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Two-dimensional polymers (2DPs) are a class of 2D crystalline polymer materials with definite
structures, which have outstanding physical-chemical and electronic properties. They cleverly link
organic building units through strong covalent bonds and can construct functional 2DPs through rea-
sonable design and selection of different monomer units to meet various application requirements.
As promising energy materials, 2DPs have developed rapidly in recent years. This review first intro-
duces the basic overview of 2DPs, such as their historical development, inherent 2D characteristics
and diversified topological advantages, followed by the summary of the typical 2DP synthesis methods
Received 5th October 2023 recently (including “top-down” and “bottom-up” methods). The latest research progress in assembly
and processing of 2DPs and the energy-related applications in energy storage and conversion are also
discussed. Finally, we summarize and prospect the current research status, existing challenges, and
future research directions of 2DPs.

DOI: 10.1039/d3cs00782k

rsc.li/chem-soc-rev

Published on 09 January 2024. Downloaded by Y unnan University on 7/29/2025 5:54:16 PM.

1. Introduction

In the context of carbon neutrality, the research on green, low-
carbon, and renewable energy has become a hot spot for
governments and scientists around the world. Two-dimensional
(2D) materials have broad application prospects in the field of
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energy conversion and storage because of their unique structure
and adjustable characteristics." As the first 2D material to
represent a major scientific discovery and technological advance,
the innovative and potential properties of graphene have inspired
great interest in the research of other novel 2D materials.*” Since
then, a series of inorganic (e.g, transition metal dichalcogenides
(TMDs), MXenes, layered double hydroxides (LDHs), etc.)* ™ and
organic (e.g., organic 2D supramolecular polymers and organic 2D
covalent polymers)'®™” 2D materials have been successfully pre-
pared. Compared with 2D inorganic materials, 2D organic materi-
als have the advantages of lightweight, good flexibility, good
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designability, and large-scale production, so their preparation and
research are of great significance.

Graphene is a naturally occurring 2D polymer (2DP) whose
unique atomic-level thickness and 2D conjugated structure give
rise to many extraordinary properties, such as large specific
surface area, ultra-high carrier mobility, and excellent mechan-
ical flexibility.'®"® Attracted by these fascinating properties, the
rational design and synthesis of novel 2DPs with graphene-like
structures at the atomic or molecular level has aroused wide
interest among researchers.

Based on the concept of polymers proposed by Staudinger,
Schliiter et al. put forward a clear definition of 2DPs, that is,
2DPs are a class of topological planar polymers with one
monomer unit thick and periodicity connected by structural
units through covalent bonds.?*”** They pointed out that 2DPs
should be able to independently support their structure at
monolayer thickness. However, 2DPs usually exist in the form
of single-, few-, or multilayers due to the presence of n-n
packing and weak intermolecular forces such as van der Waals
forces between polymer lamellae. In particular, 2DPs uniquely
combine the inherent properties of 2D materials and polymers,
exhibiting many interesting properties.”>>” More importantly,
2DP materials can be accurately functionalized at the molecular
level through the selection of monomers, the regulation of
reaction conditions, and the design of reaction routes.*$™°
The study of thin-layer 2DPs not only broadens the traditional
concepts of polymers and low-dimensional materials, but also
introduces many special properties to polymers. On the basis of
these attractive advantages, 2DPs have been rapidly developed
in the field of synthetic preparation and energy-related applica-
tions in recent years.

The overall purpose of this review is to describe the design
and synthesis of 2DPs and their applications in energy-related
fields. We will first introduce the historical development and
advantages of 2DPs, focusing on the unique 2D characteristics
and diverse topologies of 2DPs, which will pave the way for the
synthesis and preparation of 2DPs below. Then, various typical
“top-down” and “bottom-up’’ methods for preparing 2DPs are
discussed. Next, we explore the assembly and recombination of
2DPs, revealing the importance of their processability. We then
introduce the applications of 2DPs in energy storage and
conversion (e.g., batteries, supercapacitors (SCs), electrocataly-
sis and photocatalysis). Finally, the further research on 2DPs is
summarized and prospected. Here we make it clear that the
2DPs mentioned in this review are thin networks formed by
periodic arrangement of monomer units connected by covalent
bonds, and to a certain extent, the exfoliated single- or few-layer
2D covalent organic frameworks (COFs) and covalent triazine
frameworks (CTFs) are regarded as 2DPs. We consider 2DPs
linked by coordination bonds or other non-covalent interac-
tions to be outside the scope of this review.?>?* In addition,
graphene, carbon nitride, and hexagonal boron nitride, while
meeting the criteria for the definition of 2DPs, are not dis-
cussed since they are not synthesized from monomers whose
structures remain within 2D macromolecular sheets and they
have been extensively reviewed.>**! 3¢
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2. General overview on
two-dimensional polymers
2.1. Historical development of 2DPs

About a century ago (1920), Staudinger first proposed the
concept of polymers (or macromolecules).’” After a hundred
years of continuous research and development, polymer
science has made great progress, and polymer materials have
touched almost every aspect of modern life. Unlike traditional
linear (one-dimensional) polymers, 2DPs are a new kind of
material that realize structure changes from line to surface,
resulting in revolutionary changes in properties. Therefore,
2DPs have received more and more attention from researchers,
and it is expected that the unique planar structure of 2DPs will
bring new physicochemical properties and a wide range of
applications. As for the relevant research on 2DPs, as early as
1935, Gee et al. reported that the polymerization reaction based
on [-elaeostearin at the air/water interface could form an
independent monolayer polymer flake, which was the earliest
exploration of 2DPs by researchers, and also an important first
step in this field.*® Shortly, Talmud and coworkers introduced
the term “2D polymerization” when describing interfacial cross-
linking between stearaldehyde and multifunctional amines, and
speculated that reactions at the interface would produce “2DPs”
(1941).*° Subsequently, in 1958, Blumstein et al. proposed that
“sheetlike” macromolecules could be prepared by cross-linking
the monomers adsorbed between the lamellar layers of montmor-
illonite clays, and 2D space-confined cross-linking polymerization
was achieved for the first time utilizing a hard template.*® With
further expansion of the research, Beredjick et al. reported 2D
polymerization of monolayers of octadecyl methacrylate and divi-
nyl ester at the air/water interface under ultraviolet radiation
(1970).*" In 1993, Stupp et al. constructed independent polymer
nanosheets with a monodisperse thickness of 50.2 angstroms by a
bulk reaction.”” Despite early interest in 2D polymerization,
researchers did not obtain structured 2DPs, and the limited
synthesis and analysis tools at the time hindered their further
development.

Until 2004, the successful exfoliation of single-layer gra-
phene ushered in the dawn of the graphene era and the rise
of 2D materials.*® Thanks to the similar structure to graphene
and the rich structural and functional variations, 2DPs have
once again become the focus of attention and an emerging
direction in the field of polymer research. In 2005, Yaghi and
coworkers for the first time used the reversible dynamic cova-
lent chemistry principle to prepare and characterize 2D COFs
formed by the polymerization of boronic acid and catechol,
which could be regarded as potential 2DPs, but whether their
2D structure could be isolated remained to be confirmed.**
Subsequently, in 2008, Thomas et al. for the first time prepared
crystalline CTFs with sheetlike structures by a high-
temperature ionothermal method.*> Professor A. D. Schliiter,
a well-known polymer scholar, is an active promoter of 2DPs
and has done a lot of pioneering work in this field. After his
group proposed the clear definition of 2DPs in 2009, it was not
until 2012 that they used organic synthesis methods for the first

This journal is © The Royal Society of Chemistry 2024
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time to synthesize independent monolayer 2DPs through solid-
phase photo-polymerization and liquid-phase exfoliation
processes.”® This was the first 2DP to meet the precise defini-
tion, and the discovery marked a major breakthrough in the
synthesis of 2DPs. With the deepening of the research on 2DPs,
people’s understanding of the structure and properties of 2DPs
is also improving. It is very important to define the crystal
structure, bond length, bond angle, and specific atom-atom
connection for the further development of 2DPs. In 2014, Kissel
and Kory et al. successively reported two 2DPs synthesized from
single-crystal-to-single-crystal (SCSC), and the single-crystal
XRD analysis established clear structural proof of the synthe-
sized 2DPs for the first time, confirming the feasibility of solid
phase polymerization to construct 2DPs.””*® In the past 10
years, researchers have continuously expanded the types and
application range of 2DPs by adopting various new synthesis
techniques and structural regulation methods, and have
synthesized hundreds of 2DPs with different chemical struc-
tures. The mentioned key developments in 2DPs are shown in
the timeline of Fig. 1. The research results show that 2DPs
possess many unique and interesting properties, and have been
explored for various applications.

