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Abstract

Two-dimensional mesoporous materials (2DMMs) refer to thin two-dimensional (2D) nanosheets with randomly
dispersed or ordered mesopores, which can combine the advantages of 2D materials and mesoporous materials
while overcoming their inherent drawbacks, leading to enhanced application performance. A self-assembly
strategy has been recognized as a promising manufacturing method for 2DMMs with customized performance.
Over the past decades, encouraging progress has been made in the development of 2DMMs via the self-assembly
strategy with a variety of compositions, morphologies, mesoporous structures, and pore sizes. Here, we provide a
comprehensive review on recent progress in the fabrication of 2DMMs through this strategy, focusing on the
synthesis methods, including molecular self-assembly methods, single micelle assembly methods, multi-templates
methods, surface-limited co-assembly methods, and template-free methods. In addition, we set out the challenges
faced by 2DMMs in future research and point out potential development directions.
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INTRODUCTION

Functional mesoporous materials have attracted widespread attention due to their merits of high surface
area, large pore volume, tunable nanostructures, and diverse compositions. They have broad application
, gas adsorption separation', sensing”, and other fields"*'*. The

2-5]

potential in catalysis""”, energy storage'
mesoporous materials obtained by traditional strategies are generally bulk materials, which are three-
dimensional ordered assemblies with nanopores. Their internal active sites cannot be fully exposed and are
not conducive to the rapid transport of guest molecules in the pores, which greatly limits their application
performance"”. Currently, mesoporous materials can be extended to multilevel architectures from o
dimensions to 3 dimensions through bottom-up self-assembly"”. Despite the fact that considerable progress
has been made in synthesis methods, it remains a challenge to accurately and directionally design and
synthesize mesoporous materials based on the relationship between structure and properties to meet the
needs of increasingly diverse applications.

Two-dimensional (2D) nanomaterials are a new kind of anisotropic sheet material with lateral dimensions
ranging from several hundred nanometers to several micrometers’. Since the first exfoliation and
characterization of single-layer graphene in 2004"", 2D materials have gained extensive interest due to their
remarkable mechanical, thermal, electrical, magnetic, and optical properties"®'”. There have been qualitative
new members of this family, such as transitional metal dichalcogenides"*, layered double hydroxides", and
transition metal carbides and nitrides (MXenes)™, and their applications range from fundamental studies
to electronic and photonic devices. However, 2D materials tend to form dense stacked structures, which
greatly hinder their mass transfer processes and the full utilization of active surfaces.

Two-dimensional mesoporous materials (2DMMs) not only possess the structural advantages of
mesoporous materials but also have ultra-thin 2D geometric structures, which can fully overcome the
shortcomings of traditional bulk mesoporous materials®**?. On the one hand, ultrathin 2D morphology
with large lateral dimensions and atomic thickness comes into being a high theoretical specific surface area,
which facilitates the electric structure regulation. On the other hand, pushing mesoporous materials toward
the lateral dimension to form unique 2D nanosheets can effectively solve the drawbacks of bulk materials
and greatly improve mass transfer efficiencies'””. Therefore, it is of great significance to develop 2DMM:s.

Previous studies have confirmed that self-assembly is an effective strategy for synthesizing 2DMMs"****,
Compared to other synthetic approaches for 2DMMs, such as hard templating methods, a self-assembly
method shows incomparable merits in the flexible control of pore sizes, architecture, and wall thickness,
which determines the final performance of 2DMMs. Over the past few years, through self-assembly
methods, great progress has been made in the development of 2DMMs with a variety of compositions,
morphologies, mesoporous structures, and pore sizes. Herein, we briefly review recent progress in the
fabrication of 2DMMs, focusing on their synthesis strategies, properties, and underlying mechanisms. In
addition, we anticipate potential challenges that 2DMMs may face in future research and identify the
potential development directions and opportunities. We hope that through this review, readers can gain
inspiration and a better understanding of customizing the synthesis of 2DMMs.

