ?Q THF evaporatrinn
. N 30
23 hPMMA %. @ !

o
© Aluminosilicate sol g\ 0 r <
¢

Polymers/
organic-inorganic blends

Macro-/microphase
separation

@ Carbon precursors

va\a/-IaV:T\/\\

@ 46 nm v

o 84m | g
2 | Cylindrical ',

00 10 I micelle \

800°C,Ar |
" : : Mesopores (25 nm) —0.__ . - é i (:)

5 . z 1 ! = NaOH etching !
70600 A ) . " :
5 ! ‘
3 ] |
g ] ‘
220 !
£ ] ;
: 1
o

00 o0z o4 08 08 10 T ) i
PR, Pore size (nm)

05
Width (um)

A
@
pes
g

Micropores (0.65 nm) hPMMA

8
aVidiogD (cm’g")

2D hierarchical porous
N-doped carbon nanosheets

Polymer-polymer
Interfacial self-assembly

Figure 23. Characterization of an HNCNS. (A) TEM image of microtomed PEO-b-PS/AS/PF-MF
hybrids at the hPMMA-hPS interface. (B,C) SEM, (D) TEM, and (E,F) AFM images with the cor-
responding height profiles of the HNCNS. (G) N, sorption isotherms. (H) Pore size distribution.
(I) Schematic representation of polymer interfacial self-assembly for the 2D engineering of hierarchical
porous N-doped carbon nanosheets. Reprinted with the permission from [129].

Table 2. Chemical methods.

FE (%)/Yield \% SBET
Method Structure (umol/g) (cmgg) (m?/g) Ref.
Emulsion template =~ Macro-meso—micro - 0.58 1145.2 [97]
Emulsion template ~ Macro-meso-micro 94% 0.2 961.3 [100]
Phase separation Macro-meso—-micro - 0.79 889 [105]
Phase separation Macro-meso-micro 77% 0.30 675 [110]
Phase separation Meso-micro - 0.02 37 [112]
Phase separation Meso-micro - 0.60 1374 [113]
Zeolitization Macro—meso—micro - 0.1 314 [120]
Zeolitization Meso-micro - 0.2 855.4 [125]
Zeolitization Meso-micro 68% 0.21 269.7 [126]
Self-assembly Meso-micro 420 umol/g 0.18 335.1 [134]
Self-assembly Meso-micro 73.9 umol/g - 268.2 [138]
Emulsion template Macro-meso 74% 0.24 812 [139]

3.3. Physical-Chemical Methods

The utilization of physical methods in synthesizing hierarchical porous materials
represents more than just a physical reaction process; it involves a synergy of physical and
chemical techniques where chemical reactions occur before and after the physical processes.
Key methodologies encompass the supercritical fluid method, freeze-drying method, and
selective erosion method, among others.

3.3.1. Supercritical Fluids

A supercritical fluid exists in a state of matter between liquid and gas, where, at
temperatures or pressures surpassing the critical point, the distinction between gas and
liquid vanishes, yielding a unique phase. In this distinctive state, supercritical fluids ex-
hibit a significantly lower viscosity than liquids and excellent diffusion properties, with
extensively applications in catalytic reactions, separation technologies, and the synthesis
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of nanomaterials [140]. In the fabrication of layered porous materials, the elimination of
solvents can lead to structural alterations or even the collapse of the material. However,
supercritical fluids, devoid of a gas-liquid interface, mitigate the risk of structural modifi-
cations and simplify solvent removal. Commonly selected supercritical fluids encompass
carbon dioxide, water, and ethane, among others. Their high diffusivity and solubility
characteristics facilitate the uniform dissolution of feedstock, enable the incorporation of
templating agents into the homogeneous solubility system, and support reactions under
specific conditions to engender the desired porous structure.

Zi-tong Zhuang [141] and his team developed a supercritical carbon dioxide (SC-
CO,) pretreatment technique to process walnut shell (WS) waste to prepare porous biochar
precursors and used potassium hydroxide activation to prepare biochar adsorbent materials.
Zhuang et al. introduced walnut shells into a reactor, then exhausted the air with CO,, and
kept the reaction material in supercritical CO, at a constant temperature and pressure. The
obtained intermediates were mixed with potassium hydroxide and dried in a vacuum oven
at 105 °C for 24 h, and the alkaline residue was removed to obtain the activated carbon
material (AC). As it can be seen in Figure 24A-C, the external structural morphology
of the biomass changed significantly after the pretreatment and activation steps. The
structure of the walnut shell feedstock showed irregular lumpy particles with a relatively
fatty surface and no obvious pore structure. In contrast, the surfaces of the char after the
supercritical CO, treatment became rough and inhomogeneous, with abundant honeycomb
pore structures having formed on the surface. Zhuang attributed this transformation to
the pyrolysis of hemicellulose, cellulose, and lignin and the subsequent gas release. The
AC after the activation step also exhibited a honeycomb pore structure, but the number
of pores was significantly increased compared to the structure of the pretreated samples,
which had smaller and more compact pore sizes.
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Figure 24. SEM images of solid residues (magnification = 5500). (A) WS, (B) C200/60, and
(C) C200/60-AC. (D) FT-IR spectra of char in SC-CO, and N; atmosphere. (E) Pore size distri-
bution of char and activated carbon. (F) N; adsorption and desorption isotherms of C200/20 and
C200/20-AC. (G) GC-MS results of the liquid products of the SC-CO, pretreatment under different
conditions; (H) Graphical depiction of the synthesis process. Reprinted with permission from [141].

From the pore size distribution diagram (e) of the supercritical CO,-pretreated samples
and AC, it can be seen that the pore structure of the lower temperature-pretreated carbon
is more developed, with pore diameters in the range of 10-100 nm and with a small
number of microporous structures with pore diameters less than 2 nm. The pore structure
of the high temperature-pretreated carbon is relatively undeveloped, but the pore size
distribution is uniform, and the micropores and mesopores are uniformly distributed. The
isothermal adsorption curves of C200/20 and C200/20-AC are shown in Figure 24F, and
the isothermal adsorption curve of C200/20 is consistent with the characteristics of the
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isothermal adsorption curves of type III, which indicates that the material is nonporous
or macroporous in structure. The curve lacks an inflection point, indicating that there
is no recognizable monolayer formation, the interaction between the adsorbent material
and the adsorbent gas is relatively weak, and the sample shows a limited adsorption
capacity at the saturation pressure point (P/P). The isothermal adsorption curve of the
C200/20-AC sample is of type I, which is the curve characteristic of a typical microporous
material. The sharp increase in adsorption at very low values of P/Py is mainly due to the
enhanced interaction between the adsorbent and adsorption within the narrow micropores,
resulting in the decrease in these micropores at very low relative pressures. The saturation
of adsorption is due to the volume limitation of the micropores into which the adsorbed
gas enters and not due to the internal surface area. At saturation pressure (P/Py > 0.99),
the condensation of adsorption may occur, leading to an upward turn of the curve, and the
results indicate that the adsorption capacity of AC is significantly better than that of the
pretreated charcoal. Charcoal functional groups were characterized using FT-IR tests as a
way to explore the optimal synthesis conditions, and the results are shown in Figure 24D.
The functional groups were most structurally enriched at a pretreatment temperature
of 200 °C, and their structures remained essentially unchanged with the increase in the
pretreatment time. The absorption peaks appearing in the 3600-3000 cm ! spectral band
were due to O-H stretching vibrations. The peaks associated with cellulose, such as the
-CHj, oscillation peak (1320 cm™1), the C-O-C asymmetric stretching peak at the pyranose
ring (1153 cm~!), and the C-O-C stretching vibration peak (1031 cm~!), disappeared after
pretreatments at 300 °C and 400 °C, indicating complete decomposition.