Although some scientists have made important explorations
into 2DPs, research in this field has only just begun, and 2DPs
are full of opportunities and challenges in both basic and
applied research. Some important key scientific problems, such
as efficient synthesis, unique physical and chemical properties,
ordered and controllable construction, novel functional mate-
rials based on 2DPs, and their unique applications, are yet to be
resolved. This article reviews the unique advantages, typical
preparation methods, assembly processes, and applications in
energy storage and conversion of 2DPs. It is believed that with
the progress of science and technology, the preparation and
application of 2DPs will be more deeply developed and applied
in continuous practice.

2.2. Advantages of 2DPs

As “new star” materials in the field of polymers, 2DPs integrate
the advantages of 2D materials and polymers. Due to their
unique structural characteristics, 2DPs exhibit many novel
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properties compared with 1D linear and 3D cross-linked poly-
mers, which have attracted wide attention in the fields of
energy, catalysis, sensing, gas separation, and adsorption.
In particular, ultrathin 2DPs with atomic thickness have a
broader application prospect because of their high surface
area, abundant active sites, unique electronic structures, and
excellent processability.

2.2.1. Unique 2D features. Since 2004, the development of
2D materials has not only risen rapidly in basic science
research, but also has a good prospect of technological innova-
tion in condensed matter physics, materials chemistry, infor-
mation science, and other fields. Compared to bulk materials
and 0D/1D nanomaterials, 2D materials are the most attractive
candidates owing to their unique properties and compelling
applications. 2DPs are a kind of promising new organic 2D
materials. As a special 2D material, the 2D characteristics of
2DPs endow them unique properties (Fig. 2): (1) 2DPs usually
have atomic thickness and large plane size, which not only provide
large specific surface area and reaction anchor sites, but also
facilitate further surface modification and functionalization.*~>*
(2) The ultrathin thickness and the strong intralayer chemical
bonds make 2DPs often have excellent mechanical strength and
flexibility, and they usually have good durability and excellent
processability due to the stability of covalent bonds.>*** (3) The
electron confinement effect produced by the ultrathin 2DPs gives
them unique physical and chemical properties and new electronic
properties.>*”> (4) Thin-layer 2DPs can accelerate the diffusion of
ions in the electrochemical process and achieve rapid mass
transfer due to their short diffusion path and exposure redox active
sites.”®>® (5) The ultrathin structure of 2DPs can endow them with
excellent photoexcitation response and adjustable electronic
properties.>* !

2.2.2. Diverse topologies. Unlike other 2D organic materi-
als, the concept of 2DPs puts more emphasis on their polymer
properties. Due to the structural characteristics of polymers,
2DPs have been designed and synthesized in an endless
stream.

Structural diversity of 2DPs. 2DP materials have a wide variety
of monomer molecules to choose from and can be topologically

First report The first 2DP to Rapid
h on 2D CTFs meet the precise | | development of
gerons definition 2DPs

Staudinger

[

1920 ! 1935 } 1941 ) 1958 ) 1970 ) 1993 ) 2004 ) 2005 ) 2008 ) 2099 ) 2012 ) 2q14) @

[ ]
The "sheetlike"
macromolecules prepared
by hard template for the
first time

Earliest exploration
of 2DPs based on
B-elaeostearin
polymerization

2DPs via

Synthesis of

bulk reaction

L

' Single-crystal XRD

analysis employed
to reveal the

structure of 2DPs

Clear definition of
2DPs proposed by
Schliiter et al.

| First report
’ on 2D COFs

Fig. 1 Timeline showing the key developments in 2DPs.

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev., 2024, 53,1823-1869 | 1825


https://doi.org/10.1039/d3cs00782k

Published on 09 January 2024. Downloaded by Y unnan University on 7/29/2025 5:54:16 PM.

Review Article

Atomic thickness

Shorten diffusion
path and accelerate
mass transfer

Abundant
active sites

Large specific
surface area

Large reactive
surface for various
applications;

used as basic
building block

Accelerate the
chemical reaction;
facilitate surface
modification and
functionalization

Adjustable
electronic propertie

Excellent
optical properties

Adjustable chemical
and electronic band
structure

Stronger light

absorption; faster
light response
speed

mechanical strength

Good flexibility;
good durability;
excellent

processability

Fig. 2 Unique 2D features of 2DPs.

designed based on the monomer structure and morphology, so
the structural diversity and designability of organic building
blocks (i.e., monomers) make it easy to precisely customize the
chemical composition, properties, and function of 2DPs at the
molecular or atomic level.®>”®® It is well known that 2DPs are
formed by the organic units connected to covalent bonds on the
plane, and the directional nature of covalent bonds determines
the topological structure of 2DPs, and the chemical stability of
2DPs is also closely related to the properties of covalent
bonds.®®®” Since the birth of the first 2DP, more and more
linkages such as imine, azine, triazine, hydrazone, phenazine,
imide, B-ketoenamine, etc., have been explored in the synthesis
of 2DPs.®® 7% 1t can be seen that monomer units ranging from
simple phenyl units to extended condensed ring structures, to
aromatic heterocyclic systems and even larger macrocyclic
structures can all be used to construct synthetic 2DP materials,
and different structures of 2DPs can be prepared by connecting
covalent bonds such as B-O, B-N, C—=N, C-N, C—C and C-O
bonds.”"”? Typical linkages reported for synthesizing 2DPs are
listed in Table 1.***>77%° The bond formation and structural
changes during the polymerization can be characterized by
Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), nuclear
magnetic resonance (NMR) spectroscopy, ultraviolet-visible
(Uv-vis) spectroscopy, and so on.”*°°°> This will contribute
to a better understanding and analysis of the polymerization
mechanism, as well as further optimization of synthesis meth-
ods, promoting the advancement of polymer chemistry. More-
over, building blocks with other functional properties (e.g.,
photosensitive and photoelectron generation building blocks,
monomers with reversible redox units, etc.) can be selectively
introduced into the skeleton for the assembly process through
various chain chemical reactions during the synthesis of

1826 | Chem. Soc. Rev,, 2024, 53,1823-1869

View Article Online

Chem Soc Rev

2DPs.>>%*%* Therefore, according to the stability of covalent
bonds and the functionality of building blocks, a variety of
robust and functional 2DPs can be reasonably designed and
constructed. So far, many suitable monomers have been
explored and developed (Table 2),**°*"'*' and 2DP materials
with excellent properties can be obtained by optimizing poly-
merization conditions.

Polymerization reaction diversity of 2DPs. Organic synthesis
can provide attractive opportunities for designing and custo-
mizing the structure and properties of 2DPs. The development
of various types of polymerization reactions, including conden-
sation and addition reactions, has made it possible to synthe-
size 2DPs with different bonds.’®*2*™*2* At present, there are
various types of reactions that can be used to synthesize 2DPs,
such as the Ullmann reaction, Schiff-base reaction, cyclotrimer-
ization, boronate-base chemistry, Suzuki cross-coupling reac-
tion, Friedel-Crafts reaction, etc.'**™'*° The diversity of
structural units and the richness of reaction types make the
structure of 2DP materials more flexible and changeable.

In recent years, 2DPs have been gradually applied to many
fields of materials science. Based on the distinctive properties
of 2DPs and their enormous potential in many application
fields, researchers have successively developed a variety of high-
quality 2DP materials.

3. Approaches to two-dimensional
polymers

As a new material form, 2DPs have broad prospects in the fields
of physics, chemistry, materials science, etc. The research on
them can not only explore the characteristics and advantages of
new materials, but also have high academic value and practical
significance. In recent years, researchers have developed a
variety of reliable preparation methods to obtain high-quality
2DP materials. In general, it can be summarized as top-down
and bottom-up methods (Table 3).%67*8957121,1307143 15y thig
section, we will introduce some of the more mature preparation
methods, and discuss their advantages and disadvantages.

3.1. Top-down methods

The preparation of 2DPs by a top-down method is to weaken or
destroy the weak interaction force between the layered poly-
mers by various physical or chemical means, so as to obtain
ultrathin 2DPs. At present, many commonly used preparation
methods have been developed, including mechanical exfolia-
tion, liquid phase exfoliation, self-exfoliation, and crystal
methods.