INSIGHTS INTO THE SYNTHESIS OF 2DMMS

2DMMs, including inherently layered or non-layered nanosheets, exhibit attractive properties and superior
performance in a variety of application fields and can usually be generated through a “top-down” or
“bottom-up” strategy*”. The top-down approach is one of the most commonly used methods to synthesize
2DMMs. In this case, a 2D structure is first prefabricated and then etched or structurally converted into
pores. This method typically produces atomically thin nanosheets with disordered porous and defective
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structures. Moreover, this approach suffers from complex procedures, low yield, and poor controllability,
which limits its application performance”¥. On the contrary, bottom-up strategies have high versatility,
generally do not require complex operation steps, and provide a pathway to obtain a large number of hybrid
and composite materials from inorganic, organic, and even biological starting components*>*'. Especially, a
series of 2DMMs with controllable structures, compositions, and morphology have been constructed at the
nanoscale or even molecular level by combining the “bottom-up” synthesis concept with a self-assembly
strategy.

In the following section, we have systematically summarized the synthesis work of 2DMMs in recent years;
according to different self-assembly synthesis processes, the synthesis methods of 2DMMs are classified into
five classes: molecular self-assembly methods, single micelle assembly methods, multiXtemplates methods,
surface-limited co-assembly (SLCA) methods, and templatelfree methods.

MOLECULAR SELF-ASSEMBLY METHOD

It is well known that molecular self-assembly exists widely in nature and living systems. Based on the
assembly principle of amphiphilic molecules, various novel functional nanostructured materials, especially
ordered mesoporous materials, can be designed and created. This material possesses high surface areas,
regular arrangement, and uniform nanopores and exhibits broad application prospects in catalysis,
separation, energy, and other fields”"*?. Due to their unique nanoscale effect, mesoporous materials exhibit
excellent properties, such as unique surface acidity, high electronic mobility, and improved coordination
catalysis abilities. In addition, these mesoporous materials possess high porosity, which is conducive to the
loading and diffusion of ions, molecules, and even nanoparticles within the porous structure, providing rich

interfaces and active sites for a variety of applications"**.

Molecular self-assembly is an effective method for directly preparing structurally precise nanomaterials and
molecular scale materials. Due to its advantages of controllable preparation, precise thickness control, and
easy removal of templates without residue, this method provides an ideal platform for the construction of
complex and layered 2D structures, such as mesoporous nanosheets”. The key issue of the molecular self-
assembly method is to establish an interface that allows the micelles to self-assemble in two dimensions;
diverse interfacial scales exhibit various characteristics in the directional interfacial assembly of 2DMMs,
resembling the classical chemical vapor deposition synthesis of graphene on metal catalysts. The gas-liquid,

[36-38]

liquid-liquid, and solid-liquid two-phase interfaces provide infinite space for the 2D growth process"****.

For instance, Zu et al. reported a novel layered phase separation behavior using amphiphilic block
copolymers [polystyrene b polyethylene oxide (PS-b-PEO)] to form stable terminated layered micelles (i.e.,
nanoconfined self-assembly strategies) with precursors in a layered colloidal confined nanospace
[Figure 1]. The fabrication of ordered mesoporous iridium (Ir)-IrO,/C catalysts by nano-limited self-
assembly has mainly undergone three stages: Firstly, tetrahydrofuran (THF) is preferentially volatilized at
40 °C, causing liquid-liquid microphase separation of different components (step 1); Then, amphiphilic
block copolymer PS-b-PEO was assembled with an iridium precursor and acetylacetone (acac) to form an
organic-inorganic layered composite micelle. The residual THF and water were continuously evaporated at
100 °C to obtain an organic-inorganic PS-b-PEO/Ir** hybrid layered composite (step 2). After slowly
calcining the hybrid layered composite under argon atmosphere at 450 °C, an ordered mesoporous
Ir-IrO,/C layered catalyst (step 3) was formed in situ. A series of 2D Ir-based catalysts with highly ordered
interlayer channels (~20 nm), high specific surface areas, and uniform distributions of Ir-based
nanoparticles (~2 nm) were synthesized.
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Figure 1. lllustration of the formation of ordered mesoporous lamellar Ir-IrO,/C catalysts via the nanoconfined self-assembly approach.
This figure is quoted with permission from Zu et al.**’.PS-b-PEO: Polystyrene b polyethylene oxide; THF: tetrahydrofuran.

