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Two-dimensional (2D) materials are widely used as key components in the fields of energy conversion and
storage, optoelectronics, catalysis, biomedicine, etc. To meet the practical needs, molecular structure
design and aggregation process optimization have been systematically carried out. The intrinsic
correlation between preparation methods and the characteristic properties is investigated. This review

summarizes the recent research achievements of 2D materials in the aspect of molecular structure
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Accepted 18th April 2023 modification, aggregation regulation, characteristic properties, and device applications. The design
strategies to fabricate functional 2D materials starting from precursor molecules are introduced in detail

DOI: 10.1035/d35c00487b referring to organic synthetic chemistry and self-assembly technology. It provides important research
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1. Introduction

Creating and manipulating materials at the molecular or even
atomic level has become an important development trend in
chemistry and materials science."” Based on covalent or non-
covalent bond interactions among the structural units with
different functions, molecular material systems exhibit
controllable physical and chemical functions.**® The synthesis
and assembly of molecular-based functional materials, the
development of functional regulation, and related applications
have become international research hotspots.'*** Especially,
two-dimensional (2D) materials have gradually become one of
the most attractive research directions.**>” When the functional
segments are arranged in a 2D plane, some basic processes such
as electron distribution and energy transport can only perform
in the 2D-limited space, which would affect the intrinsic prop-
erties including mechanical properties, energy levels, conduc-
tivity, optical conduction, biochemical activity, etc.>® Based on
the above features, functional 2D materials have shown bright
prospects in broad application fields including energy storage
and transfer, catalysis, electric devices, biological medicines,
etC. 29-31

Until now, extensive research on functional 2D materials has
been reported referring to a wide research field.**?* In the
aspect of synthetic chemistry, new-emerging functional 2D
materials have a significant feature that the building blocks are
linked following the bottom-up preparation strategy starting
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ideas for the design and synthesis of related materials.

from the corresponding organic molecular precursors, which
endows them with quite different fabrication processes, struc-
tural characteristics, and packing forms in contrast to the
conventional materials.*” Reported carbonic or organic 2D
materials encompass the variable combination of structures
and compositions because of the structural variety of organic
precursors, and thus the structural feature can be systematically
adjusted.®® For instance, the size of the pores in the 2D planar
framework can be adjusted by simply changing the chemical
structure of precursors.**** In addition, the linking way of the
segments can be in different forms including covalent bonds,
such as carbon-carbon bonds and carbon-heteroatom bonds;
noncovalent interactions, such as hydrogen bonds, metal
coordination bonds, and host-guest interactions, which effi-
ciently expand the available reaction that can be used to prepare
2D materials.*** On the other hand, a variety of packing forms
and aggregation morphologies such as nanosheets, nanowires,
and even multiscale nanostructures can be controllably
formed.>® On this basis, the facile introduction of metal atoms
or other types of hybrid components can further expand their
component and performance.> As a result, synthetic 2D mate-
rials are capable of exhibiting controlled physical properties in
a broad range: the mechanical properties including mechanical
strength, flexibility, and stretch ability can be efficiently
tuned;**® the electronic band structures can be designed as
direct or indirect semiconductors;*” the conducting properties
can be adjusted in a wide range including metallicity, semi-
metals, insulators, and semiconductors;***>° the light-harvesting
ability can range from the ultraviolet to infrared region.®>** The
above advantages make functional 2D materials show great
development potential in the corresponding application field

(Fig. 1).
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Fig. 1 Schematic illustration for the contents. Image for crystal-to-
crystal: adapted from ref. 62. Copyright 2021, American Chemical
Society. Image for homogeneous growth: adapted from ref. 63.
Copyright 2022, Springer Nature. Image for interfacial growth:
adapted from ref. 64. Copyright 2017, American Chemical Society.
Image for post-conversion of the linkage group: adapted from ref. 65.
Copyright 2018, John Wiley & Sons. Image for further functionality:
adapted from ref. 66. Copyright 2022, American Chemical Society.

Functional 2D materials have developed into a huge material
system that perfectly combines the structural features of tradi-
tional 2D materials, the electronic properties of conjugated
functional materials, the structural variety of organic mole-
cules, and manipulation advantage of supramolecular
assembly, which have shown implications for a wide scientific
community.®”* Although extensive have
emerged to introduce the recent advancement of 2D materials,
to the best of our knowledge, only an individual aspect is
focused, such as the particular kind of structure or certain type
of the device application.”®”* At the current stage, the ordered
growth of the precursor in the 2D direction is one of the key
scientific problems in the construction of synthetic 2D mate-
rials. Efficiently fabricating organic or carbonic 2D materials
with periodically ordered structures is still an important
bottleneck issue to be addressed. The exhibition of the expected
properties of the building segments is highly related to their
molecular arrangement in the 2D plane, which can also be
affected by the synthesis process. Therefore, it is essential to
give a comprehensive review focusing on the correlation
between the preparation methods and the characteristic prop-
erties of functional 2D materials.

In this review, we discuss the preparation strategies to
fabricate functional 2D materials prepared from molecular
precursors. An overview of key issues for the design, fabrication,
and application of 2D material systems will be presented to
readers. The general principles referring to chemical structure
design, functionalization, and the related effect on the basic
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properties will be introduced. The detailed preparation method
and assembly strategy of functional 2D materials will be pre-
sented. Combined with traditional assembly methods, some
new-emerging preparation strategies comprehensively take
advantage of the tailoring ability of covalent bonds and
controlled assembly via supramolecular interaction. Then we
will outline some recent applications of 2D materials in
different kinds of devices. The structure-performance correla-
tion of integrated devices will be discussed.’®>*¢%%75-8% Finally,
a brief perspective on future research directions for the prepa-
ration of functional 2D materials will be discussed. Structure
design and assembly control are two powerful methods to
fabricate innovative functional 2D materials.

2. Synthesis and functionalization

In general, the preparation strategies for 2D materials can be
divided into top-down and bottom-up methods.*" In the aspect
of the top-down approach, the stripping method plays an
important role, which obtains 2D materials through expanding
the layer spacing of layered materials.**** Compared to the top-
down method, the bottom-up method has a wider application
scope, which can obtain various kinds of 2D materials by
designing specific precursors and utilizing various chemical
reactions.” The basic research on the design, self-assembly,
aggregation structure, and properties of advanced functional
molecular systems have been carried out in the past decade.”***
A variety of crucial key factors including precursor design,
coupling conditions, and post-treatment have been investi-
gated. The careful selection of appropriate preparation methods
can provide the opportunity to exhibit the characteristic prop-
erties of the building blocks for 2D materials. And effective
functionalization can enrich the applications for 2D
materials.?»¢*% In this section, we will focus on the preparation
and assembly of functional 2D materials, which can be
prepared to start from the corresponding precursor molecules

(Fig. 2).