Ruyi Fang and colleagues [50] similarly developed a porous biomass template derived
from rice husks (RHs) through a supercritical fluid-assisted approach, aimed at creating a
unique, highly loaded selenium three-dimensional porous cathode material. The prepara-
tion process is illustrated in Figure 25A, where rice husks were immersed in HCl for 12 h
and subsequently heat-treated at 120 °C for 3 h to obtain SiOC intermediates. The activated
3D porous material (ARC-5i0C) was synthesized by mixing SiOC with KOH at a 3:1 ratio
and calcining at 350 °C for 1.5 h and 700 °C for 2 h. Se and ARC-5iOC (ARC, activated rice
carbon) powders were then placed in a stainless-steel milling flask and pressurized with
CO; until the internal pressure reached 8.5 MPa. Ball milling and grinding were conducted
at 32 °C and 350 rpm for 12 h. The resulting samples were heat-treated at 260 °C under
an argon atmosphere for 6 h to obtain the selenium-loaded 3D porous bio-carbon material
(ARC-SiOC-Se). As depicted in Figure 25B,C, the surface of the SiOC samples exhibit a
bamboo-like morphology with no apparent pore structure. The EDX analysis revealed that
the primary components of the SiOC samples were Si, O, and C.

In contrast, the surface morphology of the ARC-5i0C samples, shown in Figure 25D,E,
displayed a honeycomb-like macroporous structure. The EDX results indicate a significant
reduction in the contents of Si and O, and their depletion is attributed due to the reaction
between Si-O and KOH. After undergoing the supercritical CO, treatment, ARC-5iOC-
Se retained its 3D porous morphology. The EDX results show that the content of Se is
substantially higher than that of other elements, indicating that the supercritical CO; not
only maintained the material’s morphology but also successfully loaded a high content
of selenium. As illustrated in Figure 25H,], the N, adsorption-desorption isothermal
curves and pore size distribution graphs reveal that both SiOC and ARC-5iOC samples
exhibit Type-I isothermal adsorption curves, indicative of the presence of microporous
and mesoporous structures, resulting in a greater absorption in the lower P/Py range. The
pore sizes of SiOC were primarily centered at 3.97 nm, whereas the ARC-5iOC pore sizes
were distributed at 2.73 nm and 3.97 nm, attributed to the activating effect of KOH on the
material’s structure. Notably, the disappearance of the micro-mesopore structure after
selenium loading indicated the successful incorporation of selenium into the available
micro-mesopores.
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Figure 25. (A) Schematic of the strategy used for the synthesis of 3D porous ARC-SiOC-Se from
RHs. SEM images of SiOC (B,C), ARC-SiOC (D,E), and ARC-SiOC-Se (F,G). (H,I) N, adsorption—
desorption isotherms and pore size distribution of SiOC, ARC-5iOC, and ARC-5iOC-Se. Reprinted
with the permission from [50].

The supercritical fluid-assisted method is extensively employed in the preparation of
biomass template catalytic adsorbent materials for uniform surface modification without
compromising the material’s structure. The porous material created through supercriti-
cal fluid foaming technology features a smooth surface, uniform pore distribution, and
impressive structural stability. By manipulating the process parameters, such as satu-
ration temperature, foaming temperature, pressure, and pressure relief rate, it is possi-
ble to achieve a diverse range of pore structures, varying from 1 nm to 100 um. This
versatility allows for the production of porous materials that can consist of large-pore,
mesoporous, and microporous multilayer composites, catering to various applications in
different fields [85,142,143].

3.3.2. Freeze-Drying

The freeze-drying method is commonly employed for the preparation of layered
porous materials, particularly those requiring high porosity and a controllable pore struc-
ture. By adjusting the temperature and pressure conditions of the sample to a critical state,
the freeze-drying method facilitates the direct sublimation of ice crystals into the gas phase,
thus solidifying the pore structure [144]. The customization of both the pore structure and
type is intricately tied to the selection of the precursor solution. Following the dissolution
of the feedstock in a specified solvent, the precise regulation of the liquid flow rate and
coating rate enables the deposition of varied thicknesses of layered deposits on the substrate
material. Subsequent to the rapid freezing and solidification of the layered deposits, the
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freeze-drying process involves warming or depressurization to achieve a layered porous
structure, culminating in a further treatment to eliminate residual impurities [143,145].

Li Xiao-Hui and colleagues [146] constructed polyoxo-metal-organic framework ma-
terials featuring both microporous and mesoporous structures through a straightforward
and adaptable solvent templating approach utilizing a gel-like freeze-drying technique in a
layered fashion. The preparation process is illustrated in Figure 26l. Initially, the precursor
solution was synthesized using anhydrous ethanol, Cu(OAc);, PMoV, and H3BTC and was
cross-linked to produce a gel-like sample. Subsequently, after substituting deionized water
and freezing the mixture, the porous metal-organic framework material was obtained via
freeze-drying. In the sample name NENU-9HP-1/V, “HP” denotes the hierarchical porous
structure, “1” signifies the concentration of the copper source, and “V” represents the total
volume of ethanol used. Figure 26 A-F reveal that the NENU-9HP-1/30 sample exhibits a
small number of mesopores on its surface, with the particles being tightly packed.
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Figure 26. SEM images of (A) NENU-9HP-1/30, (B) NENU-9HP-1/60, (C-E) NENU-9HP-1/120, and
(F) NENU-9HP-1/240. N, sorption isotherms (G) and pore size distributions of NENU-9HP-1/V
(H). (I) Schematic diagram of a possible mechanism for the formation of NENU-9HP-1/V. (J) TOF
values evaluated on the basis of the moles of the whole catalyst and reactive moles of substrates in
20 min. (K) Final conversions of different secondary alcohols catalyzed by NENU-9HP-1/120 and
NENU-9HT. Reprinted with the permission from [146].