Molecular self-assembly is a highly versatile methodology to nanoarchitect functional systems from various
small units. The molecular self-assembly for mesoporous materials usually refers to the commonly used soft
template method. The molecular self-assembly method is to introduce an interfacial template into the
solution system"**). Through non-covalent action, the copolymer assembly and functional precursor
molecules are adsorbed on the interface for co-assembly. After the precursor molecules are cross-linked and
the polymer template is removed, 2D porous materials with ordered mesoporous structures are obtained. In
addition, the pore structure of the surface, such as spherical pores and cylindrical pores, can be controlled
by using different copolymer assembly templates. Lui et al. prepared 2D ultra-thin mesoporous conductive
polypyrrole materials with controllable pore sizes (7-14 nm), adjustable thicknesses (25-30 nm), and high
specific surface areas (96 m*g") through the collaborative self-assembly of small and large molecules in
solution'” [Figure 2]. This method utilizes long-chain fatty amine (octadecane amine) and amphiphilic
block copolymer PS-b-PEO as small and large molecular self-assembly precursors, respectively, which self-
assemble in solution to form 2D ultra-thin lamellar structures and monodisperse spherical micelles. At the
same time, polymer spherical micelles can spontaneously aggregate and arrange on the 2D lamellar surface
formed by fatty amines through non-covalent bonds, such as hydrogen bonds and electrostatic interactions,
forming a 2D sandwich structure of supramolecular assemblies. Pyrrole molecules are adsorbed and
aggregated into the polyethylene oxide (PEO) phase region of polymer spherical micelles through non-
covalent bond forces such as hydrogen bonds. Subsequently, polymerization occurs under the action of an
initiator to form a continuous polypyrrole network. After that, using an organic solvent to dissolve and
simultaneously remove the fatty amine and copolymer template, a 2D ultra-thin conductive polypyrrole
with a regular mesoporous structure was obtained. The 2D ultra-thin sheet layer formed by long-chain
octadecane amine can ensure the formation of a 2D structure of the material. The polymer spherical
micelles can ensure the fabrication of the mesoporous structure, and the pore size can be tuned via the
length of the PS chain segment.
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Figure 2. Schematic illustration of the synthesis of the 2D mesoporous PPy nanosheets. This figure is quoted with permission from Liu
et al"*?. APS: Ammonium persulfate; PPy: polypyrrole; THF: tetrahydrofuran; 2D: two-dimensional.

As a kind of lightweight 2D materials with abundant functional groups, 2D polymers show good
performance in adsorption, energy storage, and sensors'***’. Our group synthesized 2D mesoporous
polydiaminopyridines (MPDAPs) through a multi-dimensional molecular self-assembly strategy'*”
[Figure 3]. In this strategy, block copolymer polystyrene polyethylene oxide (PS-b-PEO) first self-assembles
into zero-dimensional spherical micelles and then combines with DAP molecules through hydrogen bonds
to form composite micelles of mMDAP/mPS-b-PEO. At the same time, perfluorinated tetradecanoic acid
(PFCA) molecules formed 2D organic substrates [mesoporous PFCA (mPFCA)] in mixed solvents. Based
on a hydrogen bond, mPFCA is co-assembled with mDAP/mPS-b-PEO and rapidly polymerized into a
polymer under the induction of ammonium persulfate. After the removal of PFCA and PS-b-PEO by
washing with ethanol and 1, 4-dioxane multiple times, 2D MPDAPs were obtained. By changing the
molecular weight of PS-b-PEO, the mesoporous size of MPDAPs can be effectively adjusted. Due to their
abundant amino groups and pyridine nitrogen sites, the MPDAPs obtained showed high catalytic activity in
the Knoevenagel condensation reaction.