2.1 Precursor design

Benefiting from the structural variety of organic molecules, the
precursors can be linked through covalent or non-covalent
bonds, which extensively influences the exhibiting regularity
and stability of as-prepared 2D materials.’® In 2010, starting
from a new perspective of synthetic methodology, Li's group
successfully fabricated 2D graphdiyne (GDY), which is the first
all-carbon material obtained through synthetic chemistry in the
world, giving birth to a new member of the carbon material
“family”."*'**> After the pioneering work, GDY based materials
have been prepared in a large area to realize the scale prepa-
ration. The related application research has been systematically
carried out.’®%7®# At the same time, it has promoted the
development of 2D carbon materials science and brought about
bright opportunities for the further development of functional
2D material.’® Following this work, varieties of GDY analogues
have been synthesized via precursor design. By introducing
different kinds of heteroatoms and functional groups, the
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Fig. 2 Synthesis strategy for functional two-dimensional materials.

structural diversity of GDY is extremely expanded. For instance,
Zhou et al. designed and synthesized a precursor, 1,3,5-triethyl-
2,4,6-triphenyl-benzol, to participate in the coupling reaction
instead of hexaethynylbenzene (HEB).”* Because of the supra-
molecular interactions between the precursor molecules, the
layers on the surface of the copper foil kept growing laterally
and eventually formed a layered GDY analogue (Fig. 3a). Apart
from functional groups, heteroatoms can be doped into func-
tional 2D materials with a controllable amount and fixed posi-
tion. The uniform distribution of heteroatoms plays an
important role in regulating the coupling process, aggregation
structure, and physical properties of as-prepared
products.®>'***” Due to the different intrinsic characteristics
of the doped heteroatoms, there will be quite a different
bonding environment around them. Thus, heteroatom doping
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Fig. 3 (a) Schematic representation of non-covalent interactions

affecting the conformation of the precursors during the synthesis of
GDY analogue Ben-GDY. Adapted from ref. 94. Copyright 2019,
American Chemical Society. (b) Dynamic conversion between
monolayer GDY and multilayer GDY by p—m interaction. (c) AFM, (d)
XRD, (e) and (f) HR-TEM images of P-GDY. Adapted from ref. 106.
Copyright 2022, American Chemical Society.
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can effectively adjust the reaction process and adjust the
properties of materials. Through chemical structure tailoring,
the premise of preparing small molecules with different struc-
tures, combined with the advantages of “bottom-up” chemical
preparation, can be prepared with different structural proper-
ties of functional 2D materials. Therefore, the introduction of
heteroatoms is a very feasible strategy to regulate the structural
morphology and corresponding physical and chemical proper-
ties of 2D materials.'®'* The adjustable structures will provide
an idea for the development of novel response materials. Most
recently, Li and co-workers have fabricated dynamically adap-
tive 2D materials containing extended phosphine-acetylene
rings through precursor design (Fig. 3b—f).**® The introduction
of linear acetylene phosphine units ensures structural flexibility
compared to all-carbon 2D materials and lays the foundation
for the synthesis of dynamic phosphate-containing 2D struc-
tures. Although the p-m conjugation is not significant in most
trivalent phosphorus 7 systems with a pyramid structure, in P-
GDY the lone pair electrons of phosphorus atoms are strongly
involved in delocalization under the influence of interlayer van
der Waals forces.

2.2 Coupling conditions

The diversity of precursor structures is a prerequisite for the
structural diversity of functional two-dimensional materials.
And suitable reaction conditions are necessary for the prepa-
ration of functional two-dimensional materials with a deter-
mined structure. The most recent reports on synthetic 2D
materials have confirmed that the restriction of the reaction
types can be made up by effective synthetic methods, like
interfacial synthesis, homogeneous phase approach, and
crystal-to-crystal method."* In this section, we will introduce
the recent advance in the aspect of synthetic methods.

2.2.1 Interface method. The development of surface
synthetic chemistry demonstrates the compelling combination
of organic chemistry and surface sciences. In the case of
synthetic 2D materials, the interfacial method provides a reli-
able platform that can efficiently control the in-plane molecular
arrangement orderliness and out-plane packing mode of as-
prepared products.” The cross-link precursors with multiple
reaction sites react at a spatially limited interface, such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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crystalline solid surface, liquid-liquid interface, and liquid-gas
interface, etc. Until now, many independent organic or carbonic
2D materials have been prepared through different interface
methods. Surface synthesis of 2D polymers can be carried out
on solid surfaces with different environments, including under
ultra-high vacuum (UHV), liquid/solid interfaces, and vapor/
solid interfaces. The typical solid template is usually a poly-
crystalline metal substrate such as Cu, Ag, and Au.”” Some of
these metals can also act as catalysts to activate the polymeri-
zation of organic precursors. It is an effective strategy for the
preparation of 2D networks with periodic structures on solid
surfaces under UHV conditions.**® In this field, small 2D poly-
mer fragments are typically generated under UHV conditions
and their 2D nanostructures are imitated by scanning tunnel-
ling microscopy (STM). Due to the low mobility of the precursor
on the solid template under UHV conditions, only the inferior
reactivity can be exhibited in a small domain with tens of
nanometres. Optimizing the interaction between nucleation
and growth can realize substantial improvement.

In the liquid/solid interface reaction system, a solution
containing organic precursors is added to a reaction solution
containing a solid substrate, which is alternately soaked in one
or more of the solutions containing the reactants.*® The crys-
tallization quality of polymerization is affected by the diffusion
rate, concentration, and polymerization rate of precursors.
Reaction on the surface of the solid involves several dynamic
programs, including nucleation, diffusion, and growth. Gener-
ally, the precursor with a high diffusion rate on the substrates
will improve the efficiency and selectivity of the reaction; crystal
nuclei with low density and reaction processes with a slow rate
are needed for generating a structure with high order. Although
solid interfacial polymerization has the advantages of
a controllable area and easy transfer of products, it still has
some limitations in the fabrication of large-area 2D crystalline
materials due to factors such as metal substrate etching. Thus,
a metal-substrate catalytic reaction at the liquid/solid interface
does not guarantee an efficient reaction. Slight corrosion of the
substrate will produce a catalytic substance in the liquid
medium, thus inducing solution-based reactions around the
surface and resulting in aggregating nanostructures with
different macroscale morphologies instead of expected 2D
structures. Therefore, to obtain a 2D network at the liquid/solid
interface, the catalytic activity and interfacial situation of the
template should be carefully considered.'*> Currently, it is
a challenge to fabricate ordered 2D materials in large areas,
especially in the cases of the irreversible formation of C-C
coupling on metallic templates with polycrystalline nature.'”
The experimental conditions should be carefully designed.
Some newly developed strategies have been tried to fabricate 2D
carbonic materials, which can be synthesized on a large scale
and used in actual devices in the past decade. Like the classical
synthesis method of 2D GDY films, copper foil acts as the
substrate and catalyst, which was immersed in pyridine to
catalyse the coupling of HEB.' After the evaporation of pyri-
dine, a GDY film was obtained on the copper substrates.’® When
the template is replaced by other crystalline substrates such as
sodium chloride, the coupling reaction of HEB can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed under the irradiation of microwaves to form few-
layer GDY with ordered and crystalline interlayer packing
forms (Fig. 4a).'®” Besides the reaction conditions, the reactivity
and geometry of the selected precursor are crucial to fabricate
crystalline 2D materials. For instance, a series of GDY analogues
have been prepared by designing the corresponding precursor.

It is worth noting that the size of the solid-state template can
also directly affect the morphology of the as-prepared 2D
materials. For instance, Li and co-workers prepared high-
quality GDY nanowires and ultrathin GDY nanosheets by
replacing copper foil used in the synthesis of GDY films with
copper nanowires (Fig. 4b).*® In addition, it was found that GDY
nanosheets are more easily formed at the crystal boundaries of
Cu nanowires. The in situ synthesis of GDY nanosheets made
the crystal boundaries stretched open, and the Cu nanowires
were pulverized and scattered on the GDY nanosheets. Taking
advantage of this, Li and his co-workers further synthesized
GDY nanosheet anchored Cu quantum dots using poly-
crystalline Cu nanowires with crystal boundaries as the
substrate and catalyst (Fig. 4c and d).” Furthermore, GDY can
even grow on the surface of other 2D materials with ultra-thin
thickness. In 2022, Li et al. used Cu(OAc), as the catalyst and
spread graphene in pyridine to synthesize a GDY/graphene/GDY
sandwich-type 2D material.*® Under the action of van der Waals
interaction and lattice matching between GDY and graphene,
GDY grew on both sides of graphene and finally formed a GDY/
graphene/GDY sandwiched architecture (Fig. 4e and f).