3.1.1. Mechanical exfoliation. Mechanical exfoliation is the
earliest method adopted to fabricate 2D materials. Since the
successful exfoliation of single-layer graphene from graphite
via scotch tape in 2004, the research of 2D materials has
entered a period of rapid development.*

Mechanical grinding and ball milling are commonly used
methods in mechanical exfoliation and are widely used in both
industry and laboratory. In a typical example, Banerjee and co-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Typical linkages reported in the synthesis of 2DPs
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Typical 2DPs (Year

Bonds Linkage formation of first reported) Characters Ref.
Boroxine
HO\B/OH ©\B’()\B/©
|
N &
Highly crystalline; rigid porous architectures; high
thermal stability; permanent porosity; and high surface 44
2 -1
Boronate Ester areas (711 and 1590 m* g~ )
HQ OH
B-O B
OH N
GOl — OO .
on 0 COF-5 (2005)
Spiroborate
Good thermal stabilities; excellent resistance to
+ Bon 00 hydrolysis and easy tunability of counter cations; high 73
Oy = o R . surface area of 1259 m* g~ "
ICOF-2 (2016)
Borazine
i G W
NH, N \N High thermal stability and high porosity with a surface
B-N 2 1 74
— BB area of 1178 m~ g
BLP-2(H) (2012)
Triazine
CN High porosities and surface areas (791 m? g~ '); high
- P thermal, chemical; and mechanical stability and the 45
) formability
@N)@ CTF-1(2008)
Imine
GHO High thermal stability and permanent porosity; the 25
© @ O/ A surface area is 1360 m”> g~ '
(2009)
Hydrazone
1 Highly crystalline; excellent chemical and thermal
NILO GHo HNAN ,—@ stability and permanently porous; the surface area is 710 76
00— me
o
COF-42 (2011)
C=N/ ket )
C-N etoenamine
CHO NH, \JA:; Reversible electrochemical processes; excellent chemical
HO H © stability to a strongly acidic electrolyte; high surface 77
+ _— — ) 2 1
oné HO NH . areas of 1800 m~ g
OH ©/ o @ DAAQ-TFP COF (2013)
Phenazine >, 2% :ﬁ.}‘x’
» 2 i Good chemical stability; extended n-delocalization
g ot o o ith topologically designed wire f ks and
NH, O N :2;»4, with topologically designed wire rameworks and open 78
+ D —_— CE D giris nanochannels; the surface area is 776 m~ g
o N
Azine
CHO High crystallinity; robust chemical stablhty, high 79

© 4+ NH,'NH, @—CH:N—N=CH—®

This journal is © The Royal Society of Chemistry 2024

Py-Azine COF (2013)

porosity with a surface area of 1210 m”> g~ *
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Table 1 (continued)
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Typical 2DPs (Year
Bonds Linkage formation of first reported) Characters Ref.

Squaraine

High crystallinity; inherent porosity with a surface area of

539 m? g~ '; robust solvent stability, extends the m con-
jugation over the 2D skeleton; improved light-harvesting 80
capacity; lowered band gap; layered n-stacking porphyrin

o Q
HO + © —— HN N
@ CuP-SQ COF (2013) arrays and open mesopores
HO

Imide
T Large-pore crystallinity; excellent thermal stability with 81
o+ © —_ NO the surface area as high as 2346 m”> g™*
o o
Amide “§Q.
ClL_.0 NH, o @ KX Good hydrolytic and thermal stability; the surface area is 82
b L Ll 2 —1
é + © ©}LNH CAEASAS 354m* g
CAF-2 (2017)
Viologen B N o
NH, NO, o i N
NO: CL 7*‘;”7‘& et Stable in acidic, neutral, and basic aqueous solutions; 83
L — N W P . P .
+ \O O p fﬁ’ﬁ”ﬁ’ permanent porosity
~ COGF (2017)
Salen
HO HO
NIL N Porous, high crystallinity and excellent stability; the 84
o + (NH“ — Q\fy\ surface area is 1366 m> g
HO Salen-COF (2017)
Aminal
Q H S Good thermal stability and high chemical stability
©)‘\H + O N under neutral and basic conditions; the surface area is 85
©KN 1168 m*> g "
Vinylene

c—cC CHO  NC Fully n-conjugated; semiconductor; good thermal stabi- 36
© + @ O CN 4 lity; the surface area is 692 m® g *
I \ & ¥
O sp2c-COF (2017)
B | e .
enzoxazole Permanent stability in the presence of strong acid,
C-N/ Ho strong base, and sunlight; excellent photoactivity 87
C-0 HO. o and unprecedented recyclability; the surface area is
+ n,\]© ®_<h]© 1035 m? gil
; LZU-190 (2018)
Dioxin (‘;‘::%::f'&:{;éﬂ
P CN b o . . e s .
0 NC . o N “Raraargs High chemical stability in both acid and base; perma- 88
+ —_— In a2 nent porosity with a surface area of 557 m* g~ '
C AT BB p g
0 F CN O O 1\“-. T
¥ N COF-316 (2018)
C-0

Benzofuran ?%,

o ) High chemical stability in both acid and base; allowing
HO o . o % postsynthetically modified under harsh conditions; 89
omﬂ + ©A” — Vo T the surface area is 1021 m” g~ *

NC

GS-COF-1 (2020)

workers constructed a series of crystalline, porous, thermally
and chemically stable COFs via the Schiff base condensation
reaction, and then successfully obtained covalent organic
nanolayers (CONs) by utilizing a facile and environmentally

1828 | Chem. Soc. Rev, 2024, 53, 1823-1869

friendly mechanical grinding method (Fig. 3a).°> TEM and AFM
results showed that the as-obtained CONs had graphene-like
lamellar structures. Furthermore, powder X-ray diffraction
(PXRD) and FTIR analysis confirmed that the delaminated

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of the monomers used in the synthesis of the 2DPs discussed herein
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Monomer 1 Monomer 2 Synthetic method Ref.
1,3,5-triformylphloroglucinol Diamine (2-nitro-1,4-phenylenediamine, 2,3,5,6-tetrafluoro-1,4- Mechanical 95
phenylenediamine, 3,3’-dinitrobenzidine, o-tolidine, and exfoliation
o-dianisidine)
Tetrafluoroterephthalonitrile Mechanical 96
exfoliation
Tetrakis(4-aminophenyl)pyrene N,N'-Dibutyl-6,6'-diformylthienoisoindigo Mechanical 97
exfoliation
1,1,2,2-Tetrakis(4-formyl-(1,1’-biphenyl))- Hydrazine or 1,4-diaminobenzene Mechanical 98
ethane exfoliation
1,3,5-Tricyanobenzene, 4,4’-dicyano-1,1’- Liquid phase 99
biphenyl exfoliation
Hexaaminobenzene or 1,2,4,5- Liquid phase 100
benzenetetramine tetrahydrochloride exfoliation
Dihydrazide Trialdehyde Liquid phase 101
exfoliation
1,3,5-Triformylphloroglucinol Triaminoguanidinium halide (TG, or TGg,, or Ty) Self-exfoliation 102
2,4,6-Triformylphenol Tetratopic linker, a tritopic aldehyde node and a tetratopic Self-exfoliation 103
crown-ether macrocycle with two hydrazide moieties
Trialdehyde Trialdehyde Self-exfoliation 104
2,4,6-Triformylphloroglucinol 2,6-Diaminoanthracene Self-exfoliation 105
Macrocycle with three 1,8-diethynylanthrylene Crystal method 46
units and three terphenylene bridges
Triptycene-based monomer with three photo- Crystal method 106
reactive tetrafluoroanthraceno blades
2,7,13,18-Tetrabromodibenzo[a,c]- Crystal method 107
dibenzo[5,6: 7,8]quinoxalino-[2,3-i]phenazine)
2,7,11,16-Tetrabromotetrabenzo[a,c,h,j]- 3,6,14,17-Tetrabromodibenzo[a,c]-dibenzo[5,6:7,8]-quinoxalino- Crystal method 108
phenazine [2,3-i]phenazine
Macrocyclic amphiphile with three Gas-liquid inter- 109
1,8-diazaanthracene units face synthesis
Terephthalaldehyde 1,3,5-Trihexyl-2,4,6-tris(4-aminophenyl)benzene Gas-liquid inter- 110
face synthesis
Triphenylamine Gas-liquid inter- 111
face synthesis
5,10,15,20-Tetrakis(4-aminophenyl)porphyrin 2,5-Dihydroxyterephthalaldehyde or 1,5-dihydroxynaphthalene- Gas-liquid inter- 112
or tris(4-aminophenyl)triazine 2,6-dicarbaldehyde face synthesis
1,4-Dicyanobenzene Liquid-liquid 113
interface synthesis
The porphyrin ring [M = 2H, Fe(u), or Pt(u)] Terephthalaldehyde Liquid-liquid 114
interface synthesis
Benzene-1,3,5-tricarbaldehyde Aromatic diamide Liquid-solid inter- 115
facial synthesis
1,3,5-Tris(4-biphenylboronic acid)benzene Liquid-solid inter- 116
facial synthesis
Pyrene-2,7-diboronic acid Liquid-solid inter- 117
facial synthesis
Tris(4-aminophenyl)benzene Terephthaldicarboxaldehyde Gas-solid interfa- 118
cial synthesis
1,3,5-Triformyl-benzene p-Phenylenediamine Gas-solid interfa- 118
cial synthesis
5,10,15,20-Tetra(p-aminophenyl)porphyrin 4,4'-Biphenyldialdehyde Solution 119
polymerization
Pyromellitic acid Melamine Solution 20
polymerization
N,N-diisopropylethylamine Benzidine or 4,4”-diamino-p-terphenyl Solution 120
polymerization
1,3,5-Benzenetricarbonyl chloride 1,4-Phenylenediamine or 4,4’-diaminobiphenyl Mechanochemical 121
synthesis