However, as the total volume of ethanol increases, both the number and size of the
mesopores on the sample’s surface significantly increase. This is due to a reduction in
the reaction rate when the reactant concentration decreases, leading to the formation of
numerous nanoparticles that assemble into mesoporous structures. The sample NENU-
9HP-1/120 exhibits an abundance of both mesoporous and microporous structures, whereas
the lower-concentration sample NENU-9HP-1/240 lacks hierarchical porous structures.
Nitrogen adsorption and desorption tests were conducted on all samples, with the results
presented in Figure 26G. The isothermal adsorption curve of the NENU-9HP-1/30 sample
is of type I, with P/P0 < 0.1 indicating the presence of a limited number of micropores,
and its pore size is primarily distributed at 12.7 nm, consistent with SEM images. The
other three samples with lower concentrations (V = 60, 120, and 240) exhibited type-IV
isothermal adsorption curves with a distinct hysteresis loop at high pressure, suggesting
that the mesopore size gradually increases as the ethanol concentration decreases. Notably,
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the NENU-9HP-1/120 sample had the largest mesopore size, with an average distribution
of 30.1 nm. The pore structure of the NENU-9HP-1/120 sample is looser in the middle and
tighter at the edges, attributed to volume expansion during water freezing that compresses
the interconnected particles. The catalytic performance of the NENU-9HP-1/120 samples is
demonstrated in Figure 26],K, showing that the successful construction of the hierarchical
porous structure significantly enhances its catalytic capabilities. The analysis of the test
results indicates that the rapid reaction of the raw materials Cu(OAc),, PMoV, and H3BTC
in anhydrous ethanol forms particles with an intrinsic microporous structure. During
the cross-linking process, a mesoporous structure forms between the particles, primarily
supported by the solvent. However, this mesoporous structure is initially unstable. In
the freezing process, the expansion of freezing water extrudes the particles, stabilizing
the formation of a more solid mesopore. Finally, removing the ice yields layered porous
materials with a microporous-mesoporous structure.

Changxia Li and colleagues [147] successfully synthesized COF/reduced graphene
oxide (rGO) aerogels utilizing the hydrothermal approach, where COF was grown di-
rectly onto the surface of two-dimensional graphene. Subsequently, ultra-lightweight
aerogels featuring a layered porous structure were created in the form of three-dimensional
stacks through freeze-drying. The synthesis route is illustrated in Figure 27A. Initially, the
monomers diamino anthraquinone (Dp) and phenyl-toluene sulfonic acid (PTSA) were
thoroughly mixed with graphene oxide (GO) to form a homogeneous precursor solution.
Upon the addition of 1,3,5-tri acetaldehyde mesityl phenol (Tp), a dense and highly viscous
blend was formed, followed by self-assembly during the gelation process. The mixture was
then subjected to autoclaving at 120 °C for 24 h. To eliminate excess solvents, the mixture
was thoroughly washed with deionized water and acetone, before being freeze-dried to
yield exceptionally lightweight COF/rGO aerogels. The XRD analysis in Figure 27C con-
firms the presence of TpDqCOF (100) diffraction peaks at 3.4° for both COF and COF/rGO,
verifying the formation of the TpDqCOF structure within the composites. Furthermore,
Li conducted Nj adsorption—desorption tests to characterize the porosities and surface
areas of COF, COF/rGO, and rGO. The results, depicted in Figure 27D,E, indicate that the
isothermal adsorption curve of COF is of type L. The steep rise in the curve at lower relative
pressures suggests the presence of micropores, while the distinctive hysteresis loop indi-
cates the existence of mesopores. The SEM images of COF/rGO, shown in Figure 27F-K,
reveal that, as the COF content increases, the surface roughness of the samples intensifies.
Additionally, a dense mesoporous structure and macroporous structure resulting from
freeze-drying are observed. On the other hand, the microporous structure is considered an
intrinsic aspect of the material’s self-assembly process.

Weihua Gu and colleagues [148] prepared porous, ultralight carbon aerogels from
pomelo peels using the freeze-drying technique combined with the calcination process.
The manufacturing procedure is illustrated in Figure 28A. Initially, the pomelo peel was
cleaned and placed in a freeze dryer, pre-frozen for 6 h, and subsequently dried for 48 h
to produce the precursor. This precursor was then placed in a crucible and annealed at
temperatures of 700 °C, 800 °C, and 900 °C for 2 h, with the resulting samples labeled as
G700, G800, and G900, respectively. Figure 28B,C exhibit the morphology of the precursor
after freeze-drying, revealing a complete three-dimensional porous structure devoid of
fractures between the pore skeletons. Figure 28D displays the sample standing atop petals
after high-temperature treatment, highlighting the aerogel’s exceptional lightness. The
three-dimensional porous structure of the sample remained intact after high-temperature
calcination, with the pore structure becoming more compact and the pore size decreasing
slightly. The mercury intrusion and extrusion curves (Figure 28K-M) of the carbon aero-
gels revealed total pore volumes of 3.07, 4.01, and 4.12 mL-g~! for samples G700, G800,
and G900, respectively. Their porosities were 78.70%, 83.53%, and 83.22%, respectively,
indicating ultra-high porosity and lightweight characteristics.
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Figure 28. (A) Schematic of the formation process of the shaddock peel-based aerogel. (B,C) SEM
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(E-J) SEM images of G700, G800, and G900. (K-M) N sorption isotherms and pore size distribution
of G700, G800, and G900. Reprinted with the permission from [148].
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By modifying factors such as the solvent type, solid-phase content, freezing rate, and
sintering temperature, pore sizes ranging from 2 nm to 10 um can be achieved. When
combined with techniques like the sol-gel method and electrospinning, the freeze-drying
method can effectively synthesize macroporous and mesoporous composite materials, as
well as macroporous materials containing mesopores. This versatile approach enables the
development of materials with tailored porosity for various applications [93,149-157].

3.3.3. Selective Leaching

The process of creating layered porous materials with diverse pore structures by
regulating the solvent dissolution of the material to shape the pores is termed selective
leaching [158]. This technique involves utilizing a soluble polymer with a specific level
of crystallinity or distinct structural characteristics as a substrate, which is then dissolved
in a solvent to create a precursor solution. Upon the desolation of the precursor solution
to generate a gel, it is immersed in a suitable leaching solvent where certain portions of
the polymer are selectively dissolved to establish a porous configuration. By manipulating
variables such as the solvent type, leaching duration, and temperature, the size and distri-
bution of the pores can be finely tuned. Subsequent steps involve eliminating any residual
solvent, followed by drying and curing procedures to uphold the stability of the material’s
pore structure [159].

Shunsuke Yamada’s team [160] successfully synthesized nanoporous copper through
a straightforward, environmentally friendly, and rapid dealloying technique employing
an ammonium chloride salt solution and magnesium as the etchant and sacrificial metal,
respectively [160]. As depicted in Figure 29A, the copper foil’s surface underwent a
thorough cleaning process involving acetone, ethanol, and deionized water to eliminate
organic impurities, followed by drying in a controlled N; atmosphere. Subsequently, the
copper foil was sectioned, and a mixed MgCu metal layer was deposited onto its surface
via ion beam sputtering. The foils were then immersed in a 10 mm ammonium chloride
solution at 303 K to facilitate the dissolution of magnesium. The interaction between
magnesium and the saline solution led to the formation of small bubbles on the Cu/Mg
foil surface. Post-dealloying, the foils were carefully rinsed with deionized water and dried
under a gentle stream of nitrogen to ensure optimal cleanliness and the preservation of the
nanoporous structure.