The gas-liquid interface synthesis method usually refers to
the polymerization of individual units at the air/water interface
to form several or even a single layer of 2D nanosheets."*® In
general, small amounts of low-boiling organic solvents con-
taining precursors are carefully spread at the aqueous interface.
Keeping the system open, as the organic solvent evaporates, the
precursor is exposed to the gas/liquid interface and crystallizes
along the interface to form ultrathin nanosheets.'™ The gas-
liquid method shows great advantages in the preparation of 2D
materials with high crystallinity without pressure deformation.
But in the process of crystallization, the interface is prone to
various disturbances, so it is difficult to form large crystalline
films. In recent years, scientists have made a lot of attempts to
synthesize 2D organic or carbonic materials by using the gas-
liquid method. The Langmuir-Blodgett (LB) technique is
a promising method for preparing 2D materials by using the
air-liquid interface.*® This method required the use of amphi-
philic molecules as raw materials. In the process of 2D material
synthesis, the hydrophobic groups of amphiphilic molecules
face the air, and the hydrophilic groups are inserted into the
water, thus spreading out on the water's surface, forming
a monolayer floating on the water. By confining the precursors
to a 2D gas-liquid interface, the growth in the three-
dimensional direction is avoided. Therefore, the LB method is
one of the effective methods to form flat uniform large area 2D
materials. In 2015, Dong et al. used the LB method to prepare
novel 2D supramolecular polymer (2D SPs) monolayers at the
air/water interface (Fig. 5a)."*° The precursors were spread over
the aqueous surface and compressed into a dense film. 2D
supramolecular polymerization was triggered with the diffusion

Chem. Sci., 2023, 14, 5266-5290 | 5269
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Fig. 4 Synthesis on the surface of the solid crystal with a wide scale range. (a) Synthesis schematic of crystalline GDY on sodium chloride crystals.
Adapted from ref. 107. Copyright 2020, John Wiley & Sons. (b) The structure of ultra-thin GDY nanosheets grown on copper nanowires. Adapted
from ref. 95. Copyright 2018, John Wiley & Sons. (c and d) The formation of Cu quantum dot loaded GDY (CuQD@GDY) because of the
spontaneous splitting of Cu nanowires. Adapted from ref. 79. Copyright 2020, John Wiley & Sons. (e and f) Synthesis schematic of the GDY/Gr/
GDY sandwiched architecture. Adapted from ref. 96. Copyright 2022, American Chemical Society.

of catalytic nickel ions in the aqueous phase. Coincidentally,
Dai et al. also synthesized a 2D material starting from precur-
sors with aromatic triamine and dialdehyde building blocks
(Fig. 5b).** The designed precursors possess three hydrophobic
n-hexyl groups and three hydrophilic amino groups so that the
phenyl rings anchored by the three hydrophilic amino groups
stay at the interface. Then the two aldehyde groups of tereph-
thalaldehyde reacted with the amino group of 1,3,5-trihexyl-
2,4,6-tris(4-aminophenyl)benzene to form an imine-linked 2D
covalent monolayer. As for the non-amphiphilic molecular
precursors, they can be flattened at the gas-liquid interface by
other means of interaction, such as electrostatic interaction,
complex effect, and conjugated interaction.”>'*® For example,
in 2022, Wang et al. prepared charged 2D polymer single crys-
tals by using electrostatic interaction between the protonated

5270 | Chem. Sci, 2023, 14, 5266-5290

compound  5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin
and the anionic head groups of monolayer surfactant sodium
oleyl sulphate (SOS) to make the precursor lay flat underneath
the SOS monolayer and then carrying out the irreversible
Katritzky — reaction with  2,4,6-triphenylpyrylium tetra-
fluoroborate by controlling the pH value (Fig. 5¢).**° Bauer et al.
confined the terpyridine-based Dgp-symmetric monomer to an
air-liquid interface and then the monomer was polymerized
into 2D free-standing, monolayered organometallic sheets by
complexation between the monomer and metal ions (Fig. 5d).**?
In addition, Matsuoka et al. prepared thin GDY nanosheets by
the gas-liquid interface method.** Under an inert argon atmo-
sphere, a very small amount of HEB dissolved in methylene
chloride/toluene mixture solution was added dropwise onto the
surface of the aqueous solution containing the copper catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Gas-liquid method. (a) The 2D supramolecular polymer single-layer sheets are formed by the coordination of THT monomers and nickel
ions. Reproduced with permission from ref. 110. Copyright 2015, John Wiley & Sons. (b) Synthesis of the 2D covalent organic monolayer formed
by reversible imine bonding. Reproduced with permission from ref. 111. Copyright 2016, John Wiley & Sons. (c) Synthesis schematic of 2D
polymer single crystals. Reproduced with permission from ref. 120. Copyright 2022, Springer Nature. (d) Structure of organometallic monolayer
sheets and the monomer. Reproduced with permission from ref. 112. Copyright 2011, John Wiley & Sons. (e) Synthesis of GDY nanosheets at the
gas/liquid interface. (f) SEM, (g) TEM, and (h) AFM of the GDY nanosheets on the HMDS/Si (100) substrate. (i) and (j) The thickness and size of GDY
nanosheets. Reproduced with permission from ref. 64. Copyright 2017, American Chemical Society.

With the evaporation of the organic solvent, HEB polymerizes at
the gas-liquid interface under the catalytic action of Cu and
finally formed a GDY nanosheet (Fig. 5e-j). Different from the
gas-liquid interfacial polymerization method which formed
after the volatilization of low boiling point organic solvent, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

liquid-liquid interfacial polymerization method uses two kinds
of immiscible liquid phase interfaces as the template for the
growth of ordered 2D materials."” As reactants, the metal ions
and the organic precursors dissolved in the aqueous phase and
the organic phase, respectively. Under the influence of the
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diffusion rate, the coupling reaction occurred at the interface of
a few nanometres in thickness and formed a 2D material film
with good crystallinity. In this method, the solubility of the
reactants in organic and inorganic solvents is the key to the
method. In 2019, Li and co-workers prepared free-standing 2D
conjugated covalent organic framework (COF) films by the
liquid-liquid interface method."™ As shown in Fig. 6a, the
inorganic base was dissolved in the aqueous phase and the
water-insoluble components including the palladium catalyst,
aryl halide, and aryl boronic were dissolved in the organic
phase. Then the components of the two phases came into
contact at the interface and started the Suzuki reaction even-
tually forming 2D COF films. Similarly, through the liquid-
liquid interface method, Wang et al. constructed a water/
organic phase interface by dissolving the metal precursor
Ni(OAc), in water and the organic linker terephthalic acid (1,4-
H,BDC) in a mixed organic solvent of N,N-dimethylacetamide
(DMAC) and trichloromethane (CHCl;).**® Due to immiscibility,
organic solvent and water form a liquid-liquid interface at the

a
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interface of the two solvents. Then a lot of light-green metal-
organic framework nanosheets (MOF NSs) were formed at the
interface between the two phases (Fig. 6b). GDY-based 2D
materials can also be prepared by the liquid-liquid interface
method. Matsuoka et al.® prepared GDY nanosheets by the
liquid-liquid interface method. In the liquid-liquid system, the
upper aqueous phase contained Cu(OAc), and pyridine as
catalysts, and the lower organic phase was dichloromethane
containing monomer HEB. At the interface, HEB monomer was
coupled with the copper catalyst to produce GDY nanosheets. By
changing monomers in the lower organic phase, 2D
heteroatom-doped GDY can also be prepared. For example, Kan
et al. prepared nitrogenous GDY films, by designing a nitroge-
nous monomer and using it to replace the HEB monomer in the
dichloromethane organic phase under the water/CH,Cl, inter-
face." It is important to note that the growth rate of 2D films
depends on the diffusion rate of two solvents in two solvents. In
addition, the coupling process of 2D material films can be
controlled by adding an intermediate layer in the middle of the