CONs remained structurally intact and stable in neutral, acidic,
and alkaline media. Wang et al. used a simple mechanical ball
milling process to obtain the exfoliate fluorinated CTF (E-FCTF)
from the as-prepared 2D layered fluorinated CTF (FCTF)
(Fig. 3b-d).°® The exfoliated E-FCTF possessed a large surface
area and abundant porous structure, which could be effectively
used as the anode of high-performance alkali organic batteries.
To maximize the advantages of 2D triazine-based polymers

This journal is © The Royal Society of Chemistry 2024

(2D-TPs) and expand their application scope, our group
proposed a convenient and general non-covalent functionaliza-
tion strategy to achieve the large-scale preparation of ultrathin
2D-TP nanosheets with high quality, high dispersion stability
and processability (Fig. 3e)."** Experimental and theoretical
calculations demonstrated that water-soluble sodium 1-
pyrenebutyrate (PB) could be adsorbed on the porous planar
polymer layers of layered highly crystalline CTF through non-
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Table 3 Summary of the synthesis methods of 2DPs
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Types Methods Assisting strategy Merits Demerits Ref.
Top- Mechanical Grinding, ball milling, micro- Easy to perform; Easy to produce defects and impu- 95-98
down Exfoliation mechanical stamp, gas expansion environmental friendly;  rities; tend to accumulate; difficult to and
methods high efficiency control the size and thickness; poor  130-
repeatability and low yield 133
Liquid Phase Ultrasonication Easy to perform; low Easy to introduce structural defects; 99—
Exfoliation cost; regular structure; tend to accumulate; difficult to 101,
high efficiency control size and thickness; time- 134
consuming and low yield and
135
Self-Exfoliation Charge induction, introduction Easy to perform; regular Easy to introduce defects; use 102-
of bulky groups, polymerization, structure; high field organic solvent and post-processing 105
acid-base driven intercalation trouble and
reaction 136
Crystal method Light/heat-induced polymerization Highly ordered structure Limited single crystals; normally 46-48
followed by mechanical exfoliation and easy to characterize involves multiple steps; difficult to and
obtain a large area of high-quality 106-
nanosheets; time-consuming 108
Bottom- Interface Polymerization induced by light High crystallinity; few Difficult to transfer; easy to destroy ~ 109-
up polymerization radiation, dynamic covalent chem- defects; large area; the structure; low efficiency and yield 118
methods istry, surfactant-monolayer-assisted controllable synthesis
interface synthesis; laminar assembly
polymerization; highly structured
basal plane structure induces
polymerization
Solution Introducing rigid groups, Simple process without  Require strictly monomer structures, 119,
polymerization solvothermal, photopolymerization exfoliation and interface difficult to be widely used 120
transfer and
137-
139
Mechanochemical Solvent-free mechanochemical Easy to perform, high Low yield, tend to produce defects 121
approach ball milling efficiency, high crystal-  and impurities
linity, solvent dispersion
and thermal stability
On-surface Heat-induced polymerization Easy to perform, few Limited size, difficult to transfer 140-
synthesis defects, easy to 143

covalent n-m interaction, while introducing a negative charge
repulsion effect. Under the continuous shear force assisted by
ball milling, CTF was effectively stripped into single/few layers
of 2D-TP-PB nanosheets in water, and the yield could reach
68% (Fig. 3f-j). By using the ball milling technology, other thin-
layer 2DPs could also be prepared, such as the redox-active
exfoliated COFs (DAAQ-ECOF),"*" exfoliated covalent imine
network-1 (E-CIN-1), exfoliated Schiff base networks-1 (E-SNW-
1),"*> etc. In addition, we also developed a rapid microwave-
assisted synthesis strategy for the first time to prepare a series
of highly crystalline and high surface area layered semiconducting
CTFs within 20 minutes, and put forward an ordered 2D poly-
merization mechanism for crystalline CTFs."** Then, single- and
few-layer 2D triazine polymer nanosheets with a hundred-gram
level were obtained by further convenient ball-milling exfoliation,
which greatly improved the practical application potential.
Recently, several other exfoliation methods have also been
developed to obtain atomically thin 2DP nanosheets from bulk
2DPs. For instance, Wang et al. used direct micromechanical
manipulation and stamping to exfoliate semiconducting 2DP
films grown on solid substrates, and for the first time proposed
a thickness-dependent study of the ultrathin 2DP sheets and
their transition metal sulfide heterostructures.”” Additionally,
Zhao’s group has for the first time prepared ultrathin 2D COF

1830 | Chem. Soc. Rev, 2024, 53, 1823-1869

characterization

nanosheets with a thickness of 2 to 4 nm utilizing a
temperature-swing gas exfoliation approach.’® The bulk COFs
would expand when heated to 300 °C in air. The extended
interlayer spacing at high temperatures enabled the subse-
quent addition of liquid N, to effectively exfoliate them during
gasification.

Among various mechanical exfoliation methods, the non-
covalent functionalization assisted mechanical exfoliation
strategy is an efficient and scalable way for producing high
quality and processable 2DPs. Compared with other mechan-
ical exfoliation methods, such a method can greatly promote
the large-scale exfoliation of 2DPs through introducing non-
covalent n-r stacking interaction in the system, and obtain
stable and high-concentration 2DP nanosheets. The mechan-
ical exfoliation method is simple, environmentally friendly, and
can prepare a large area of single-layer or few-layer 2DPs.
However, this method also has some shortcomings. Defects
and impurities are easily produced during the exfoliation
process, and the exfoliated 2DPs easily reaccumulate. It is not
easy to control the size of 2DPs and the exfoliation yield of such
a method is usually low.

3.1.2. Liquid phase exfoliation. Liquid phase exfoliation is
a simple and effective strategy that has been widely used in the
preparation of 2D nanosheet materials.'** Typically, ultrasonic-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Schematic diagram of the preparation of CONs from as-synthesized COFs through mechanical delamination. Reprinted with permission from
ref. 95. Copyright 2013 American Chemical Society. (b) Synthesis procedures for few-layered E-FCTF via micromechanical exfoliation. TEM (c) and AFM
(d) images of E-FCTF. Reprinted with permission from ref. 96. Copyright 2019 American Chemical Society. (e) Synthesis procedures for the exfoliated 2D-
TP-PB. (f) The optical image of the bulk CTF and the exfoliated 2D-TP-PB. (g) A scalable highly dispersed aqueous dispersion of the exfoliated 2D-TP-PB
nanosheets. TEM (h) and AFM (i and j) images of the exfoliated 2D-TP-PB nanosheets. Reproduced with permission from ref. 130. Copyright 2023

Wiley-VCH.

assisted liquid phase exfoliation has become an effective means
to fabricate 2DP nanosheets due to its high exfoliation effi-
ciency, which mainly uses the cavitation effect of ultrasound to
overcome the weak interaction between 2DP layers to achieve
the purpose of exfoliation.*>"148

By using this approach, our group reported the exfoliation of
millimeter-size CTFs synthesized in the solution phase for the
first time, and micrometer-size 2DP sheets with fewer layers
could be obtained by selective ultrasound in the solvent."**

This journal is © The Royal Society of Chemistry 2024

To efficiently obtain highly crystalline CTF nanosheets (CTF
NSs), we proposed a novel redox exfoliation strategy to fabricate
ultrathin crystalline amide-functionalized CTF NSs, and the
obtained reduced CTF NSs (r-CTF NSs) exhibited excellent
hydrophilicity owing to the introduction of amide groups
(Fig. 4a and b)."*® TEM and AFM results showed that r-CTF
NSs had a lateral size of several micrometers and an ultrathin
thickness of ~1.5 nm (Fig. 4c and d). Shortly thereafter, we put
forward a simple solvent-free and metal-free polyphosphoric
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Fig. 4 (a) A schematic illustrating the preparation of the r-CTF NSs. (b) The water contact angle tests and the Tyndall effect of r-CTF NSs. TEM (c) and
AFM (d) images of r-CTF NSs. Reproduced with permission from ref. 135. Copyright 2021 Wiley-VCH. (e) Solvent-free salt-catalyzed 2D polymerization
process for fabricating crystalline CTF NSs. (f) Schematic for the preparation of the exfoliated CTF NSs. TEM (g) and AFM (h) images of 2D-TP. Reprinted
with permission from ref. 99. Copyright 2023 American Chemical Society. (i) Schematic of the formation process of ultrathin CoN and aza-CMP
nanosheets. (j) TEM and AFM images of the exfoliated C,N (k) TEM and AFM images of the exfoliated aza-CMP. Reproduced with permission from ref. 100.