As described above, molecular self-assembly is a general synthesis method for the controlled synthesis of
ordered porous structures, which can achieve precise control of the composition, coordination
environment, and nanostructure of the designed catalysts. However, due to the poor structural stability of
layered micelles of block copolymers, it has been difficult to synthesize ordered 2D layered structures by
using layered micelles.

SINGLE MICELLE ASSEMBLY METHOD

For the last few years, detailed research has been conducted on the self-assembly of micelles and skeleton
precursors into mesoporous structures at liquid-solid, liquid-liquid, and gas-liquid interfaces to construct
functional mesoporous materials with different chemical compositions, 2D morphologies, and mesoporous
structures. In comparison with the single-phase solution synthesis method, introducing a two-phase
interface in the synthesis environment alters the self-assembly behavior between micelles and skeleton
materials, thus making it possible to customize the synthesis of unique mesoporous structures.
Furthermore, regulating interfacial tension is essential for controlling the self-assembly process to achieve
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Figure 3. Schematic illustration of the synthetic procedure for MPDAPs and NMCs via a multi-dimensional molecular self-assembly
strategy. This figure is quoted with permission from Zhang etal"””’.DAP: 2,6-diaminopyridine; MPDAPs: mesoporous
polydiaminopyridines; NMCs: N-doped mesoporous carbon; PFCA: perfluorinated tetradecanoic acid; PS-b-PEQO: polystyrene b
polyethylene oxide.

accurate preparation. Especially in recent years, the breakthrough based on the concept of “single micelle”
assembly mechanisms has great prospects and significance for the precisely controlled preparation of
functional mesoporous materials'“.

What is single micelle assembly? First, the formation of mesoscopic structures generally goes through four
processes: liquid crystal mesoscopic phase, micelle monomer formation, micelles assembly and
arrangement, and template agent removal. Although the process has been relatively clear, effective control
of the intermediate phase cannot be achieved. After years of exploration, Zhao et al. found that by using a
two-solvent volatilization system with a large boiling point difference, it is possible to achieve certain
benefits. In this system, it is preferable for the low-boiling solvent to volatilize first, ensuring that the critical
micelle concentration is reached. On the other hand, retaining high boiling point solvents can efficiently
hinder the further assembly and arrangement of micelles, resulting in relatively free discrete micelle
monomers, referred to as single micelles*”. The single micelle assembly method is to perform subsequent

50,51]

secondary assembly through other inducing forces to achieve single micelle level manipulation”>*".

Lan et al. provided a new synthesis strategy for mesoporous heterojunction composite structures, the
preparation of ultra-thin single-layer mesoporous structures achieved through precise self-assembly at the
level of a single micelle®” [Figure 4A]. Through the single micelle assembly method, free single micelle
monomers are formed in advance as the basic elements to achieve 2D monolayer micelle assembly
[Figure 4B]. Combining the limited 2D directional assembly of titanium-based single micelles with the
interfacial self-assembly of carbon-based single micelles, a 2D heterogeneous interface is obtained, which
ensures the realization of open pores and high contactable specific surface areas, improves the conductivity
of titanium oxide materials, and ensures a stable heterogeneous interface during electrochemical storage.
Therefore, this 2D heterogeneous junction achieves high-performance pseudocapacitive sodium ion storage.