—HEB/Py/Toll + \

\
GDY Film
—l—Superspreading
Water Layer

'u(ll)-TMEDNHydrogel

® cunncat oil EW Hydrogel

Mostly saturated

/”
11, 4-H,BDC o
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Fig. 6 Liquid-liquid method. (a) Synthesis of 2D COF films through the Suzuki reaction at the liquid-liquid interface. Reproduced with
permission from ref. 117. Copyright 2019, John Wiley & Sons. (b) The preparation method of Ni MOF nanosheets. Reproduced with permission
from ref. 118. Copyright 2021, John Wiley & Sons. (c) Superspreading interfacial contact between the organic solvent and hydrogel. Reproduced
with permission from ref. 119. Copyright 2018, American Chemical Society.
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two-phase interface, mainly because the intermediate layer is
capable of slowing the premature diffusion of the
reactants.”* "¢ The existence of an intermediate layer is
important because it avoids rapid mixing of precursors and
allows them to spread slowly, which is beneficial to form better
crystallinity. On the other hand, the reaction rate can also be
sped up at a toluene/hydrogel interface, which shows super-
spreading interfacial contact (Fig. 6¢)."*°

Based on the above discussion, the interface method has the
advantages of simple operation and mild reaction condi-
tions."”»?71?®  Meanwhile, some key issues remain to be
addressed referring to synthetic conditions besides the
precursor design. For instance, detailed reaction conditions
such as reaction temperature and pH limit the application
range of some chemical reactions.” In addition, a systematic
investigation of reaction processes and mechanisms, such as
the interaction and diffusion of precursor molecules at the
interface, will further improve the controlled synthesis of 2D
materials with ordered structural periodicity. One of the most
represented reports refers to the van der Waals epitaxial growth
of GDY with few layer and ordered ABC stacking on the surface
of a graphene template (Fig. 7a—e)."** The coupling process can
be controlled more accurately through the application of the
technique of continuous flow synthesis (Fig. 7f-h).**> The
precise control of experimental conditions is conducive to
further understanding of the role of weak interaction in inter-
facial reactions.

2.2.2 Homogeneous growth. Homogeneous growth of
functional 2D materials refers to the direct synthesis in solution
without any substrates of interfacial assistance.'**'** The
precursor structure design for efficient coupling is very strict.
First, the configuration must be rigid, which can facilitate the
coupling reaction in the 2D direction. Second, steric hindrance
and electrostatic interactions are essential to avoid stacking
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between layers. The synthesis of 2D materials can be achieved
by pre-assembly in the homogeneous solution phase.** For
example, Wang et al. prepared fully sp>-carbon conjugated 2D
covalent organic frameworks (COFs) which contained benzo-
bisthiazole units and were connected by cyano-vinylene link-
ages through a reversible Knoevenagel polycondensation
reaction (Fig. 8a)."*” In the synthesis of these 2D COF materials,
the reaction condition control was very important. Notably, one
advantage of the homogeneous growth approach is that neither
stripping nor interfacial transfer is needed, which is beneficial
to the further application of as-prepared 2D materials.'*?"11%1>
Following this approach, functional 2D materials with a high
crystallinity and specific surface area have been prepared in
large quantities through typical reversible reactions
(Fig. 8b)."**'3 Nevertheless, it is also worth paying attention that
the reversibility of dynamic covalent bonds in 2D materials will
unavoidably weaken the stability of the materials."***** Thus,
the conjugate degree and stability of the above 2D material are
unavoidably inferior to the existence of heteroatom-contained
or non-covalent linking groups.®

On the other hand, the formation of carbon-carbon bonds
with a low reversibility reaction can improve the conjugation
and stability of 2D materials, but the as-prepared materials such
as 2D conjugated polymers also suffer from structural defects
and irregular packing."®” Therefore, the preparation of func-
tional 2D materials with high crystallinity, high conjugation,
and excellent stability is a major challenge in the related
field.**#*3° Therefore, new research ideas and methods to solve
the related important scientific problems and difficulties need
to be put forward continuously.®® Zeng et al. prepared a stable
2D polymeric material by a 2D irreversible polycondensation
reaction.”® As shown in Fig. 8c-h, acid chloride and melamine
with C; symmetry undergo an amide condensation. In the
condensation process, a strong conjugation effect can inhibit

Fig. 7 Some innovations in interface methods. (a) Solution-phase van der Waals epitaxy growth of ultra-thin single crystal GDY films on gra-
phene. (b)-(e) Stacking mode and lattice information of the GDY. Adapted from ref. 121. Copyright 2018, American Association for the
Advancement of Science. Synthetic process on a continuous flow surface (f) and HRTEM images (g and h) of COF films. Adapted from ref. 122.

Copyright 2022, Elsevier.
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Fig. 8 Examples of the preassembly in solution strategy. (a) Synthetic routes and structures of three vinylene-linked 2D COFs (BTH-1, 2, and 3).
Adapted from ref. 127. Copyright 2022, Springer Nature. (b) A facile synthetic route of imine-linked COF nanosheets on a large scale and in high
yield. Adapted from ref. 128. Copyright 2019, American Chemical Society. (c) Synthesis of a 2D polyaramid (2DPA-1). (d) Structure of 2DPA-1. (e)
Image of TMS-2DPA-1 high-resolution AFM. (f) and (g) The thickness and size of TMS-2DPA-1. (h) Variation of molecular aggregation with
reaction time. Adapted from ref. 63. Copyright 2022, Springer Nature.

rotation in an out-of-plane direction, resulting in the formation in the 2D direction. Due to the inert amide linkage, the 2D
of 2D polyaramids. At the same time, interlayer hydrogen bonds polymer material had strong mechanical and chemical stability
or van der Waals forces made the material continuously extend and high processability.”> Although there are many limitations

5274 | Chem. Sci., 2023, 14, 5266-5290 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00487b

Open Access Article. Published on 05 May 2023. Downloaded on 3/19/2026 9:02:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

in structure design, homogeneous growth is an effective way to
synthesize two-dimensional materials in large quantities.

2.2.3 Crystal-to-crystal method. The strategy of single
crystal to single crystal (SCSC) refers to the method of poly-
merizing crystalline precursor into 2D material single crystals
by particular reactions such as photochemical cycloaddition.**
Compared to the other methods, the 2D materials obtained by
the SCSC method exhibit higher quality, a smaller number of
defects, and larger size, which is more conducive to the appli-
cation of 2D materials in practical devices.'**"** In fact, SCSC
conversion can be regarded as another type of topological
chemical reaction that can be used to construct 2D layers."** It is
worth noting that the SCSC method had two difficulties. Firstly,
it is difficult to control the stripping of 2DP single crystals;
secondly, SCSC transformation is difficult to achieve, because
the monomer crystallization process was difficult to predict; the
contractions and expansions upon the monomer polymeriza-
tion easily lead to single crystal cracking.*****¢

In the pioneering work, Sakamoto and colleagues designed
a molecule with tripod shape showing response to light.** The
single crystal structure of the monomer reveals two advanta-
geous characteristics of 2D polymerization: (1) the stratified
structure ensures the separation of xylene anthracene units,
thus preventing cross-linking across layers; (2) hexagonal
stacking within each layer, in which each of the three