Copyright 2019 Wiley-VCH.
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acid-catalyzed route to synthesize a series of CTFs with high
crystallization and high specific surface area, and ultrathin 2D
CTF nanosheets could be obtained via further sonication
exfoliation. Based on the simplicity of such a method, the
kilogram-scale preparation of CTF-DCB by using 1,4-
dicyanobenzene (DCB) as a monomer was realized for the first
time."*® Very recently, by using an unprecedented solvent-free
salt-catalyzed nitrile cyclotrimerization process, we further
synthesized a series of crystalline CTF NSs, making it possible
to produce cost-effective crystalline CTF NSs on a large scale at
the hundred-gram level (Fig. 4e).°® Then monolayer crystalline
2D-TPs could be obtained by simple liquid phase ultrasonic
exfoliation (Fig. 4f-h).

In another study, Xu et al. developed a protonation-assisted
liquid phase exfoliation method, which successfully achieved
highly efficient exfoliation of N-containing 2D conjugated poly-
mers (C,N and aza-CMP) under ultrasonic action (Fig. 4i)."*°
The exfoliation yields of C,N and aza-CMP in 12 M HCI could be
significantly improved to 44% and 41% compared to that in
pure water (7% and 2%). At the same time, the ultrathin
nanosheets had an average thickness of less than 5 nm and
could be stably dispersed in water for a long time (Fig. 4j and k).
Solvent-induced exfoliation is also another successful strategy
used to strip 2D layered polymers. The solvent penetrates the
layered materials to form a swollen phase, thus weakening the
weak interaction between the layers. Dichtel’s group studied
the exfoliation and dispersion of hydrazone-linked COFs under
different solvent conditions.*>'** When dioxane was used as a
solvent, 2DPs with a lateral width of 200 nm and a thickness of
about 1.32 nm could be obtained.

3.1.3. Self-exfoliation. Recently, scientists have continued
to explore simpler and gentler exfoliation methods. The charge-
induced exfoliation strategy is an emerging method for strip-
ping layered 2DP materials. By introducing charges into the
organic building blocks, the charged 2D layers repel each other,
allowing the resultant layered 2DPs to self-exfoliation.'”*"%?
In a typical example, Banerjee et al. synthesized three thin-
layered porous guanidinium-based ionic covalent organic
nanosheets (iCONs) by introducing ionic groups into the
monomer structure (Fig. 5a-g).'°> The positively charged gua-
nidinium units caused electrostatic repulsion between the
iCON layers, resulting in increased layer spacing and self-
exfoliation in pure water. The exfoliated few layered iCONs
exhibited good chemical stability and excellent dispersion in
water. Using the same method, Loh and co-workers proposed a
new exfoliation strategy that could control the number and
thickness of COF layers (Fig. 5h and i).'° By introducing
charged mechanically interlocked molecular architectures
(MIMAs) into layered 2D COFs, large-area COFs with different
layers could be exfoliated accurately and controllably.

The self-exfoliation of 2DPs can also be achieved through
the steric hindrance effect caused by the addition of bulky
groups to the organic building blocks. Using rigid triptycene as
one monomeric unit and introducing two methyl groups into
the 9,10-position of tritycene tricatechol (TPTC), Zhao et al.
synthesized free-standing monolayer 2DPs in a single-step

This journal is © The Royal Society of Chemistry 2024
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solution phase via inhibiting the interaction between the poly-
meric 2D monolayers."*” Furthermore, Vaidhyanathan et al.
were the first to use a triazole moiety as a means of introducing
framework flexibility, achieving self-exfoliation into nanosheets
during a mild solvothermal synthesis process.'®*

Self-exfoliation based on the electrostatic repulsion effect
and steric hindrance effect mentioned above is a physical
exfoliation method. The chemical self-exfoliation strategy has
made a new breakthrough in the self-exfoliation of 2DPs, which
mainly changes the chemical structure of 2DPs to enlarge the
interlayer spacing, and weakens the weak interaction between
the layers to realize the self-exfoliation of bulk 2DPs.'>*'>
Banerjee and co-workers designed and synthesized an
anthracene-based COF DaTp through a Schiff base reaction
between 2,6-diaminoanthracene (Da) and 2,4,6-triformylphloro-
glucinol (Tp), and then reacted the DaTp with N-hexylmaleimide
at 160 °C for 24 hours for chemical self-exfoliation (Fig. 6a—e).'*’
The cycloaddition reaction between them interfered with the n-n
stacking of the COF layers and the planarity of individual layers.
Moreover, the presence of long alkyl chains and dipole forces in
the reaction could improve the interaction with the solvent,
resulting in the self-exfoliation of DaTp to DaTp-CONSs. So far,
Banerjee et al. have made great contributions to the study of the
exfoliation of COF materials. Intercalation-assisted chemical exfo-
liation is also a powerful self-exfoliation method. Inspired by the
study of non-oxidative intercalation of graphite with Brgnsted
acid, Fan et al. effectively exfoliated the layered CTF-1 into 1-2
layers of functionalized CTF-1 (£fCTF-1) nanosheets through an
acid-base driven intercalation reaction and oxidation exfoliation
process (Fig. 6f)."*® SEM and AFM characterization results indi-
cated that the obtained fCTF-1 nanosheets had irregular edges
and abundant holes, with a lateral size of micron and a thickness
of 1.2-1.9 nm (Fig. 6g and h).

3.1.4. Crystal method. The recently developed -crystal
method can also be considered an effective top-down strategy
for preparing 2DPs.”>'*¢7'%® The crystal method is mainly
based on a topological chemical reaction; the monomers are
firstly preorganized into layered single crystals, then topologi-
cal polymerization is triggered by light or thermal treatment to
obtain layered 2DP single crystals, and finally, ultrathin 2DPs
are prepared by an effective exfoliation means (Fig. 7a).”° In
2012, Schluter’s group obtained the first synthetic 2DP single
crystal by preorganizing the photoactive anthracene monomer
into a hexagonal layered single crystal, and then realizing the
photopolymerization of the monomer single crystal under
visible light irradiation (Fig. 7b and c).*® After heating at
150 °C in 1-methyl-2-pyrrolidone (NMP) for three days, the
2DP single crystals were exfoliated into ultrathin 2DP
nanosheets with obvious hexagonal morphology. AFM analysis
showed that the exfoliated sheets had a uniform thickness of
~2.5 nm (Fig. 7d and e). Based on such a single-crystal-to-
single-crystal approach, Schluter and King’s group then
reported several other layered 2DP single crystals constructed
with different anthracene monomers, and ultrathin 2DP
nanosheets could be obtained by heating them in an NMP
solvent at 50 °C for several days or even weeks followed by
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Fig. 5 (a) Schematic representation of the preparation processes for a few thin-layered iCONs. (b)—(d) TEM images and (e)-(g) AFM images and the
height profile of the three iCONSs, respectively. Reprinted with permission from ref. 102. Copyright 2016 American Chemical Society. (h) Schematic
diagram of the self-exfoliation process of COF bilayers. (i) AFM image of pseudorotaxane-based COF-1 flakes. Reprinted with permission from ref. 103.

Copyright 2020 Springer Nature.

ultrasonic treatment.””*®'°® In another typical case, Loh et al.

synthesized 2D conjugated aromatic polymers (2D CAPs)
through a C-C coupling reaction between tetrabromopolyaro-
matic monomers, realizing the transformation from crystal-
crystal monomers to layered polymers (Fig. 7f-i).'°” The result-
ing 2D CAPs could easily be exfoliated by scotch tape, obtaining
micrometer-sized layers with a thickness of ~1 nm. Shortly
thereafter, they prepared another 2D CAPs based on C-C
coupling using the same method. The long-range order of
monomers and the pre-organization of functional groups dur-
ing crystallization could effectively construct highly ordered
2DPs."® However, in virtue of the restriction of the crystal itself
and the later exfoliation step, it was challenging to obtain large-
area high-quality 2DP nanosheets.

Using the top-down method it is simple and easy to prepare
ultrathin 2DPs nanosheets, and the as-obtained nanosheets
have a clear structure and good regularity, which is conducive

1834 | Chem. Soc. Rev, 2024, 53,1823-1869

to structural characterization. However, in general, the exfolia-
tion process is time-consuming and the yield is low, and it is
inclined to cause structural damage and introduce defects
during the exfoliation process. In addition, the thickness and
size of the exfoliated 2DP nanosheets are difficult to control,
and they are easy to accumulate and reaggregate, which affects
their performance and further use. Therefore, improving the
quality of the exfoliated 2DP nanosheets remains a consider-
able challenge, and it is essentially to develop other more
efficient exfoliation methods.