Moreover, the simple and universal single micelle assembly method was employed for precisely controlling
the synthesis of vertically ordered mesoporous carbon films at a centimeter scale on multiple substrates'.
This vertical mesoporous structure can be assembled at the solid-liquid interface, using amphiphilic triblock
copolymers as templates, dopamine (DA) as a carbon source, and trimethylbenzene as fusion and swelling
agents, and mediating the fusion of single molecule micelle into cylindrical micelles. As shown in Figure 5,
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Figure 4. A single micelles assembly method to 2D monolayered meso-hetero. (A) Preparation procedures of the 2D meso-hero
structure; (B) Structure models of the obtained 2D meso-hetero. This figure is quoted with permission from Lan et al.*?.2D: Two-

dimensional.
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Figure 5. Schematic illustration of the synthetic procedure for vertically aligned mesoporous carbon thin films with well-ordered

mesostructures on various substrates at the centimeter scale. This figure is quoted with permission from Wang et al."™*".

the mesoporous carbon film prepared by this method has excellent high mesoporous properties, high
specific surface areas (472 m*g™), and pore sizes of up to 9.1 nm. This directional assembly process can be
highly regulated at the single micelle level, achieving precise thickness control of mesopores from
monolayers to multilayers and pore size control from 8.4 to 13.5 nm. Compared to traditional porous
carbon membrane sensors, carbon membranes with vertical mesoporous channels have high permeability,

which shows a lower detection limit (50 nmol-L") and higher DA detection sensitivity.

This single micelle assembly method provides a new method for multifunctional materials related to mass

transfer and diffusion and also plays a certain role in promoting the precise synthesis of mesoporous

materials”?. However, there is still a long way to go to achieve controllable preparation of crystalline

2DMMs.
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MULTI-TEMPLATES METHOD

The multi-templates method refers to the simultaneous use of polymer micelles as mesoporous growth
templates and 2D materials as substrate templates during the 2DMMs synthesis process'*>*. This method is
suitable for the preparation of planar mesoporous nanosheets or sandwich-like mesoporous
heterostructures, which typically depend on the fabrication of mesoporous inorganic/organic layers on 2D
directional substrates”®**. Under the force of hydrogen bonding, electrostatic attraction, or coordination
interaction between 2D substrates and inorganic/organic precursors, sandwich-shaped precursor template
composites were first assembled. Subsequently, after specific post processing, a target sandwich-shaped
mesoporous nanosheet is revealed, and a planar mesoporous nanosheet can be observed after clearing away
the 2D template. Remarkably, the mesoporous structures arise from growth vacancies, accumulation of
nanoparticles, and chemical reactions. To date, graphene oxides (GO), hexagonal boron nitride, graphitic
carbon nitride, transitional metal dichalcogenides, layered double hydroxides, and MXene have been proven
to be ideal sacrificial 2D templates for the preparation of in-plane mesoporous nanosheets.

As an example, the synthesis scheme of mesoporous polydopamine/MXene (mPDA/MZXene) is described in
Figure 6 A", The thickness of the MXene (Ti,C,T,) nanosheet is about 1.5 nm. The obtained MXene layer
has polar terminal groups of F, O, and OH, which can be surface-modified. Firstly, the P123 copolymer is
dissolved directly in water to form a cylindrical micellar under 40 °C. MXene nanosheets and DA
hydrochloride were stirred in the micellar solution. The cylindrical micelles were adsorbed on the surface of
MZXene by hydrogen bonds and electrostatic attraction, while the DA monomers were adsorbed on the PEO
crown, resulting in the P123/DA composite micelles being tightly packed on the MXene nanosheets. Then,
by adding ammonia water to initiate the polymerization of DA monomers, a continuous polydopamine
(PDA) network around the P123 template is generated. Finally, the micellar template was removed, and
mPDA/MZXene nanosheets with good planar columnar mesoporous can be prepared.