3BF,
M1 ‘

*b«’k\b *
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anthracene units of a precursor exists close to an alkyne group
in an adjacent monomer molecule, allows the interlamellar [4 +
2] cycloaddition to occur. Similar demonstrations have been
made using different molecular designs through organization
within crystals. King and colleagues have succeeded in
synthesis and crystallization which contains anthracene
units.*** The single crystal lattice of long-range order and the
ultimate structure in the process of the organization provide
a solid functional group and location precision, to build
a highly ordered 2D layered crystal. It should be noted that
optical crosslinking induces crystal-to-crystal conversion by
dimerization of [4 + 4] anthracene, resulting in a layered 2D
polymer that can be stripped off into monolayers by solvent
treatment. Zhao and co-workers designed the monomer M1
containing triazine as the core and styryl pyridine as three arms
to synthesize single-crystalline 2D materials by SCSC trans-
formation based on photochemical [2 + 2]-cycloaddition.®* As
shown in Fig. 9a-i, the three functional arms of M1 were packed
in a head-to-tail fashion at a distance of 3.919 A which satisfies
the geometry criterion of Schmidt and form a hexagonal plane
tiling after the photochemical cycloaddition. The triazine units
of M1 were easily protonated by acid, which can introduce
interlayer repulsion, thus effectively realizing the exfoliation of
2DP single crystals. Then trifluoroacetic acid/y-butyrolactone
(TPA/GBL) was used to exfoliate 2DP single crystals in the liquid
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Fig.9 Single crystal transformation strategy. (a)—(c) Synthesis of single crystal 2D polymer (T-2DP). (d) and (e) The shape of a T-2DP single crystal
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Adapted from ref. 129. Copyright 2020, American Chemical Society.
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phase, and finally got 2D nanosheets with a thickness of 0.7-
0.8 nm and a single molecular film accounting for 80%. At the
same time, the presence of GBL made the exfoliated 2DP layers
have good dispersibility. In this work, the existence of triazine
as a core is the key to solving the problem of 2DP single crystal
exfoliation. The controllable synthesis of a single crystal poly-
electrolyte material with perfect orthotic regularity was realized
on a gram scale through the SCSC strategy by Stoddart and
coworkers.” The design idea can be summarized as a two-step
method including preassembly and in situ polymerization
(Fig. 9j). The three-arm monomer self-assembles under charge
to form a neatly arranged precursor single crystal (Fig. 9Kk).
Under light irradiation, [2 + 2] photodimerization in situ occurs
between monomer arms containing unsaturated bonds, which
realizes direct conversion from solid monomer single crystals to
polymer single crystals (Fig. 91). In addition, the research team
carried out liquid stripping of polyelectrolyte single crystals. 2D
monolayer polyelectrolyte films were obtained by mixing GBL at
50 °C for five days. The thickness of the monolayer measured by
atomic force microscopy (AFM) is 1 nm, which is consistent
with the data obtained from the crystal structure. The strong
ionic bond between the main chain and the ligand ion effec-
tively maintains the highly ordered interchain structure, which
makes the stripping of the stable monolayer possible. Crystal-
to-crystal is an efficient method to obtain a 2D material with
a definite crystallinity and structure.

2.3 Post-treatment

The varieties of designed precursors lead to the diversity of 2D
materials. A suitable coupling method is essential for 2D
materials with a well-defined structure. And post-treatment
could endow 2D materials with well-defined structures with
a new function. The strategies for post-treatment, either cova-
lent conversion to tune the properties of 2D materials or non-
covalent modifications to extend the properties, greatly
expand the applications of 2D materials.

2.3.1 Covalent conversion. Post-conversion of the linkage
group can adjust the material dimension, morphology, topology
regulation, composition, and so on. For example, some 3D
materials can be transformed into 2D materials by eliminating
interlayer interactions. Huang et al. prepared 3D pillared layer
metal-organic frameworks (MOFs) by solvothermal reaction of
2,3-dihydroxy-1,4-benzenedicarboxylic acid (H,dhbdc) and
Co(CH;3C00),.** As shown in Fig. 10a, the 3D MOF was composed
of wavelike Co(CH3COO), layers and H,dhbdc,-pillar ligands
between the layers. These pillar ligands can be slowly oxidized in
situ and removed in the electrolyte solution saturated with O,, and
the post-synthesis conversion can be accelerated by electrolysis.
After the removal of the H,dhbdc,-pillars, the bulk 3D MOF was
transformed into a 2D ultrathin nanosheet with folds, whose
thickness was only 2 nm (Fig. 10b-g). In addition, post-conversion
can also be achieved by using intramolecular hydrogen bonds
through the ingenious design of molecular connectors with
different substituent groups, exhibiting quite different topologies.
For instance, tetrakis(4-aminophenyl)ethane (TPE-NH,) can be
connected with 2,3-dihydroxyterephthal-aldehyde (2,3-DHTA) and
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2,3-dimethoxyterephthalaldehyde (2,3-DMTA), respectively, to
prepare two kinds of high crystallinity 2D COF materials.”’
Because of the intramolecular hydrogen bonds between ~-OH and
-NH,, the C=C and C=N linkages of the COF composed of TPE-
eNH, and 2,3-DHTA have cis conformation. However, the C=C
and C=N linkages of the COF composed of TPE-NH, and 2,3-
DMTA have trans conformation (Fig. 10h).

Besides the non-covalent interaction, the post-conversion of
2D functional materials can also be performed by generating new
covalent bonds through reactions. As shown in Fig. 10i, GDY
doped with sp hybrid nitrogen was successfully introduced into
the alkyne bond through the cycloaddition reaction.”®” DFT
calculations indicate that sp-N has a high negative charge density,
resulting in a higher positive charge density of adjacent carbon
atoms. In another report, Wang et al. prepared two ultra-stable 2D
frameworks containing a thienopyridine linker. The unstable
imine bond is converted to conjugated linkages through an
oxidative cyclization reaction.”® In the cyclization process, the
carbon atom thiophene segment is bonded to the carbon of the
imine to obtain the thienopyridine segment. The super stability
of the products can be ascribed to the strong m-electron-
delocalized linkages of the thienopyridine units (Fig. 10j).

2.3.2 Non-covalent modification. Single metallic atom
modification is a common-used strategy for the functionalization
of 2D materials.’*” There are many methods to introduce metal
atoms into 2D carbon-based materials, including pyrolysis, wet
chemical synthesis, physicochemical vapor deposition, electro-
chemical deposition, and ball milling.® A variety of metallic
atoms have been tried to anchor on 2D materials through the
coordination or electrostatic interaction between 2D materials
and metal atoms.**® The electronic structure of 2D materials can
be efficiently tuned, to adjust the intrinsic activity of 2D mate-
rials. In addition, the activity of the modified single atom can
also enable 2D materials to show excellent performance in some
fields, especially in catalysis. For example, through the electro-
chemical reduction method, Ni/Fe (Fig. 11a),** Pd (Fig. 11b),”®
and Cu (Fig. 11¢)'* can be anchored on the GDY films, which are
grown on particular substrates such as carbon cloth. Due to the
chemical interaction and electronic coupling between the single
metal atom and the 2D GDY film, the transfer efficiency of charge
between the carrier and the catalytic active site is greatly
improved.'* Therefore, the 2D materials modified with single
atoms show excellent catalytic activity and stability in electro-
chemical catalytic reactions such as hydrogen evolution and
nitrogen reduction.® On the other hand, metallic compounds can
also be used as functional components to tune the properties of
2D materials. For example, PtCl,Au(111)/GDY with atomically Pt
species has been fabricated through an interesting two-step
strategy (Fig. 12a).°® In this method, the support GDY was first
soaked in H,PtClg-6H,0 solution, and Pt-Cl, was adsorbed on
GDY. The resulting material was then immersed in HAuCl,-
-3H,0 solution.