(A) 1. Organic cleaning 2. Sputtering CuMg (B)
. Mg p-Cu np-CUsmn
Cu foil: 10 pm T G = =
/ JQ ‘%‘ u o 8 > 8
e 2 g -~ £ & 5 o
-~ - £ L
> ’? o @
5 4| 5 4
S o
> 2 = B
3. Dealloy 4. Nanoporous Cu Y B T 1 Y B TR ) 1
NH.CI: 10 mM
/ 2 P Relative pressure PiP, Relative pressure PiP,
NP-Clliomia NP-Cuisma
} o 15 o
- o 10
E £
’ < 1o 2
Chemical waste: Mg and NH.CI o o
E E
El ER
Dealloying Mg — Mg* + 2e" 2 5 <
lonization of salt NH,CI — NH** + CI-
02 04 06 08 1 02 04 06 08 1
Side reaction Mg(s) + 2H:0(l) — Mg(OH):(s) + Hz(g)
Hydroxide removal  Mg(OH)s(s) + 2NH.* — Mg?* + 2NH.OH() Relative pressure /Py Relative pressure PiPy

()

Figure 29. (A) Schematic showing the selective etching of the alkaline metal with saline during SEAD.
(B) N; sorption isotherms of copper foils at 0, 5, 10, and 15 min. (C) SEM images of copper foils at 0,
5,10, and 15 min. Reprinted with permission from [160].
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The examination through scanning electron microscopy (SEM, Figure 29C) revealed
the presence of minute pores (~5 nm) at the start (0 min), gradually evolving into a
structured pore network as the immersion duration in the alkaline solution progressed.
The nitrogen adsorption and desorption analyses conducted on samples at varying time
intervals demonstrated distinct behaviors. Notably, the samples at 0 min, 5 min, and
10 min exhibited isothermal adsorption curves devoid of hysteresis loops, contrasting with
the appearance of a hysteresis loop in the 15 min sample. The observed hysteresis loop,
akin to type H4, signifies the emergence of a mesoporous structure in the 15-min sample.
Specific surface areas for the four samples display incremental values of 6.4, 10.8, 21.1,
and 24.1 m?-g~!, respectively, with np-Cu10 min and np-Cu15 min showcasing more than
double the surface area of pristine copper. The nanoporous formation, predominantly
on a singular surface and with a slim (~150 nm) profile, results in a relatively modest
specific surface area. However, this can be enhanced by de-alloying bulk magnesium alloys.
Moreover, the deposition of alloys through sputtering aligns well with contemporary
micromachining techniques. Leveraging salt etchants facilitates the creation of nanoporous
architectures on atypical substrates, encompassing flexible, stretchable, and biodegradable
materials that may not withstand conventional acid /base solutions.

Prepared by Masao Miyake and his colleagues [159] through the selective etching
of aluminum-zinc alloys, followed by aluminum passivation, were three-dimensional
porous aluminum metallic materials featuring microporous and mesoporous structures.
Miyake initially synthesized the alloys by melting high-purity aluminum (99.99%) and zinc
(99.995%) at atmospheric pressure. Subsequently, the alloys underwent annealing in an
Hj-Ar mixture at 200 °C for a duration of 3 h, followed by cooling to room temperature
under atmospheric conditions. Observations from Figure 30A-C reveal that the alloy
maintained its aluminum and zinc phases throughout the annealing process. The high
temperature facilitated the diffusion of atoms into each other, resulting in the gradual
growth of grains across all phases as the annealing time increased. The annealed samples
were then subjected to erosion with concentrated nitric acid for 30 min and subsequently
washed with deionized water and ethanol. Figure 30D-F depict the surface morphology of
the eroded alloy, showcasing numerous uniformly distributed slit holes between the grains
throughout the alloy phase. The pore sizes primarily range between 200 nm and 400 nm. A
comparison with the size of the zinc grains indicates that pore formation occurs due to the
consumption of zinc grains by the acid within the alloy phase, which is further confirmed
by the XRD analysis (Figure 30H).

During the annealing process, grain growth and mutual extrusion between the alu-
minum and zinc phases create initial slit holes within the material before erosion, thereby
establishing a certain level of initial porosity. The subsequent selective erosion of the zinc
phase significantly enhances the porosity, suggesting a complex interplay between the
pretreatment and erosion processes that warrants further investigation.

The selective leaching process can be controlled to produce unusual layered porous
structures. The obtained porous monomers can be used as conformal coatings, porous
metals, and hierarchical porous structures. Compared to other methods, there are several
advantages to synthesizing materials using the leaching method. Due to the simplicity of
these methods, it is expected that this simple leaching process will stimulate further research
on the formation of porous materials through selective leaching methods [65,67,161-165].

The synthesis of hierarchical porous materials with multimodal and multiscale poros-
ity is even more of interest, especially for catalysis and separation, where the optimization
of diffusion and confinement mechanisms is required. The combination of the fluidized
bed method with the template method or freeze-drying method can form a larger pore
size structure while retaining the microporous structure of zeolite. By adjusting the intro-
duced template or freeze-drying temperature, microporous—-mesoporous or microporous—
macroporous structures can be obtained [166]. The sol-gel method is generally used in
combination with the heat treatment-induced phase separation method to form pore
structures during gel formation and phase separation, which is usually used to pre-
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pare mesoporous—-macroporous structures, such as porous MOFs. The supramolecular
self-assembly behavior of surfactants and copolymers can generate a structurally stable,
highly ordered three-dimensional network porous structure with pore sizes in the range
of 1 nm-100 pm. It is currently one of the most commonly used methods for preparing
macroporous—-mesoporous—microporous materials. For metal-based porous materials, se-
lective etching is often used to etch the metal in situ to generate pores, but the resulting pore
structure is uncontrollable. Micropores and mesopores provide size and shape selectivity
for guest molecules, thereby enhancing the interaction between the host and guest. The
presence of macropores greatly facilitates the diffusion and accessibility of active sites
by guest molecules. Different pore size combinations have different mass transfer sys-
tems in practical applications, and the rational use of three different pore sizes is the only
way to improve the catalytic activity of CO,RRs [167]. Table 3 lists some hierarchically
porous materials prepared using physical and chemical methods and their basic parameters
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Figure 30. SEM images of cross-sections of the Al-Zn alloy foils annealed at 200 °C for (A) 0, (B),
3, and (C) 100 h. (D-F) Porous Al foils obtained from the alloy foils shown in (A-C), etched with
concentrated nitric acid. (G) Histograms of Zn grain sizes in the water-cooled Al-Zn alloy and pore
sizes in porous Al obtained by etching the Al-Zn alloy. (H) XRD patterns of Al-Zn alloy foil before
etching and porous Al foil obtained from the alloy that is etched with concentrated nitric acid. (I) Pore
size and porosity of porous Al created through a process involving both annealing and etching.
Reprinted with permission from [159].