Constructing 2D ordered heterogeneous structures via 2D template methods is an effective way to improve
the application performance of materials'®". Recently, our group synthesized 2D ordered mesoporous
carbon/titanium carbide heterostructures (OMCTSs) in an aqueous system using a triblock copolymer
(Pluronic F127) as a template, a low molecular weight phenolic resin as a carbon source, and a Ti,C,T,
nanosheet as an interface'® [Figure 6B]. The presence of ordered mesoporous carbon can not only inhibit
the stacking of Ti,C,T, nanosheets but also prevent the oxidation of Ti,C,T, nanosheets at high
temperatures (up to 600 °C). The synthesized OMCTs have high specific surface areas, high thermal and
mechanical stability, and ordered mesoporous structures. The obtained 2D ordered mesoporous carbon/
MZXene heterostructure effectively inhibited the aggregation and oxidation of MXene and improved its
electrochemical performance.

Graphene is an excellent conductive material widely used as a substrate for synthesizing 2DMMs!***>**.,
Wang et al. prepared mesoporous nanosheets of polyaniline decorated on graphene (PANI/G) using a 2D
template method. Specifically, PS,,-PEO,,, micelles were adsorbed on the surface of GO nanosheets by
electrostatic adsorption and hydrogen bond force to obtain PS-PEO@GO". Then, ammonium persulfate
was used as an initiator to initiate the polymerization of aniline on the PS-PEO@GO surface to obtain
PANI/PS-PEO®@GO. Subsequently, the PS-PEO template was removed by washing with THF. Finally,
ordered mesoporous PANI/G nanosheets were obtained by hydrothermal heat treatment. In particular, the
obtained nanosheets have flat 2D structures, uniform pore structures, transverse sizes of 1-3 um, and surface
mesoporous about 18 nm.
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Figure 6. (A) Schematic illustration of the synthetic procedure for the mPDA/MXene heterostructure. This figure is quoted with
permission from Li et al.™; (B) Schematic illustration of the construction of OMCTs. This figure is quoted with permission from Liu

et al.’®?. mPDA: Mesoporous polydopamine; OMCTs: ordered mesoporous carbon/titanium carbide heterostructures.

According to the summary above, the multi-templates method is simple and versatile for preparing
2DMMs. Compared with other synthesis methods, the multi-templates method can effectively design and
control the mesostructure and 2D morphology of the customized 2DMMs. However, it remains challenging
to achieve narrow distributions and well-defined dimensions of mesoporous structures in 2DMMs by this

method.

SURFACE-LIMITED CO-ASSEMBLY METHOD

The traditional method of synthesizing mesoporous materials using amphiphilic molecules as structure
guide agents usually uses substrates such as glass, silicon wafers, and others for solid-liquid interface
assembly synthesis. The obtained materials have low long-term continuity of pore channels and long mass
transfer distance and are difficult to fully utilize the active sites in pores, which seriously hinders their

application.
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To solve the above dilemma, the “SLCA” strategy was proposed'*, which is a universal, controllable, and
suitable method for the preparation of 2D single-layered ordered mesoporous materials on a large scale. The
SLCA uses block copolymers and precursors to assemble on the surface of salt particles in order to form a
single layer micelle bound to the surface of salt particles so as to obtain 2DMMs.

For the first time, the surface of inorganic salt (such as NaCl) particles was used as the substrate for
assembly [Figure 7A]. Combined with the method of vacuum filtration to remove excess precursor liquid,
the interaction between block copolymer guide agent and crown ether on the surface of salt particles and
the synergistic co-assembly between them and precursor molecules/nanocrystals was utilized [Figure 7B]. It
is noteworthy that the flexible polyether PEO segments of structural directing agents can play a role similar
to crown ethers during the assembly process, complexing with cations (Na, K, efc.) on the surface of
inorganic salt particles and generating strong interactions with the surface of inorganic salt particles,
thereby ensuring that the block copolymers and precursors are orderly assembled on the surface of salt
particles under synthetic conditions, forming a single layer of micelles bound by the surface of salt particles.
The controllable synthesis of 2D mesoporous carbon, silica, and metal oxides (TiO,, CeO,, ALO,, ZrO,,
Ce,.Zr,.0,, ZrTiO,, etc.) was realized [Figure 7C-I]. The salt solution recovered from washing can be
recycled by recrystallization, and the amplified synthesis can be achieved by passing through the column
[Figure 7]]. The resulting monolayer mesoporous materials (SOMM:s) have the advantages of rapid mass
transfer, short mass diffusion distance, highly accessible surfaces, and fully exposed active sites, which make
their performance better than conventional bulk mesoporous materials.