The Au quantum dots were made to undergo epitaxial growth
by electrodeposition using isolated Pt-Cl, species. In this process,
PtCl, was uniformly inserted into the lattice of Au to form PtCl,
single atoms. The unique structure of PtCl,Au(111)/GDY made it
have good catalytic performance and stability in methanol

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxidation reactions and ethanol oxidation reactions. Most structures (GDY/RhO,/GDY).” The interfacial interaction between
recently, Gao et al. have developed a new concept of in situ the carbonic and metallic components enables the catalytic
controlled growth of double-layer heterogeneous interfacial material to have excellent charge transfer ability, excellent
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conductivity, an abundant number of active sites, and ultra-high
electrocatalytic activity. The unique incomplete charge transfer
phenomenon between the electron donor and acceptor at the
catalyst interface endowed the catalytic system with ultra-high
reactivity and selectivity (Fig. 12b). Furthermore, studies have
shown that in metal monatomic carbon materials, metal atoms
can be combined with N, O, S, P and other heteroatoms in the
carbon support matrix through coordination bonds.'%>107:150-153
Therefore, charge transfer can occur between metal atoms and
heteroatoms, thus affecting the electronic structure of 2D mate-
rials.”®* Based on the unique structural characteristics of the 2D
material structure and the advantages of synthesis and prepara-
tion by the chemical method, the further introduction of metal
single atoms and other components into heteroatomic-doped 2D
materials is an extremely effective strategy to systematically
regulate the structure and properties.'®

3. Characteristic properties and
related application

2D materials possess a single layer or a few layers of repeated
units, which are fixed by enormous covalent or non-covalent
bonds within the layer, and bounded by van der Waals forces
among the layers.”®*® The structural advantage enables the
electron to only move freely in the 2D plane so that it's easy to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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change the band structure and properties of 2D materials by
stretching the lattice, causing defects, surface modification and
thickness adjustment. Moreover, different 2D materials can be
further stacked into heterogeneous structures through van der
Waals forces, thus achieving the integration of different mate-
rials and properties. The characteristics of 2D materials enable
them to show excellent performance in a variety of practical
devices.*>*** In this section, the up-to-date research progress is
discussed from a viewpoint of the correlation between charac-
teristic properties and related applications.

3.1 Mechanical properties

One of the most important cores of actuators is piezoelectric
materials, which are usually polar and can be driven with high
precision by applying a voltage to obtain a slight deformation.™*®
This characteristic has made actuators an excellent tool for

View Article Online
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achieving high precision positioning and equipped with
cutting-edge instruments such as a scanning tunnelling
microscope (STM). Thus, it can be said that piezoelectric
materials have become a “smart muscle” to explore the micro-
world. Even so, as mentioned above, achieving ultra-high
precision localization at the subatomic scale remains
extremely challenging. 2D materials have unique advantages in
piezoelectric properties. While the key segments of 2D materials
are compressed into a single atomic layer, the centre of
symmetry disappears, which might induce outstanding piezo-
electric properties compared to traditional bulk materials.'”**®
Notably, the exhibiting piezoelectric properties of 2D materials
can be effectively improved through introducing hetero-
atoms. For example, the incorporation of sulphur hetero-
atoms affects the structural symmetry of GDY, resulting in good
piezoelectric properties of SGDY (Fig. 13a-f)."*® On the other
hand, the outstanding strain behaviour of 2D materials is the
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Fig. 13 Application of piezoelectric 2D materials. (a—f) Piezoelectric properties of the SGDY electrocatalyst. Adapted from ref. 156. Copyright
2022, Elsevier. (g) The actuation mechanism of a GDY-based flexible ionic actuator. Adapted from ref. 84. Copyright 2018, Springer Nature.
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basis of their application in the corresponding piezoelectric
devices. The deformation of 2D materials can also be realized by
changing the internal bond length, which converted electrical
energy into mechanical energy by utilizing the strain in the ion
complexation process. Lu et al. prepared a complex actuator
based on an ionic polymer and GDY, which converts electrical
energy into mechanical energy by utilizing strains during ion
complexation (Fig. 13g).** The electromechanical conversion
efficiency is as high as 6.03%, which exceeds that of previously
reported piezoelectric ceramics, shape memory alloys, and
electroactive polymers. Moreover, the energy density is also
comparable to that of mammal skeletal muscle and can be used
in biomimetic devices such as artificial muscles.

3.2 Thermal properties

Thermoelectric materials based on the Seebeck effect and
Peltier effect are a class of special materials which can directly
convert heat energy and electric energy into each other."® They
have outstanding advantages such as no noise, no pollution,
and no need for long-term maintenance, which has attracted
wide attention.’® Due to the low efficiency of thermoelectric
conversion, the application of traditional organic solid mate-
rials in flexible thermoelectric devices is greatly limited.'**
Recent studies have shown that low-dimensional materials can
have higher thermoelectric conversion efficiency due to
quantum confinement effects.'®® Therefore, the study of the
thermoelectric properties of 2D materials has become an
attractive research spot, which can not only provide powerful
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theoretical support for alleviating the energy and environ-
mental crisis faced by current society but also provide theoret-
ical models for obtaining higher-performance thermoelectric
materials.'®

Generally, 2D materials have unique properties in thermal
transport because of their different phonon dispersion rela-
tionship from bulk materials.'** For example, in the long-wave
approximation, the dispersion relationship of acoustic
phonons with a bulk structure is linear, while the 2D structure
presents an obvious parabola form, which will reduce the
velocity of phonons and affect the scattering mechanism of
phonons, thus affecting the heat transport properties of mate-
rials.'® At the same time, with the decrease of dimensions, the
influence of the interface will also be introduced, which makes
2D materials have proper thermal transport performance. On
the other hand, due to the strong phonon interface scattering
caused by the layered interface, the thermal conductivity of the
polymer matrix is often low. It has been proved that the
composite material containing GDY and PVDF shows high
thermal conductivity for electronic cooling applications
(Fig. 14a).*** The Seebeck coefficient is enhanced in 2D mate-
rials because of the quantum confinement effect. The density of
electron states near the Fermi level is efficiently enhanced, and
a large number of net cross-sections in low-dimensional ther-
moelectric materials can effectively scatter phonons.'®*¢%®
Especially, heteroatom doping can effectively regulate the
energy band structure to optimize the thermoelectric proper-
ties. The concentration of intrinsic vacancies can also be

01 03 05 08
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270 280 290 300

Temperature (K)

260

(a) Synthesis and thermal transport properties of PVDF/GDY composite films. Adapted from ref. 164. Copyright 2022, Institute of Physics.

(b) lodine doped 2D COFs with improved thermoelectric properties. Adapted from ref. 165. Copyright 2017, American Chemical Society.
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efficiently regulated. The Seebeck coefficient and power factor
can be improved greatly because of doping iodine into COFs
containing fluorene segments (Fig. 14b)."** In addition,
different preparation methods have great influence on the
thermoelectric properties of materials.'® Some new processes
and methods of material synthesis are tried, and finally, elec-
troacoustic decoupling regulation is achieved. For example,
powder metallurgy methods can generally enhance phonon
scattering and reduce lattice thermal conductivity through fine
crystal processing.’”® Grain boundaries were reduced by the
single crystal growth method, and the current carrier scattering
mechanism was changed from ionization scattering to electro-
acoustic scattering, which significantly improved the thermo-
electric properties near room temperature.””* With the
continuous improvement of the performance of 2D materials in
the field of thermoelectric devices, researchers have deeply
explored the relationship between their structure and perfor-
mance, understood the physical mechanism of electron-
phonon transport, and explored innovative mechanisms and
concepts of performance regulation, to further promote the
application of high-efficiency thermoelectric devices based on
2D materials."”>'7