The pore size range of hierarchical porous materials prepared by basic methods is
quite diverse, spanning from 1 nm to 100 nm. Different pore structures can be tailored
by using various templates, allowing for the creation of macroporous structures that
include mesopores or micropores. In contrast, chemical methods offer a more precise
approach to regulating pore size structures. For instance, rich mesoporous structures can be
formed during phase separation, and the morphology and structure of supramolecular self-
assembly can be controlled based on the functional groups present in the self-assembled
molecules. This makes chemical methods a preferred option for producing macroporous,
mesoporous, and microporous structures. However, chemical methods also have challenges,
such as poor product stability and difficulties with purification. On the other hand, physical
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and chemical methods can create numerous narrow gaps, resulting in a pore structure
that demonstrates good stability. These methods are commonly employed to prepare
mesoporous and microporous structures. Nonetheless, accurately controlling the pore size
generated by these methods remains a challenge that requires further improvement.

Table 3. Physical-chemical methods.

o
Method Structure F}i :I/:l)olzlg(;ld Vp (em®/g) (ISnBZl;;) Ref.
Supercritical fluid ~ Macro-meso-micro  874.1 umol/g 0.02 43.6 [142]
Supercritical fluid ~ Macro-meso-micro - 0.03 32.7 [143]
Superecritical fluid Meso-micro 66% 0.02 47 [85]
Freeze-drying Macro-meso—micro - 0.5 692 [156]
Freeze-drying Macro-meso-micro 58% 0.62 721 [157]
Freeze-drying Macro-meso-micro 81% 0.88 942.1 [93]
Freeze-drying Macro-meso—micro - 0.12 56.9 [154]
Selective leaching Macro—-micro - 1,07 1046 [161]
Selective leaching ~ Macro-meso—micro 78% 0.15 69.2 [164]
Selective leaching ~ Macro—-meso-micro 44% 0.31 79 [165]
Selective leaching ~ Macro-meso—micro - 0.42 107.3 [67]

4. Application of Hierarchical Porous Materials in CO,RRs

The substantial specific surface area of hierarchically pore materials offers a plethora
of catalytic active sites, thereby significantly enhancing the catalytic efficiency. Additionally,
their impressive mass transfer capabilities expedite the diffusion of reactants, further
accelerating the reaction rate. The exceptional stability of these materials has garnered
extensive attention and diverse applications in carbon dioxide reduction [168]. This section
delves into the utilization of hierarchical porous materials in the electrocatalytic reduction
of CO,.

Ruru Li and colleagues [169] synthesized a nitrogen and sulfur-co-doped hierarchical
porous carbon material (NSHPC) through the pyrolysis of glucosamine hydrochloride
(GM) and trithiocyanuric acid (TA) precursors, utilizing silica as a hard template. This
material exhibits exceptional catalytic properties in carbon dioxide reduction reactions. The
synthesis process is illustrated in Figure 31A. Initially, the silica template fully reacts with
the GM and TA precursors, followed by heat treatment to yield an intermediate powder.
After removing the silica template using a potassium hydroxide solution (the control
samples involved either no silica template for NSPC or no TA for NHPC), high-temperature
carbonization results in the formation of the nitrogen and sulfur-co-doped layered porous
carbon material. The scanning electron microscopy (SEM) image of NSHPC in Figure 31B
reveals a fluffy, honeycomb-like porous structure. The transmission electron microscopy
(TEM) image in Figure 31C demonstrates the presence of a cross-linked mesh-like porous
structure within the NSHPC. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image identifies a graphitized structure at the edge
of NSHPC, which is vital in electrochemical applications. The energy-dispersive X-ray
(EDX) elemental distribution results in Figure 31D, E indicate the presence of corresponding
nitrogen (N) and sulfur (S) elements. The isothermal adsorption curves of NSHPC and
NSPC are presented in Figure 31F. The curves for NSHPC exhibit type-IV characteristics,
confirming the presence of mesoporosity. The rapid uptake at P/P0 > 0.9 suggests the
existence of pores with larger dimensions. The higher nitrogen uptake at lower relative
pressures confirms the presence of micropores. The pore size distribution curve of NSHPC
shows a distribution across micropores, mesopores, and macropores, further confirming its
hierarchical porous structure. Similarly, Figure 31F also indicates that NSPC possesses a
porous structure, primarily due to the evolution of the small molecules of hot gases during
the pyrolysis of GM and TA. The X-ray diffraction (XRD) characterization of the samples
in Figure 31G reveals that all three samples exhibit crystalline peaks corresponding to
graphite at (002) and (101). The production of graphitic carbon atoms is further confirmed
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by the two peaks present in the Raman spectra (Figure 31H) at 1344 cm ! in the D band
and 1592 cm ! in the G band.
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Figure 31. (A) Schematic illustration of the preparation of NSHPC (N, S-co-doped hierarchical porous
carbon). (B) SEM and (C) TEM images of the NSHPC. (D) HR-TEM and (E) HAADF-STEM and
corresponding EDS mapping images of the NSHPC. (F) N, sorption isotherms of the NSHPC and
NSPC. (G) XRD pattern and (H) Raman spectra of NSHPC N, S-co-doped hierarchical porous carbon),
NSPC (N, S-co-doped porous carbon), and NHPC (N-doped hierarchical porous carbon). Reprinted
with permission from [169].

The XPS results depicted in Figure 32A reveal that the N 1s spectrum can be de-
composed into four peaks, corresponding to typical pyridine nitrogen (398.3 eV), pyrrole
nitrogen (399.5 eV), graphitic nitrogen (400.9 eV), and oxidized nitrogen (401.9 eV). The
S 2p spectra illustrated in Figure 32B can be divided into three components, which align
with C-SOx-C (168.4 eV), C-5-C (165.2 eV), and C=5-C (164.0 eV). Graphitic nitrogen and
pyridine nitrogen play pivotal roles in catalysis, as they are considered to facilitate the
formation of catalytically active sites. Similarly, thiophene sulfur also contributes to the
creation of these active sites. The co-doping effect of pyridine nitrogen and C-S lowers
the Gibbs free energy of the crucial intermediate *COOH in the carbon dioxide reduc-
tion reaction (CO;RR), leading to enhanced catalytic activity. The LSV curves presented
in Figure 32E demonstrate that the current density in a CO;-saturated 0.1 M potassium
bicarbonate solution is notably higher than that in a Nj-saturated solution. The Faradaic ef-
ficiency (FE) of NSHPC for CO increases from —0.4 V to —0.6 V, peaking at 87.8% at —0.6 V.
In contrast, the Faradaic efficiency for Hj is only 12%, as shown in Figure 32F. NSHPC
exhibits excellent selectivity for the reduction of CO; to produce CO, while effectively
inhibiting the hydrogen evolution reaction (HER) as a competing process. Furthermore,
the current densities of both CO and H, increase with the rise in the voltage, as illustrated
in Figure 32G. After 10 h of constant current density testing, the current density of NSHPC
remained stable in a CO,-saturated 0.1 M potassium bicarbonate solution, indicating the
material’s long-term stability in CO,RRs (Figure 32H).
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Figure 32. (A,B) HR-XPS spectra of N 1s and S 2p of the NSHPC. (C) N contents and relative content
ratios of various N species of the NSHPC, NHPC, and NSPC. (D) S contents and relative content
ratios of various S species of the NSHPC and NSPC. (E) LSV curves in Nj- and CO,-saturated 0.1 M
KHCOj3 using the NSHPC as a cathode. (F) FEs for CO and Hj versus the potential on the NSHPC
electrode between —0.8 and —0.4 V. (G) Partial current density of CO and H, at the applied cell

potential for the NSHPC catalyst. (H) Stability test of the NSHPC for CO,RRs operated at —0.6 V for
10 h. Reprinted with permission from [169].