3.2. Bottom-up methods

Unlike the top-down method, the bottom-up method directly
synthesizes ultrathin 2DPs through linking monomer mole-
cules or structural units via covalent bond interactions. Such a
method prevents the structure from damage via exfoliation,
and can effectively regulate the size and thickness of the 2DPs,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Schematic for the preparation of the exfoliated DaTp-CONSs. (b) Photograph and (c) SEM image of DaTp (the inset shows the TEM image of
DaTp; scale bar = 100 nm). (d) SEM image (the inset shows the TEM image of DaTp-CONs, scale bar = 100 nm) and (e) photograph of DaTp-CONs.
Reproduced with permission from ref. 105. Copyright 2016 Wiley-VCH. (f) Synthesis procedures for f-CTF-1 nanosheets. (g) SEM and (h) AFM images of
the f-CTF-1. Inset in (g): the Tyndall effect of f-CTF-1 water dispersion. Reproduced with permission from ref. 136. Copyright 2019 Wiley-VCH.

which has been extensively explored recently. At present, the
top-down method mainly uses interface polymerization and
solution polymerization.

3.2.1. Interface polymerization. 2D polymerization at the
interface can utilize many different bonding strategies.'*
At present, it is the most general method for the bottom-up

This journal is © The Royal Society of Chemistry 2024

method for preparing atomically thin 2DP nanosheets, mainly
including gas-liquid, liquid-liquid, solid-liquid, and solid-gas
interface synthesis.

Gas-liquid interfacial synthesis. The gas-liquid interface
synthesis method is first used for the preparation of the
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Langmuir-Blodgett (LB) film, which can also be employed to
fabricate ultrathin 2DPs.’**'®" The gas/liquid interface has a
large surface, providing a 2D confined space for the horizontal
polymerization of monomers. Schluter’s group has done a lot of
work and made great progress in the preparation of 2DPs at the
gas-liquid interface.'®*~'®® They reported that monolayer 2DPs
could be synthesized at the gas-liquid interface by using several
three-functional monomers.'®*™® For example, they used a
shape-persistent monomer with three 1,8-diazanthracene (DAA)
units to spread and compress at the air/water interface, and
then initiated the [4+4] cycloaddition reaction by UV light (1ex =
365 nm) radiation under ambient conditions, and successfully
prepared a covalent monolayer sheet with excellent mechanical
stability (Fig. 8a and b)."*® Furthermore, a 2D covalent organic
monolayer based on simple aromatic triamine and dialdehyde
at the air/water interface using dynamic imine chemistry was
reported by Schluter and co-workers."'® Optical microscopy,
SEM and AFM results clearly verified the formation of a smooth,
large-area, and unimolecularly thin freestanding polyimide sheet.
In another study, to understand the polymerization mechanism of
monolayer 2DPs synthesized at the air-water interface, Cuniberti
et al. demonstrated computatively that a monolayer azine-linked
BTPHA2-COF could be successfully synthesized by a Schiff-base
condensation reaction of triphenylamine (BTPHA2) and hydrazine
at the air-water interface (Fig. 8c-f).""!

Many free-standing single-layer/few-layer films have been syn-
thesized through the air/water interface. However, owing to the
absence of control over the ordered arrangement of precursor
monomers at the interface, the crystallinity of the resulting 2DPs
is still unsatisfactory, and the crystalline domain sizes are usually
small, which greatly limits the development of reliable functions
and further applications of 2DPs. To address this problem,
Feng and co-workers proposed a surfactant-monolayer-assisted
interface synthesis (SMAIS) strategy that could effectively prepare
ultrathin 2DP films with high crystallinity and domain sizes of
1677170 por instance, by inducing the self-
organization of the reaction precursors at the surfactant/water
interface and subsequent 2D polymerization, they synthesized
three highly crystalline and semiconducting polyimine-based 2DP
(PI-2DP) films with different configurations and pore sizes, prov-
ing the universality of the SMAIS method in the preparation of
highly crystalline, large-area 2DP films (Fig. 8g—j)."**

several microns.

Liquid-liquid interfacial synthesis. Liquid-liquid (oil-water)
interface synthesis is also an effective method for preparing
2DPs developed in recent years. In this method, the polymer-
ization reaction is confined to two immiscible solvents and can
usually form ultrathin 2DPs. Our group reported the first
fabrication of single- or few-layer triazine-based 2DPs through
a nitrile cyclotrimerization reaction at the dichloromethane/
trifluoromethanesulfonic acid interface by using 1,4-di-
cyanobenzene as the monomer (Fig. 9a and b).'*® During the
reaction process, the dynamic interface caused by stirring easily
controls the reversibility of the reaction and the van der Waals
epitaxial effect, which was conducive to the growth of 2DPs. The
lateral size of the synthesized triazine-based 2DP was several

This journal is © The Royal Society of Chemistry 2024
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microns with a thickness of about 0.9-3 nm, which had
excellent dispersibility in organic solvents and exhibited excel-
lent processability, laying a foundation for the practical appli-
cation of 2DPs (Fig. 9c-f). In another typical study, Park et al.
designed and developed a new liquid-liquid interface synthesis
technique, that is, laminar assembly polymerization (LAP)."**
Based on the self-assembly properties of porphyrin-based
monomers at the pentane-water interface and laminar flow-
like transport, a large-area, continuous, wafer-scale monolayer
2D porphyrin polymer film was synthesized and could be
transferred to a 5-cm fused silica substrate (Fig. 9g). False-
color and AFM images showed that the surface of the
monolayer film was uniform and smooth (Fig. 9h-j).

Gas-solid and liquid-solid interfacial synthesis. Different from
the gas-liquid and liquid-liquid interface synthesis strategies,
the gas-solid and liquid-solid interface synthesis methods
generally use the highly regular plane structure of the solid
substrate to induce the ordered growth of the polymer to
prepare ultrathin 2DP nanosheets.'”* For example, Lei et al.
carried out an on-surface Schiff-base coupling reaction at the
solid/liquid interface of highly oriented pyrolytic graphite
(HOPG) and caprylic acid with aromatic aldehyde and aro-
matic diamine as reaction monomers at room temperature,
resulting in a 2DP film with high regularness, few defects and
the single crystalline domain exceeding 1 pm” (Fig. 10a)."*?
STM and AFM results confirmed that the as-obtained surface
COFs were highly ordered and mainly monolayers (Fig. 10b-d).
Feyter’s group reported a novel liquid-solid interfacial synth-
esis method for the fabrication of single-layer COFs (sCOFs) via
electric-field-induced polymerization.'*® The authors dropped
the dissolved boronic acid-based monomer solution onto the
surface of HOPG and observed it using a scanning tunneling
microscope (STM) at room temperature (Fig. 10e). They found
that the reversible conversion between the self-assembled mole-
cule networks (SAMNs) and sCOFs at the liquid/solid interface
could be achieved by adjusting the electric field direction.
When the negative bias was applied, the boronic acid deri-
vatives underwent a condensation reaction and transformed
into regular covalently bonded sCOFs (Fig. 10f-k).Although this
work failed to synthesize large 2DP nanosheets due to the
limited scanning range of STM probes, the exploration of
chemical reaction visualization and possible novel reaction
mechanism attempts provided a new idea and direction for the
synthesis of high-quality ultrathin 2DP nanosheets by liquid-
solid interface polymerization. Shortly thereafter, they used
STM to monitor the on-surface synthesis of boroxine 2DP at
the octanoic acid-DMSO/HOPG interface with changes in
monomer concentration, demonstrating the reversibility of
the polymerization process, confirming that the growth mode
of 2DP depended on the choice of solvent, and revealing that
2DP growth was mainly through in-plane self-condensation of
monomers.""”

Additionally, the solvent-free gas-solid interface synthesis
method can also be utilized to prepare 2DP nanosheets. Wan
et al. successfully fabricated highly ordered single molecular
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Fig. 8 (a) Chemical structure of monomer 3 and illustration of the preparation process of the covalent monolayer 2D sheet. (b) AFM topography and the
corresponding height profile of 2D sheet S3. Reprinted with permission from ref. 109. Copyright 2014 American Chemical Society. (c) Schematic of the
synthesis process of the BTPHA2-COF monolayer. Optical microscopy image of the monolayer BTPHA2-COF (d) on a copper grid and (e) deposited on
300 nm SiO2/Si wafers. (f) AFM image of the monolayer BTPHA2-COF. Reprinted with permission from ref. 111. Copyright 2021 American Chemical
Society. (g) Synthesis process of PI-2DP via SMAIS method at the air—water interface. (h) Chemical structures of the monomers and synthetic PI-2DP.
(i) SEM and (j) AFM images of PI-2DP. Reproduced with permission from ref. 112. Copyright 2020 Wiley-VCH.
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Fig. 9 (a) Synthesis process of triazine-based 2DP. (b) A schematic illustrating the 2D polymerization of the triazine-based 2DP at CH,Cl,/CF3SO3H
interfaces. (c) TEM and (d) HR-TEM images of triazine-based 2DP. The inset shows the photo of 2DP DMF dispersion. AFM images of (e) single-layer and
(f) few-layer 2DP. Reprinted with permission from ref. 113. Copyright 2017 American Chemical Society. (g) Reaction scheme of monolayer 2D porphyrin
polymers. (h) False-color image of the monolayer 2DP. (i) AFM image and (j) the height profile of the monolayer 2DP. Reprinted with permission from
ref. 114. Copyright 2019 American Association for the Advancement of Science.

thick 2D conjugated polymers through a self-limiting solid-
vapor interface reaction strategy (Fig. 101)."'® Monomer A was
first preloaded onto the HOPG surface via drop-casting. Then,
monomer B was introduced into the reaction system, and
CuS0,-5H,0 was added as the reaction regulation agent. The
entire closed system was reacted at 150 °C for 3 h, and the
vaporized monomer B contacted monomer A on the substrate

This journal is © The Royal Society of Chemistry 2024

surface and then underwent a coupling reaction. Thereby, high-
quality ultrathin 2DP nanosheets with large size and low defect
density could be obtained (Fig. 10m and n).