3.3 Electrical and electrochemical properties

The regulation of the electronic structure and the manifestation
of the intrinsic properties of 2D functional materials are inter-
dependent. Particularly, the electrical and electrochemical
properties of 2D materials can be greatly changed by adjusting
the structure of the repeated units and the stacking mode
between layers.'®* ! In addition, the stacking mode of 2D
nanosheets also affects their band gap. For example, studies
have shown that organic 2D materials can even exhibit metallic
conductivity when the layers present a specific pattern of
accumulation.’” Functional 2D materials have great applica-
tion prospects in electrochemical devices due to their electronic
structure characteristics. Many research results also prove that
the electrochemical devices prepared from 2D materials have
good performance. Better device performance can be obtained
by adjusting the structure morphology to suit the working
principle and requirements of different electrochemical
devices.'® The performance in electrochemical devices can be
optimized by changing the covalent bonding environment, or
by introducing atomic-scale metal single atoms or nanoscale
metal clusters through non-covalent bonding. For example, the
special spherical structure of the material makes it easier to
form a solid electrolyte interface film on the surface, thus
greatly improving electrode stability and Coulomb efficiency.”®
On the other hand, the synergistic complexation of introduced
heteroatoms with metal atoms induces strong electronic
coupling and promotes the catalytically active site to carry out
high-intensity charge transfer with the carrier, which is
conducive to further improving the performance in electro-
chemical devices.** Recently, Li and co-workers have con-
structed a series of intelligent and multifunctional 2D GDY-
based materials including smart ion channels using the
concept of “ion channel self-expansion” to improve the charge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and discharge performance of lithium-ion batteries over a wide
temperature range (Fig. 15a).”” The proposed new mechanisms
and concepts for the construction of multifunctional 2D mate-
rials can be used as key components for the self-power
magnesium humidity battery. The exhibiting performance can
be adjusted by external conditions such as humidity or sunlight,
which can be regarded as a kind of intelligent electronic device
(Fig. 15b)."”® On the other hand, the in situ fabrication of 2D
materials with a hybrid structure can further optimize the
physical and chemical properties of 2D functional GDY based
materials. For instance, the hybrid structure of Zn atoms and
GDY can effectively inhibit the formation of dendrites, thus
greatly improving the life of the aqueous zinc ion batteries
(Fig. 15c)."* The stepwise induction of Zn atoms avoids the
formation of dendrites. In another report, a heterogeneous
hybrid structure containing Cu¢5V,Os and GDY provides
abundant Cu/O bivacancies, which was constructed by using
self-catalytic GDY growth on copper containing metal oxides
(Fig. 15d)."”® The strong interaction between metal ions and the
alkyne bond makes the growth of GDY present a state of ene-
yne complex in the inner layer and gradient GDY bond in the
outer layer. The Cu and O vacancies enhance the ion transport
kinetics of the Cu, 95V,05@GDY phase and increase the lithium
storage sites. The material showed excellent fast charging
performance and could be used as a cathode material to realize
high-performance fast-charging lithium-ion batteries.

3.4 Optical-electrical transport properties

Because of the unique structure of 2D materials, many excellent
properties different from those of three-dimensional bulk
materials have been established in the aspect of the optical-
electrical research field.® In particular, electrons and photons
are not easily scattered during 2D lamellar transmission, which
makes it have very unique transport properties in terms of
electricity and optics. The conduction and valence bands of the
2D material can be tuned through structure decoration, inter-
secting at the point K in the Brillouin region around the Fermi
level, forming a specific Dirac cone. In the vicinity of the Dirac
cone, the energy and momentum of the electron have an
adjustable relationship, showing semi-metallic characteris-
tics.?>?%371%1 A large number of studies have revealed that there
are not only negatively charged electrons but also positively
charged holes participating in the conductive process of func-
tional 2D molecular structures consisting of organic
segments."**** The structural and chemical tunability and
long-range crystal orderliness make 2D materials promising
materials for a variety of applications, especially gas storage,
separation, and catalysis. However, the inferior properties of
most organic segments developed to date limit the use of these
materials for applications requiring charge transfer over long
distances. Thus, the recent discovery of conductive 2D materials
opens another broad field for potential applications in the field
of optoelectronics and chemical resistance sensing.'®>'*®
However, the mechanism of charge transport in semiconductor
2D materials remains unclear. Solving the fundamental prin-
ciples of charge transport is critical to advancing the design
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Fig. 15 Applications of 2D materials in energy storage batteries. (a) The self-expanding mechanism of GDY-based lithium-ion batteries. Adapted
from ref. 77. (b) The GDY-based solid intelligent Mg-moisture battery with photoresponsivity and humidity responsive. Adapted from ref. 173.
Copyright 2022, American Chemical Society. Copyright 2022, John Wiley & Sons. (c) and (f) The electroplating and assembly process of the Zn/
GDY electrode. The picture (d) and SEM image (e) of Zn/GDY. Adapted from ref. 174. Copyright 2023, John Wiley & Sons. (g) Synthesis of
Cug.95V205@GDY and the mechanism of Cug 95V>0s@GDY improving the performance of lithium-ion batteries. Adapted from ref. 175. Copyright

2022, John Wiley & Sons.

strategy and the application of such materials in optoelectronic
applications. A novel m-d conjugated semiconducting two-
dimensional MOF Fe;(THT),(NH,); has been prepared by an
all-optical, contactless time-resolved Terahertz spectrum (TRTS)
technique (Fig. 16a-d)."”” The room temperature mobility of the
2D semiconductor reaches 220 cm® V' s~ ', Ribbon transport in
the porous 2D MOF is demonstrated. A direct infrared band gap
of about 0.25 eV is observed. The structures of these 2D mate-
rials are highly controllable, so the authors expect that their
conductivity, mobility, and band gap can be controlled with
appropriate chemical design. From a synthesis perspective,
developing single crystals and layering them into monolayers
not only allows for fundamental research on structure-perfor-
mance relationships but also enables the development of
functional devices when long-distance free carrier motion is
required.

2D materials have attracted more and more attention in the
field of optical transport, photoelectric conversion, and photo-
electric catalysis. Recent research also shows that 2D materials
also have an ideal nonlinear response in visible light bands,
which provides a strong guarantee for application in nonlinear
optics. For example, by taking advantage of the strong nonlinear
properties, researchers applied a 2D carbonic material to
nonlinear photon diodes together with another back saturation

5282 | Chem. Sci,, 2023, 14, 5266-5290

absorption material tin disulphide (SnS,).* The results show
that the composite structure can realize the non-reciprocal
propagation of light, so it can be used in the photon diode. In
addition, a method to estimate the nonlinear refractive index of
the composite structure is proposed by using the non-reciprocal
propagation properties of the composite structure to light,
namely the similarity contrast method. By comparison, the
results show that the nonlinear refractive index can reach 10>
ecm® W' (Fig. 16e-g). The 2D layered structure shows strong
light-matter forces and sufficient stability to achieve a wide-
band optical response, contributing to the enhancement of
the ability of light harvesting, which also demonstrates the
potential of applications in optoelectronic (Fig. 16h-i)'”® and
photocatalytic (Fig. 16j-m)'”® devices. A series of key properties
of the active layer including domain sizes, grain boundaries,
and crystalline qualities can be efficiently adjusted. The unique
2D structure restricts electrons to a 2D region, allowing them to
move freely along the plane, making every active site on the
surface available as a substrate for the reaction, without the
diffusion restriction of molecules through the internal pores of
the 3D material. The expanded surface area of 2D photocatalytic
systems has great benefits for light collection, mass transport,
and exposure to abundant surface-active sites. In addition, the
ultra-thin properties of 2D materials significantly reduce the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Optical applications of 2D materials. (a) Structure and (b) HR-TEM of the Fes(THT),(NH4)s 2D MOF. (c) and (d) Effect of temperature on
the photoconductivity of Fes(THT),(NH4)s. Adapted from ref. 177. Copyright 2018, Springer Nature. (e) Spatial self-phase modulation (SSPM)
experiment of GDY dispersions. (f) The diffraction rings obtained by the SSPM experiment. (g) The nonlinear optical response of GDY dispersions.
Adapted from ref. 85. Copyright 2022, John Wiley & Sons. (h) Structure of the adduct between GDY and Pbl, of the perovskite solar cell. (i)
Structure of the perovskite solar cell used GDY as a host material. Adapted from ref. 178. Copyright 2018, American Chemical Society. (j)
Synthesis, (k) HR-TEM, and (1) EDX of heterogeneous photocatalysts ZnTCPP nanosheets. (m) Bactericidal activity of 3D printed disks containing
ZnTCPP nanosheets. Adapted from ref. 179. Copyright 2021, John Wiley & Sons.

migration distance of charge from the body phase to the many exposed active sites, which is conducive to the mass
surface, improving charge separation. In short, compared with transfer and electron transfer process. The unsaturated coor-
3D materials, 2D materials' ultra-thin morphology can provide dination site is equivalent to the introduction of defects, which
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greatly improves the efficiency of photoelectric conversion and
the catalytic activity of photoelectric processes.>*33133164