Qilong Wu and his colleagues [20] crafted a hierarchical porous carbon catalyst abun-
dant in defects, exhibiting remarkable selectivity and stability for CO, reduction reactions
(CO2RRs). This was achieved through the pyrolysis of ZnO@ZIF-8, utilizing potassium ni-
trate and ZnO nanoparticles (NPs), as illustrated in Figure 33A. Wu encapsulated potassium
nitrate and ZnO NPs within ZIF-8 using an in situ encapsulation technique to synthesize
ZnO@ZIF-8. The control group, designated as ZnO@ZIF-W, was subjected to washing with
an ethanol-water mixture (EtOH: H,O = 1:1) to eliminate potassium nitrate molecules. Both
ZnONP@ZIF-8 and ZnONP@ZIF-W underwent heat treatment at 900 °C, resulting in the
formation of delaminated defective porous carbon (DHPC) and delaminated porous carbon
catalyst (HPC), respectively. The surface morphology of HPC is depicted in Figure 33B,
showcasing a fractured polyhedral structure with an average size of 100 nm. Conversely,
DHPC exhibits a spongy morphology with aggregated particles, as seen in Figure 33C. The
TEM images of both samples reveal that DHPC possesses a more abundant mesoporous
structure and numerous irregular cavities, enhancing its mass transfer capacity. These
irregular cavities may introduce additional defect structures and modify the local electron
density, thereby providing more catalytically active sites. The isothermal adsorption curves
for both DHPC and HPC, shown in Figure 33F, exhibit type-IV characteristics, with DHPC
displaying a more pronounced hysteresis loop. DHPC boasts a larger mesoporous struc-
ture, with an average pore size ranging from 5 to 20 nm, aligning with the TEM-observed
morphology. Figure 33G illustrates the adsorption behavior of DHPC and HPC toward
CO;. The adsorption of CO; for both samples increased linearly with the rise in the relative
pressure. Notably, DHPC’s CO, uptake was 3.75 mmol/g, approximately 1.26 times that of
HPC. This exceptional CO, adsorption capacity indicates the abundance of active sites for
CO;RRs in DHPC.

In a 0.5 M KHCOj solution saturated with CO,, it can be observed that there is a
low onset potential of —0.35 V for the DHPC sample, with the current density reaching
10 mA /cm? at —0.8 V. To further evaluate the CO, reduction reaction (CO,RR) performance
of DHPC versus HPC, Wu examined the Faradaic efficiencies of CO and H; in 0.5 M KHCO;
(Figure 34B). For the DHPC sample, the CO Faradaic efficiency (FE) remained above 90%
between —0.5 V and —0.9 V, peaking at 99.5% at —0.5 V, while the H; signal was negligible.
In contrast, the HPC exhibited a poor CO,RR performance, with a CO Faradaic efficiency of
only 22.4% and an H, Faradaic efficiency of 88.9%. Furthermore, the local current density
of CO for DHPC was more than ten times higher than that of HPC, indicating that the
abundant defective sites favor the CO,RR (Figure 34C). In real seawater, DHPC maintained
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a CO Faradaic efficiency above 90% between —0.6 V and —0.9 V and demonstrated ultra-
high selectivity for CO; in this complex medium.
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Figure 33. (A) Synthetic process of DHPC and HPC. (B) SEM image of HPC (the inset image is the
magnified SEM image of HPC). (C) SEM image of DHPC (the inset image is the magnified SEM
image of DHPC). (D) TEM image of HPC. (c1-c4) The element mappings of HPC. (E) TEM image of
DHPC. (F) N; sorption isotherms of hierarchical porous carbon materials of DHPC and HPC at 77 K.
(G) CO; adsorption isotherms of DHPC and HPC at 273 K. Reprinted with permission from [20].
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Figure 34. (A) LSV curves of DHPC and HPC in a 0.5 M KHCOj electrolyte. (B) Faraday efficiencies
of DHPC and HPC in 0.5 M KHCOj at various potentials. (C) Partial current densities (CO) of
DHPC and HPC in 0.5 M KHCOs at various potentials. (D) LSV curves of DHPC in a real seawater
electrolyte. (E) Faradaic efficiencies of DHPC in real seawater at various potentials. (F) Partial
current densities (CO) of DHPC in 0.5 M KHCOj3 /real seawater at various potentials. Reprinted with
permission from [20].
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Ying Hou and colleagues [170] dispersed monomeric Ni sites on N-doped nanotubes
derived from metal-organic frameworks using a self-sacrificial templating method to
enhance the CO, reduction reaction (CO,RR) efficiency. The process of material synthesis
is illustrated in Figure 35G. ZnO@ZIF-NiZn was obtained by thermally treating ZnO and
nickel nitrate hexahydrate. Following carbonization at 800 °C, residual ZnO and Ni/NiZn
nanoparticles were removed through hydrochloric acid etching. The surface morphology of
Ni/NCTs, as depicted in Figure 35A, reveals a rod-like structure with numerous slit voids.
Additionally, Figure 35A demonstrates that the Ni/NCTs exhibit a nanorod-like structure
characterized by numerous slit voids, and distinct tiny pore sizes are visible in the TEM
images (Figure 35B,C). The EDX analysis under TEM confirmed the uniform distribution
of Ni, C, and N elements within the Ni/NCTs. Atomic-sized Ni-related bright spots
observed in the HAADF-STEM images indicate the successful synthesis of hierarchical
porous materials loaded with Ni single atoms on N-doped carbon nanotubes. The Ni/NCTs
exhibited excellent performance in a CO,-saturated 0.5 M KHCOj solution, achieving a
peak CO Faradaic efficiency at —0.9 V, which is approximately four times higher than that
of carbon nanotubes without Ni single atoms.
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Figure 35. (A) SEM image, (B,C) TEM images of Ni/NCTs-50, and (D) its corresponding EDS
mapping reveals the homogeneous distribution of Ni, C, and N elements. (E,F) Aberration-corrected
HAADEF-STEM image with scale bars of 5 nm and an enlarged image of Ni/NCTs-50 (partial view of
Ni single atoms is highlighted by red circles; (G) Synthetic path diagram of Ni/NCTs; (H,I) FEco for
Ni/NCTs-50, Ni/NCTs-100, Ni/NC, and NCTs in a CO,-saturated 0.5 M KHCOj solution at various
applied potentials. Reprinted with permission from [170].

Qiu-Jin Wu and his team [168] devised a solution by fabricating two-dimensional pla-
nar 7-conjugated conducting COFs. They achieved this by connecting aromatic groups and
incorporating the potent electron transporter tetrathiopentene (TTF) into a two-dimensional
cobalt porphyrin-based covalent organic framework, known as TTF-Por(Co) -COF. This
integration aimed to enhance the electrotransfer capability of TTF to metalloporphyrin,
thereby boosting the CO,RR catalytic performance.