The interface polymerization strategy can be performed to
prepare ultrathin 2DPs with large-area, few defects, and high
crystallinity, but there are still some problems that need to
be solved urgently. For example, due to the strong interaction
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images (d) of the surface COF. Reprinted with permission from ref. 115. Copyright 2013 American Chemical Society. (e) Schematic representation of the
electric-field-mediated reversible transformation between SAMNs and COFs. (f)-(k) Sequential STM images displaying the transition from SAMNs to
COFs. Reprinted with permission from ref. 116. Copyright 2019 American Chemical Society. () Schematic for the fabrication process of 2D conjugated
polymers at the solid—vapor interface. (m) and (n) The structural models and high-resolution STM images of the surface COFs. Reprinted with permission
from ref. 118. Copyright 2013 American Chemical Society.
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between the produced 2DPs and the interface, the transfer of
2DPs from the solid surface requires complex and cumbersome
technology, and the transfer process is also prone to damage
the structure, affecting the use of 2DPs. In addition, because of
the limitation of the interface, the yield and efficiency of 2DPs
prepared by such a method are relatively low, which hinders
their further application.

3.2.2. Solution polymerization. In comparison with the
exfoliation method and the interface method, the solution
polymerization method has greater advantages, which can
directly synthesize free-standing covalent 2DPs in solution with
no interface assistance at all, and requires neither exfoliation
treatment nor interface transfer process.**° It is a new trend for
the synthesis of ultrathin 2DPs. Zhao and co-workers have for
the first time directly synthesized free-standing single-atom
thick 2D COFs in a single-step solution phase (Fig. 11a)."*”
Through rational structural design, they used a rigid trifunc-
tional monomer TPTC and introduced methyl groups into
its structure, which reacted with 1,4-benzenediboronic acid
(BDBA) or 4,4-biphenyldiboronic acid (BPDBA) in organic
solvents, respectively. The unique geometry of TPTC and the
presence of methyl groups could greatly reduce the n-n packing
interaction between the 2DP layers, and monolayer 2D borate
ester COFs could be obtained without exfoliation treatment
(Fig. 11b and c). To prepare ultrathin 2D COFs with large scale
and high yield, Jiang et al. collaborated to develop a scalable
and general bottom-up approach to synthesize ultrathin imine-
based 2D COF NSs (Fig. 11d-g).'" Specifically, a series of
ultrathin 2D COF NSs with large scale (>100 mg), high yield
(>55%) and large lateral sizes were fabricated via a simple
solvothermal method by adding excess 2,4,6-trimethylbenz-
aldehyde (TBA) into the reaction system, such as COF-366
NSs, COF-367 NSs, COF-367-Co NSs, TAPB-PDA COF NSs, and
TAPB-BPDA COF NSs. In addition, our group also used the
simple solvothermal method to prepare crystalline ultrathin
2DP nanosheets. For example, we have efficiently synthesized
crystalline few-layered 2D polyimide (2DPI) nanosheets by
hydrogen-bond-induced preorganization and subsequent imi-
dization reaction under the solvothermal process (Fig. 11hj)."*°
Additionally, we have also synthesized novel crystalline secondary
amine-linked triazine-based 2DPs (SAT-2DPs) under solvothermal
conditions for the first time."*® All these 2DPs not only possessed
a lateral size of micrometers and an ultrathin thickness of a few
nanometers, but also exhibited excellent solvent dispersibility and
thermal stability.

In another typical work, Bai et al successfully developed an
efficient and convenient method for preparing conjugated 2DPs
with individual monolayer thickness without adding any additives
in water based on the “1D to 2D” strategy.'*® Using this method, the
carefully designed and synthesized amphiphilic rigid 1D polymer
(A-1DP) was first self-assembled in water to form single-layer 2D
supramolecular polymers (2D-SP), and then single-layer 2D covalent
polymers (2D-CP) with high mechanical strength and high conduc-
tivity could be obtained through further photopolymerization.

Solution-phase direct synthesis is relatively simple and
mainly depends on the self-assembly of the solution. However,

This journal is © The Royal Society of Chemistry 2024
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such a method has strict requirements on the monomer
structure, which is difficult to be widely used.

3.2.3. Other synthesis methods. Apart from the methods
mentioned above, some other methods have been developed to
achieve bottom-up synthesis of atomically thin 2DP nano-
sheets. Our group has successfully synthesized few-layer 2D
aromatic polyamides (2DAPAs) using a simple mechanochem-
ical method at room temperature.’* And monomer polymer-
ization under solvent-free ball milling conditions was the key to
the successful construction of the 2D planar structures. Very
recently, we reported for the first time that a series of ultrathin
2D-TPs with good crystallinity, high specific surface area and
uniform pore size were synthesized by a one-step reaction
with AICl; as catalyst and aromatic aldoxime as monomer,
and the yield was as high as 85%.'”> The results showed that
the catalyst used in the system not only effectively catalyzed the
polymerization reaction, but also played the role of in situ
generated template in the formation of ultrathin nanosheet
morphology. Surface-mediated polymerization has also proved
to be an effective strategy for the synthesis of 2DPs.'**"%3
Monomer molecules can be prearranged on a solid substrate
(e.g., Au(111), Cu(111), Ag(111), etc.), and then a 2D network
structure can be formed through monomer polymerization by
external stimuli, in which the selected substrate has an impor-
tant influence on the chemical reaction as well as the formation
of 2DPs. This method is relatively simple to operate and easy to
characterize, which can be characterized in situ by AFM or STM.

Compared with the top-down exfoliation method, the
bottom-up synthesis method is easy to regulate the thickness
and size of the material, and the synthesized material has
highly ordered structure with fewer defects and uniform pore
structure, so it is extensively used in the fabrication of single-
layer and few-layer 2DPs. However, such a method still has
some shortcomings, for example, relatively complex operation,
difficult monomer assembly process, sensitivity to monomer
concentration, solvent system and reaction temperature, and
difficulty to transfer nanosheets synthesized at the phase inter-
face. Therefore, it is still necessary to develop more suitable
methods to prepare high-quality ultrathin 2DPs.

4. Assembly and processing
of two-dimensional polymers

Suitable assembly and processing determine the usefulness of
the material, so the processability of 2DPs is critical to fully
utilize their unique properties, but integrating them into
devices remains challenging.’>'”* In this section, we describe
some of the current materials forms based on the assembly and
processing of 2DPs, such as thin films, membranes, aerogels,
heterostructures and hybrids, and discuss some typical exam-
ples as well as the corresponding processing methods.

4.1. Thin film

Solution-processable nanosheets assembly strategy. The
solution-processable nanosheets assembly strategy is generally
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Fig. 11 (a) Schematic of the synthesis process of monolayered 2D borate ester COFs. (b) TEM and (c) AFM images of the monolayered 2D borate ester
COFs. The inset in (c) shows the height profile. Reprinted with permission from ref. 137. Copyright 2013 American Chemical Society. (d) Schematic of the
preparation processes for the COF-367 NSs. (e) TEM image of the COF-367 NSs. (f) AFM image and the corresponding height profiles of COF-367 NSs. (g)
STM image of the COF-367 NSs. Reprinted with permission from ref. 119. Copyright 2019 American Chemical Society. (h) Synthesis procedures for the
crystalline 2DPI. (i) TEM and (j) AFM images of 2DPI. The inset in (i) shows the Tyndall effect of the 2DPI dispersion. Reprinted with permission from
ref. 120. Copyright 2019 American Chemical Society.
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to stack thin monomer polymerization by external stimuli, in
which the selected layered nanosheets to form macroscopic
continuous films through vacuum filtration, drop-casting, and
spin-coating. By changing the concentration of nanosheet dis-
persion, the thickness of the film can be easily controlled. For
example, our group used the single-layer/few-layer triazine-
based 2DP synthesized in the solution phase to obtain a layered
free-standing flexible film with high specific surface area and
high mechanical strength through simple filtration-induced
assembly, which fully demonstrated the solution processability
of the triazine-based 2DP (Fig. 12a-c).'"® Similarly, to further

¢ Acid /

* Exfoliation

¢ Deposition

View Article Online

Review Article

promote the practical application, we prepared 2D-TP film
devices by filtration-induced assembly of the 2D-TP nanosheets
on nylon membranes based on the excellent dispersibility of
2D-TPs.”