3.5 Bio-activity

2D materials have unique properties such as a large specific
surface area, superior optical, electrical, and electrochemical
activity, which can satisfy the application requirements in the
field of biomedicine, biosensing, and disease treatment.'®”'* In
addition, the large structural variety of synthetic 2D materials
provides abundant choices for various nano-biotic applications;
the facile preparation process is easy for large-scale produc-
tion.”” At the same time, 2D materials can form different
composites with various biomolecules through a self-assembly
method, showing a good structure, function, and application
prospects.” The above advantage in the structure and proper-
ties of 2D materials makes them widely studied. Some bottle-
neck problems in the related field can be solved.* For instance,
the hematopoietic tumour is one of the most common malig-
nant tumours and also an important disease affecting people's
health, including leukaemia, lymphoma, myeloproliferative
tumours, multiple myeloma, and so on."* Due to complex
characterization and diverse classification, the characterization
of haematological tumours is complex and difficult to treat.
Most recently, Qian and co-workers have developed specific
therapeutic strategies for different types of lymphoma cells
(Fig. 17).*° Lymphoma is a malignant tumour of the hemato-
poietic system. There are some problems in its clinical
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treatment, such as poor efficacy and easy recurrence. Therefore,
there is an urgent and unmet need to explore new treatments
for lymphoma. B-cell lymphomas have immunosuppressive and
inflammatory microenvironments, which makes treatment
more difficult while interacting with tumour stem cells. GDYO,
a 2D nanosheet with a size of 200-500 nm and a thickness of
less than 1 nm, has a toxic effect on lymphoma. On the one
hand, GDYO can directly kill tumour stem cells, and on the
other hand, GDYO can reshape the lymphoma microenviron-
ment and inhibit the growth of lymphoma, thus delivering
a double blow to lymphoma. In addition, the experiment
showed that GDYO treatment had no significant adverse effects
on the hematopoietic system, various organs, and subsequent
survival of mice. These results indicate that GDYO has high
biosafety and biocompatibility while effectively treating
lymphoma. GDYO is also expected to be a promising drug in the
treatment of leukemia. The most frequently mutated gene in
acute myeloid leukaemia (AML) is DNA methyltransferase 3A
(DNMT3A). High cell adhesion of DNMT3A mutant AML leads
to rapid disease deterioration, high recurrence rate, and poor
prognosis in DNMT3A mutant AML patients. Wang et al. found
that DNMT3A mutated AML cells were the major enrichment
areas of cell adherence-related genes."* Under the action of the
c-type mannose receptor (MRC2) and integrin B2 (ITGB2),
GDYO is effectively attached to the mutant cells and internal-
ized. At the same time, GDYO binds to actin and prevents actin
from aggregating. This damages the cell structure and eventu-
ally leads to cell decay. Glucose is an important basis for the
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diagnosis of diabetes. The commonly used glucose detection
method, glucose oxidase-peroxidase (GO,-POD) method, has
high sensitivity and a low detection limit. However, this method
requires two separate reactions catalysed by different enzymes
to complete the glucose detection. Liu et al. utilized the char-
acteristics of GDY, such as a large specific surface area, sp-
hybrid carbon atoms, and uneven energy distribution, to
stabilize Fe*" and glucose oxidase on GDY.'*> The complex has
the activity of peroxidase and glucose oxidase at the same time,
successfully realizing the one-step detection of glucose. This
demonstrates the broad application prospect of 2D GDY in
biosensing.

4. Conclusion and prospects

This review focuses on the recent advances in structural modi-
fication, self-assembly, basic properties, and related device
applications of functional 2D materials. The preparation strat-
egies are summarized and discussed from the following
aspects. The structure and intrinsic properties of 2D materials
can be effectively regulated by chemical structure decoration
and preparation process control. The bonding direction of
covalent bonds can be controlled by adjusting the chemical
structure of the active linking groups. The diversity of non-
covalent bonds in the aggregates of 2D materials determines
the size and morphology of the prepared assemblies. Based on
this, multifunctional 2D materials can be constructed and used
as a cornerstone for subsequent orderly growth and self-
assembly. The as-prepared 2D materials can be further func-
tionalized through compositing with metal atoms or other
components. The morphology and function of ordered self-
assembly based on supramolecular interactions of related
material systems have attracted extensive attention, which
makes them exhibit unique mechanical, electrical, optical, and
photoelectric properties, and are widely used in energy storage
and conversion, catalysis, optoelectronics, and biosensors.

Although remarkable progress has been achieved, studies on
functional 2D materials are still at their primary stage. Some
fundamental scientific issues, especially on the structure-
performance correlation, still need to be deeply understood. On
the other hand, according to the development needs of different
application fields, it is necessary to further improve the struc-
ture of 2D material systems, to optimize the performance of
existing devices and expand their application fields. At present,
the main challenges are as follows:

(1) In the aspect of synthesis, the method of interfacial
growth has been extensively reported, and the reaction condi-
tions should be controlled more accurately. The homogeneous
growth based on the self-assembly of the precursor should be
further explored and perfected, and irreversible reactions will
show more and more advantages in the construction of rigid 2D
materials. The rapid development of GDY-based materials
prepared through the coupling between terminal acetylenic
groups provides a comprehensive platform to systematically
optimize the coupling conditions and investigate the reaction
process. Besides that, some new fabrication strategies, such as
“crystal-to-crystal” and “post-treated” strategies, should be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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further developed to fabricate functional 2D materials with
novel structures. Combining the theory analysis on the reaction
process and experimental results on the in situ characterization
is helpful to understand the preparation mechanism and
construct the accurate structure model of functional 2D mate-
rial system.

(2) It is necessary to develop a simple and convenient prep-
aration method. It is an effective way to solve the problem to
make full use of multi-scale compound effects from the micro-
to the macro-scale. At present, most of the assembly systems
based on 2D materials can only be carried out in a specific scale
range, such as single micron, submicron, and nanoscale.
Further development is similar to the natural assembly function
with specific functions, to realize the multi-stage assembly of
structural units of different scales, and combine the unique
functions of different components, to develop the system of 2D
materials with multi-scale and multi-component synergies. It is
extremely crucial for the new-emerging functional 2D materials
such as GDY, which possesses organized arrangement of func-
tional segments including different hybridized types of carbon
atoms, and different kinds of heteroatoms. It can be expected
that while functional 2D materials achieve long-range order at
the macro-scale, the designed structural advantages can be fully
exhibited, which is the key common issue of the related
research. For instance, achieving rapid preparation on a large
scale by a simple method; accurately controlling the number of
layers and morphology; controlling photoelectric properties
effectively are still the key problems limiting the development
and application of GDY-based materials.

(3) It is necessary to consider an environmentally friendly
preparation route to prepare 2D materials. Some innovative
coupling processes in a metal catalyst-free reaction system
triggered by other mechanisms such as light, thermal, or
microwaves need to be systematically considered.

(4) At present, understanding of the relationship between the
structure of 2D materials and related electrical and optical
intrinsic properties is still very limited. Further systematic
theoretical research is needed to reveal the intrinsic relation-
ship between materials and properties. The aggregation
morphology and physicochemical properties of the current
molecular system need to be further explored by combining
theoretical experiments.

(5) In practical applications, some energy storage devices
need to run repeatedly within a long cycle or operate under
more severe conditions such as high or low temperature.
Therefore, improving the chemical, mechanical, and thermal
stability of 2D materials is very important for broadening the
practical application. For instance, the stability of GDY-based
materials can be effectively improved by coordinating metal
with a high oxidation state, which inspires novel research ideas
for other synthetic 2D functional materials.

Based on the above discussion, 2D materials show unique
advantages of structural properties and development potential.
The application of the new generation of 2D materials will have
a bright prospect and bring about new vitality to the develop-
ment and prosperity of materials science.
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