In Figure 36A, the material’s microstructure reveals a planar conjugated porous macro-
cyclic structure comprising compact multilayers. The pore diameters measure 1.5 nm across
the layers, with a finer dimension of 0.9 nm within a single layer. This observation aligns
with the pore size distribution structure depicted in Figure 36B, where each layer maintains
a spacing of 3.69 A. TTFPor(Co)-COF showcases an outstanding electrical conductivity of
132 x 1077 s 'and a rapid carrier mobility (i) of 0.26 cm?-V—1.s71 surpassing the values
for COF-366-Co (6.5 x 10 Sm~! and 0.06 cm?-V~!.s71). The substantial BET surface area
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(888 m?-g~1) and CO, uptake (22 cm3-g~ 1) of the TTF-Por(Co)-covalent organic framework
at 298 K further support the advancement of CO,RR on CO. Notably, TTF-Por(Co)-COF
achieves a CO Faradaic efficiency (FEco) nearing 95% at a —0.7 V reduction potential
and demonstrates a significantly elevated Jco, approximately three times greater than the
current density exhibited by COF-366-Co. Refs. [171-178] include some applications of
different metal-supported MOF-based catalysts in CO,RRs.
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Figure 36. (A) The assembly of 2D TTF-Por(Co)-COF. (B) N, sorption curve for TTE-Por(Co)-COF at
77 K and pore size distribution profile (inset). (C) CO, sorption result for TTF-Por(Co)-COF at 298 K.
(D) FEco of TTF-Por(Co)-COF. (E) jco of TTF-Por(Co)-COF. Reprinted with permission from [168].

Chen and his team [29] synthesized Fe-doped ZIF-8 crystals using polystyrene mi-
crospheres as templates. As shown in Figure 37A, a single-atom Fe-N-C catalyst named
HP-Fe-NC was obtained by pyrolyzing a polystyrene template and carbonizing the ZIF-8
precursor at high temperatures. It can be seen in the SEM image (Figure 37B-E) that HP-
Fe-NC has a uniform, layered, porous morphology, with large pore diameters uniformly
distributed at 260 nm and mesopores at 42 nm and 67 nm. Moreover, according to the
pore size distribution, there are abundant microporous structures on the surface of the
HP-Fe-NC samples. As shown in Figure 37I-K, the Fe NC catalyst with a porous structure
exhibits a lower hydrogen evolution overpotential in the LSV curve and shows a Faradaic
efficiency of up to 96% and a CO local current density of —19 mA /cm? at lower reduction
potentials. This is attributed to the abundant active sites and high specific surface area
inside HP-Fe-NC. However, through double-layer testing, it was found that the electro-
chemically active area of HP-Fe-NC is about half of that of nonporous samples, indicating
that there is another decisive factor behind the high catalytic activity of hierarchical porous
samples, which is mass transfer.

To investigate the effect of the mass transfer on the catalytic activity, Chen used LBM-
DEM to simulate the transport behavior of carbon dioxide molecules in electrolytes with
different pore structures. Figure 38 qualitatively and quantitatively shows the velocity
distribution of carbon dioxide along the x-axis at a time (t) of 0.01 us for three catalysts
with different pore sizes. In all three cases, the carbon dioxide molecules are uniformly
distributed within the porous catalyst, and at the same saturation level, the number of
carbon dioxide molecules significantly increases with the increase in the catalyst pore size.
The LBMDEM simulation results at the pore scale indicate that, compared to 4 nm and
2 nm, the porous structure with a pore size of 50 nm has the highest carbon dioxide density
but the lowest migration rate. The strong diffusion ability of carbon dioxide toward the
inner surface of the catalyst is attributed to the larger mesopores, which create a favorable
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environment with a high local carbon dioxide concentration for the conversion of carbon
dioxide to CO.
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Figure 37. (A) Illustration of the synthesis route of Fe-NC and HP-Fe-NC. (B-E) SEM images of
HP-Fe-NC. (F) HAADF-STEM images of HP-Fe-NC. (G) EDAX images of HPC-Fe-NC. (H) Pore size

distribution of HP-Fe-NC. (I) LSV curves. (J) CO Fes. (K) jco. (L) TOFs of HP-Fe-NC. Reprinted with
permission from [29].
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Figure 38. The velocity distribution of CO; particles along the X-axis for catalysts with different
pore sizes at t = 0.01 um: (A) 0.002 um; (B) 0.004 um; and (C) 0.05 pm. Reprinted with permission
from [29].

Simeng Li et al. [31] constructed a porous carbon-supported copper selenide electrocat-
alyst and achieved a C2 product selectivity of up to 85.2% in CO,RRs, with a local current
density of 229.5 mA /cm?. The synthetic pathway is shown in Figure 39A. As shown, Se
was loaded onto the copper-based MOF (HKUST-1) by etching with a Se-containing acid
solution, and a porous carbon-dispersed Cu;_,Se material was obtained by removing the
template through heat treatment. As shown in Figure 39B, the sample exhibits a rough
diamond-shaped octahedral structure with an average pore size of 2 nm. The ultra-small
pores are caused by the carbonization of organic ligands during annealing. As shown in
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TEM and HRTEM (Figure 39C,D), the Cuy_,Se particles are uniformly distributed through-
out the carbon matrix. In Figure 39F, the XRD pattern analysis is shown, with the main
diffraction peaks of the (200) and (220) crystal planes, which is consistent with the results
displayed in HRTEM.
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Figure 39. (A) Schematic showing the synthetic process of Cuy_4Se-T. (B) SEM image. (C) TEM
image. (D) HR-TEM image and (E) the elemental mapping images of Cuy_,Se-500. (F) XRD pattern.
(G) Cu 2p XPS spectra and (H) EPR spectra. Reprinted with permission from [31].

The CO2RR electrochemical performance was tested in a flow cell with a uniformly
loaded catalyst as the working electrode on a gas diffusion layer. As shown in Figure 40C-E,
the main product of the Cuy_,Se-450 sample in the CO;RR is the C2 product, with a
Faradaic efficiency of up to 76% for the C2 product. Selenium vacancies can shorten the Cu
distance closest to adjacent Cu atoms, exposing more active Cu sites with a stronger affinity
for carbon dioxide reactants and reaction intermediates, thereby reducing the C-C coupling
barrier generated by C2. Compared to the sites separated near Vg, the appearance of
Cuy sites with appropriate atomic distances can stabilize the key intermediate of * OCyHy
through their formation.