Due to the diverse accessible surfactants and precursors, this SLCA method provides new possibilities for
the designed synthesis of various kinds of 2DMMs'””, including the application of multi-component metal
oxides, metal sulfides, and carbide nanosheets.

TEMPLATE-FREE METHOD

The template-free method is a simple and general method for preparing 2DMMs without the use of 2D and
mesoporous structural guiding agents'™”". The 2D framework is spontaneously formed through self-
assembly, ion/molecular intercalation, calcination, or gas induced detachment, together with mesoporous
cavities generated by the precursor decomposition, gas release, structural defects, and nanoparticle
aggregation.

For instance, Hu et al. reported a template-free synthesis strategy for the preparation of highly crystalline
2D mesoporous transition metal oxide nanosheets with abundant surface defects””. The method is based on
the crystal-crystal transition to convert the highly crystallized basic carbonate 2D nanosheets into the highly
crystallized transition metal oxide 2D nanosheets at low temperatures. During the thermal transition
process, due to the removal of small molecules (carbon dioxides and water molecules), a double-through
mesoporous structure is generated in situ, which results in highly crystallized 2D mesoporous transition
metal oxides with regular morphology. The method is simple and universal and can realize the controllable
preparation of a variety of high crystalline mesoporous transition metal oxides. Moreover, different from
the conventional crystalline mesoporous metal oxides, the mesoporous transition metal oxides obtained by
this method have abundant surface-step defects.

Recently, Kaneti ef al. synthesized 2D mesoporous mixed oxide nanosheets by a template-free method"””.
The simple long-term reaction of metal glyceric acid nanospheres in water at room temperature resulted in
the gradual decomposition of organic groups in the glyceric acid nanospheres, which were subsequently
replaced by hydroxyl nanosheets and self-deconstructed/reconstructed into 2D Co glyceric acid/hydroxide
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Figure 7. (A) Schematic illustration of the fabrication process of the SLCA strategy; (B-1) TEM images of 2DMMs of different
compositions: (B) m-polymer (phenolic formaldehyde resin); (C) m-carbon; (D) m-SiO,; (E) m-TiO,; (F) m-ZrO,; (G) m-CeysZr,s0.;
(H) m-ALLO;; and (I) m-ZrTiO,; (J) Schematic illustration of the interactions between block copolymers and the surface of NaCl salt
crystals. This figure is quoted with permission from Liu et al’®®’ SLCA: Surface-limited co-assembly; TEM: transmission electron
microscopy; 2DMMs: two-dimensional mesoporous materials.

nanosheets [Figure 8]. Two-dimensional cobaltate nanosheets obtained by this “self-deconstruction/
reconstruction” strategy exhibit high surface areas and narrow pore size distributions.

Nevertheless, due to the mesopores originating from the pores between or within particles of the material, a
template-free method generally lacks the ability to control the size and structure of pores and often can only
obtain disordered mesopores.

CONCLUSION AND OUTLOOK

In this paper, the progress and achievements in the preparation of 2DMMs from self-assembly methods in
the past ten years are reviewed. A self-assembled synthetic strategy provides flexible control over the
morphology and pore size/shape of 2DMMs. The current popular synthesis methods are discussed,
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“Self-deconstruction/reconstruction”
induced by water treatment

Figure 8. Schematic illustration showing the proposed general template-free strategy for 2DMMs. This figure is quoted with permission
from Kaneti et al.”*. 2DMM:s: Two-dimensional mesoporous materials.

including molecular self-assembly methods, single micelle assembly methods, multi-templates methods,
SLCA methods, and template-free methods. Through these methods, various 2DMM:s with adjustable sizes
and morphology have been achieved.