Wei et al. [36] constructed a Ni/Ni3ZnCy; porous nitrogen-doped carbon nanofiber
material using electrospinning technology for the electrochemical reduction of carbon
dioxide, with a selectivity of up to 91.5% for CO. As shown in Figure 41A, Ni(Ac),, Zn(Ac)a,
and zinc oxide precursors were first dispersed in the one-dimensional PAN nanofibers and
then annealed at 900 °C in an Ar atmosphere. During the pyrolysis process, zinc-containing
substances evaporated to form porous n-doped carbon nanofibers (PNCFs). At the same
time, Ni/Ni3ZnCy 7 heterostructure nanoparticles were formed and uniformly embedded
in carbon nanofibers. From the SEM image, it can be seen (Figure 41C that the porous
material exhibits a uniform fiber-like structure and a rough surface morphology, which
may be due to the presence of pores formed by the evaporation of zinc during the pyrolysis
process. The corresponding transmission electron microscopy (TEM) images show that
nanoparticles with an average size of 12.2 nm are uniformly embedded in porous carbon
fibers. Subsequently, high-resolution TEM (HR-TEM; Figure 41) was conducted. The
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lattice fringes with inter-planar distances of~0.203 and~0.183 nm are attributed to the (200)
plane of Ni3ZnCy 7 and the (111) plane of Ni, respectively. This creates different interfaces
of heterostructures composed of these two phases. In addition, the energy-dispersive
X-ray spectroscopy (EDS) mapping shows that N and C elements are uniform in carbon
nanofibers (Figure 41G). Ni and Zn overlap with each other, consistent with the presence
of nanoparticles.
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Figure 40. Effect of Se vacancies in Cu,_,Se on CO,;RR activity and selectivity among the samples
annealed at different temperatures. (A) LSV curves and (B) Nyquist plots of Cuy_,Se-350, Cuy_4Se-
450, and Cu,_,Se-550. The measured FEs of (C) Cu,_,Se-350, (D) Cu,_,Se-450, and (E) Cu,_,Se-550.
(F) Partial current densities of C2+ (Jc2)(Co,HsOH and CyHy) were measured for the three catalysts.
Reprinted with permission from [31].

Firstly, the electrocatalytic performances of PNCE, Ni-N-C, and Ni/Ni3ZnCq7_g4 were
evaluated using LSV in an h-type electrochemical cell-containing CO;-saturated 0.5 M
potassium bicarbonate electrolyte. As shown in Figure 42A, Ni/Ni3ZnCq7_g 4 exhibits the
highest current density among all samples at all applied potentials, reaching 25.1 mA /cm?
at —1.0 V. The FEc(o corresponding to Ni/NizZnCp7_g 4, as shown in Figure 42B, exceeds
86% within the potential range from —0.7 V to —0.95 V. Figure 42C,D shows the local
current density of CO and the Tafel slope of the catalyst sample, and the results show that
the optimal performance was achieved in the Ni/Ni3ZnCqy_g4 sample.

To elucidate the origin of the excellent CO,RR performance of Ni/Ni3ZnCyy_4, we
conducted the first major calculation. The Gibbs free energy diagrams of Ni/NizZnCy
and Ni in Figure 43A show that the formation of carboxyl * can serve as the RDS for both
models, which is consistent with the results of the Tafel analysis. Ni/Ni3ZnCy 7 exhibits an
endothermic energy barrier of 1.35 eV, which is significantly lower than that of the pure
Ni model (1.93 eV), indicating that the RDS is promoted by heterostructures. In addition,
compared to pure Ni (0.13 eV), Ni/NizZnCy 7 has a free energy change of 0.27 eV, indicating
that Ni/Ni3ZnCy 7 can suppress competitive HER processes (Figure 43B. In Ni/Ni3ZnCy 7
(Figure 43B [39], the HER process can be inhibited and suppressed. A further investigation
was conducted on the difference in the charge density of carboxyl groups adsorbed on
Ni/NizZnCypy and pure Ni. Figure 43C shows that the heterostructure exhibits a strong
electron density consumption and accumulation, indicating an enhanced charge transfer
compared to pure Ni. In addition, the calculated density of states (DOS) indicates that the d
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band center of Ni/Ni3ZnCy 7 increases by 0.14 eV after the adsorption of carboxyl *, while

that of the pure Ni decreases, indicating more electron transfer between Ni/NizZnCy 7
and carboxyl *.
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Figure 41. (A) Schematic illustration for the preparation of Ni/Ni3ZnCy 7. (B) XRD patterns, (C) SEM
image, (D,E) TEM, and (F) HR-TEM image of Ni/Ni3ZnCy7_94. (G) EDS mapping images of
Ni/NizZnCq 7 4. Reprinted with permission from [36].
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Figure 42. (A) LSV curves. (B) FEco. (C) Jco. (D) Tafel plots of PNCF, Ni/Ni3ZnCy 7_g.4, and Ni-N-C.
Reprinted with permission from [36].
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Figure 43. Gibbs free energy diagrams for (A) CO, reduction to CO and (B) HER on Ni/NizZnCq7_9 4
and Ni-N-C. (C) The difference of electron density for COOH* intermediates adsorbed on
Ni/Ni3ZnCpy and pure Ni. Calculated DOS and d-states of the optimized structures for
(D) Ni/Ni3ZnCy 7 and (E) Ni-N-C. Reprinted with permission from [36].

From the current research on porous materials in CO,RRs, we can see that, in materials
with a mesoporous structure, the Faradaic efficiency of carbon dioxide increases with the
increase in the mesoporous porosity [179]. The electrochemically active area of a material
depends on the proportion of mesopores and micropores in the material, that is, the specific
surface area of the material. The size of the electrochemically active area determines the
number of catalytic active sites. The specific surface area of materials rich in micropores can
reach 3000 times that of conventional materials, and the catalytic active sites are 20 times
that of conventional materials. Such a large number of catalytic active sites is a necessary
condition for achieving a high performance. However, there is still a lack of research on
the coupling mechanism between the mass transfer effect brought by mesopores and the
number of catalytic active sites. Maintaining the high conversion rates of CO,RRs while
improving the selectivity of specific products is currently a major challenge [180,181].

5. Conclusions

This paper provides a comprehensive review of the structural characteristics, synthesis
techniques, and current applications of hierarchical porous catalytic materials in CO; re-
duction reactions. Moreover, the electrochemical reduction mechanisms of CO, over metal
oxides and metallic catalysts have been fully elucidated, with a special focus on the key role
of mesopores in hierarchical porous materials for promoting an efficient diffusion of CO,
molecules toward the inner surface of the catalyst, as well as highlighting the micropores’
contribution to the distribution of catalytic active sites. In the third section, we mainly
discussed different synthesis methods, and self-assembly based on the supramolecular
host—guest self-assembly effect is currently the most promising synthesis method. The
self-assembly method can regulate the intermolecular forces to control the pore structure,
with a wide range of pore sizes (1 nm-100 um) and highly ordered synthesized pore sizes.
Adding different functional groups results in porous materials with different properties,
such as introducing hydroxyl groups to obtain hydrophilic materials. The Faradaic effi-
ciency of CO;RR products increases with the increase in the mesoporous porosity (over
96%), and micropores provide 20 times the number of catalytic active sites for the catalyst
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as nonporous catalysts. However, the optimal matching mechanism between mesopores
and micropores is currently unclear. Further research is needed to improve the catalytic
performance of CO,RRs by regulating the size ratio and porosity ratio of macropores,
mesopores, and micropores. We hope that, in future research and development, there will
be hierarchical porous catalytic materials that balance structural stability and mass transfer
ratio while ensuring the CO; conversion rate and improving the selectivity of CO,RR
products. It is anticipated that this review will function as a guideline for the development
of hierarchical porous materials for future investigations in CO;RRs.
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