A molecular self-assembly method is a general method for the controlled synthesis of 2DMMs with ordered
porous structures, which can realize the precise control of the composition, coordination environment, and
nanostructure of the designed catalyst. The single micelle method can achieve the preparation of ultra-thin
monolayer mesoporous structures by precise self-assembly at the level of a single micelle. The multi-
templates method relies on the preparation of mesoporous inorganic/organic layers on 2D-oriented
substrates and is suitable for the preparation of planar mesoporous nanosheets or sandwich mesoporous
heterostructures. SLCA is suitable for preparing 2DMMs with highly open porous structures, short diffusion
distances, and easy access to the active site. Template-free methods are often used to prepare disordered
2DMMs due to their lack of ability to control pore sizes and structures. The comparison of the currently
available synthetic methods toward 2DMMs is as follows [Table 1].

Compared to homologous 2D non-mesoporous materials and bulk mesoporous materials, the unique
features of 2DMMs, such as larger lateral sizes, abundant active sites, thinner thickness, and more open pore
channels, improve the performance of materials in applications such as energy storage, catalysis, and so on.
In addition, 2DMMs with different structures can endow materials with different application prospects. For
example, sandwich-like mesoporous heterostructures of medium-thickness 2DMMs can balance the
content of functional components and 2D substrates and maximize their application properties. 2DMM:s
with vertical spherical pores typically have larger specific surface areas, thereby exhibiting higher specific
capacitance and energy density in the electrochemical field. Disordered 2DMMs possess interconnected
mesoporous and larger specific surface areas and thus enhanced mass/ion transfer efficiency, while ordered
mesoporous can endow 2DMMs with controllable morphology, special functions, and adjustable
application properties.

However, 2DMMs are still in their early stages, and there are the following development issues that need to
be addressed urgently. Firstly, although there have been encouraging developments in the designed
synthesis of 2DMMs, their chemical compositions and synthesis strategies still cannot meet the
requirements. In order to obtain 2DMMs with accurate synthetic composition, geometric shape, and
controllable pore sizes, it is urgent to explore simpler and more universal synthesis methods and deeply
understand their formation mechanisms. Secondly, current research on 2DMMs mainly focuses on
commonly used polymers (such as polypyrrole, polydopamine, and polydiaminopyridines), carbon
(including graphene), oxides (such as SiO, and TiO,), and their hybrids. It can be predicted that with the
development of ordered mesoporous atomic sheets, new type 2DMMs (such as carbides, nitrides, sulfides,
phosphides, selenide, and metal/covalent organic frameworks) with diverse single or multi-component
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Table 1. Comparison of the currently available synthetic strategies toward 2DMMs

Methods Advantages Disadvantages

Molecular self-assembly method Controllable preparation; Strict reaction conditions
Easy removal of templates without residue

Single micelle assembly method Precise synthesis control; Poor crystallinity
Open pore structure

Multi templates method Well design and control the mesostructure and 2D morphology Wide pore size distribution
Diverse accessible surfactants and precursors; Complex operation

Surface-limited co-assembly method Strong universality

Template free method Simple and general Disordered mesopores

2D: Two-dimensional; 2DMMs: two-dimensional mesoporous materials.

components will be developed, the designed preparation of 2D mesoporous heterostructures and
composites will open up an unknown new design space for material science. Thirdly, 2DMMs are expected
to make breakthroughs in applications such as membrane separation, catalysis, energy storage, solar cells,
electronic devices, etc. However, their manufacturing in the future still needs to expand in scale. Therefore,
in order to meet the needs of industry or commercialization, it is also crucial to prepare high-quality
2DMMs on a large scale and at a low cost.
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