Coating and casting are also common methods for prepar-
ing thin films from solution. As an example, Strano and his co-
workers proposed a new 2D irreversible polycondensation
reaction, resulting in an ultrastrong 2D polyaramid material
(2DPA-1) (Fig. 12d)."”* By further simple spin-coating a trifluoro-
acetic acid solution of 2DPA-1, it was possible to obtain highly
oriented freestanding films (Fig. 12e-g). And the resultant film

Substrate
| |

Alcohol

—

Fig. 12 (a) Staggered AB stacking model structure matching with the HR-TEM image of the few-layer triazine-based 2DP. (b) Optical image of the free-

standing 2DP film. The inset shows its fluorescent image under UV light. (c) Cross-sectional SEM image of the 2DP film. Reprinted with permission from
ref. 113. Copyright 2017 American Chemical Society. (d) Chemical structure of the 2DPA-1. (e) Transferred 2DPA-1 films across the holey substrate.
(f) Large-scale thin film on a SiO,/Si wafer. (g) SEM image of the 2DPA-1 film. The inset shows the cross-sectional view after focused ion beam cutting.
Reprinted with permission from ref. 174. Copyright 2020 Springer Nature. (h) Overview of the process of acid-exfoliation and film-casting. (i) AFM image
of the edge of the crystalline COF film. (j) Photographs of the COF film before and after exfoliation with reagent alcohol. Reproduced with permission
from ref. 153. Copyright 2020 Wiley-VCH.
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possessed an elastic modulus four to six times greater than
bulletproof glass and twice the yield strength of steel, but only
one-sixth the density of steel. Dichtel et al prepared a free-
standing crystalline thin film by casting the suspensions of
acid-mediated exfoliated imine-linked COFs (Fig. 12h).'*® By
adjusting the suspension composition, concentration and casting
technique, the film thickness could be precisely controlled. AFM
result demonstrated the resulting films were assembled by 2DP
sheets (Fig. 12i). And the color of the COF film changed from red
to yellow rapidly after immersion in reagent alcohol attributing to
the deprotonation of imide ions back to neutral imide (Fig. 12j).
Similarly, other 2DP films, for instance, high-quality, large-area
PyVg-COF films and single- and few-layer C2P-5 films have also
been successfully prepared by drop-casting.'>>*”>

Interface-confined synthesis. The interface-confined synthesis
can be used to prepare stable, uniform, and continuous 2D
films. To overcome problems such as poor dispersion, lamina-
tion, and difficult post-modification of the film, Banerjee et al.
prepared CON films with uniform, independent, and adjusta-
ble thickness at an air-water interface through a simple layer-
by-layer technique.'® The authors first obtained ultrathin
DaTp-CONs by chemical exfoliation, then dispersed them
into CH,Cl, solvent, followed by a rapid evaporation process
to form a semi-transparent DaTp-CON thin film that could
be easily transferred to a wire lasso (Fig. 13a and b). SEM
images suggested that the resulting film was continuous
and free of defects (Fig. 13c-e). Moreover, the 2D boronate
ester covalent organic framework (2D BECOF) and the layer-
stacked 2D polyimine (L-2D-PI) free-standing thin films could
be synthesized by the SMAIS method at the air-water
interface.'®”'%°

Liquid-liquid interface synthesis is also commonly used to
fabricate ultrathin 2DP films. As a typical example, Dichtel’s
group achieved the polymerization of 1,3,5-tri(4-aminophenyl)-
benzene (TAPB) and terephthalic acid (PDA) monomers at the
interface of water and 1,4-dioxane/trimethyltoluene by using
Lewis acid Sc(OTf); as catalyst, and large-area, continuous
TAPB-PDA COF free-standing film could be obtained (Fig. 13f-
h).’”® By varying the monomer concentration and/or the volume
of the organic phase, the film thickness could be adjusted to
2.5-3 nm (Fig. 13i). Additionally, Wang et al. proposed a
scalable confined synthesis strategy for preparing 2D COF
thin films within superspreading water layers (Fig. 13j and
k)."”” By introducing amine and aldehyde monomers into the
hydrogel phase and oil phase respectively, homogeneous and
independent crystalline 2D COF films with a thickness tuned
from 4 to 150 nm could be formed at the oil/water/hydrogel
interface using the superspreading water layer on the hydrogel
immersed under oil as a reactor (Fig. 131-n). Such a strategy
provided a new approach for the synthesis of free-standing
2DP films. In previous literature, one more 2D COF thin films,
such as keto-enol tautomerism-based COF thin films, C-C
Bonded 2D conjugated COF films and 2D polytriethyltriindole
(2DPTTI) films have also been prepared by liquid-liquid inter-
face synthesis technology.'”®78°
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Other synthesis strategies. At present, some strategies, such as
solvothermal synthesis, electrocleavage synthesis, etc., are also
used to prepare 2DP thin films. In a typical case, Dichtel et al
used a simple solvothermal treatment to grow oriented 2D COF
films on single-layer graphene using 2,3,6,7,10,11-hexahydroxy-
triphenylene (HHTP) and 1,4-phenylenebis(boronic acid)
(PBBA) as monomers and a mixture of mesitylene:dioxane
(1:1 v/v) as solvents (Fig. 14a)."®' Lou’s group successfully
prepared oriented 2D COFpypp-puta films on sapphire substrate
using 2,5-dihydroxyterethaldehyde (DHTA) and TAPB as mono-
mers through solvothermal condensation (Fig. 14b-e)."®?
The mechanical properties and fracture behavior of the 2D
COFrapppaTa film were studied by a quantitative in situ SEM
tensile test, which provided a basis for further understanding of
the mechanical properties of 2DP films. Recently, Ma and co-
workers put forward a simple and universal unprecedented
electrocleavage synthesis strategy by using a three-electrode
system at room temperature (Fig. 14f)."®* In this strategy, the
COF powder was first exfoliated into nanosheets by cathodic
reduction and protonation, and then the COFs nanosheets
migrated to the anode driven by an electric field, resulting in
the formation of imine-linked COF films through anodic oxida-
tion. Such strategy opened up a new way to prepare high-quality
2DP films and greatly improves their application potential.

4.2. Membranes

The ultrathin thickness of 2DPs, coupled with their ability to
rationally chemically design and adjust pore size by selecting
the building units, made it a promising candidate for building
highly permeable and highly selective membranes for applica-
tions in water purification, gas separation, and ion exchange/
transport in fuel cells and lithium-sulfur batteries."®**'%* Due to
the diversity of 2DP monomers and the characteristics of
covalent bonding, they usually exhibited better stability and
membrane-forming ability.

With highly ordered in-plane pores, interlayered channels,
and excellent stability, CTF nanosheets are promising materials
for preparing fast and selective membranes. Wang et al. success-
fully fabricated single-layer CTF nanosheets through interfacial
synthesis, mild oxidation, and ultrasonic-assisted exfoliation pro-
cesses (Fig. 15a)."%® Then, thin CTF-nanosheet membranes could
be constructed via vacuum filtration of CTF nanosheets onto the
porous AAO substrate (Fig. 15b), and the thickness of membranes
could be flexibly adjusted by changing the deposition density,
which showed high water permeability and high retention for
target molecules. The intrinsic proton-conducting COF (IPC-COF)
membrane and Tp-AD-50 membrane could also be prepared using
the same vacuum filtration method."®”'%®

The LB method is also one of the effective methods for
preparing membranes. By using this synthesis method, Lai and
co-workers successfully prepared 2D crystalline TFP-DHF 2D
COF membranes for the first time, whose thickness could be
precisely adjusted layer by layer (Fig. 15c and d)."®*® The mem-
brane was constructed with 1,3,5-triformylphloroglucinol (TFP)
and 9,9-dihexylfluorene-2,7-diamine (DHF) as precursors through
B-ketoamine linkage at the water-air interface. The as-obtained

This journal is © The Royal Society of Chemistry 2024
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(g) Optical and (h) TEM images of a transferred TAPB-PDA COF film. () AFM image and the corresponding height profile of the TAPB-PDA COF film.
Reprinted with permission from ref. 176. Copyright 2018 Elsevier. (j) Reaction scheme of the synthesis of the COFa-pnta. (k) Schematic illustration of the
fabrication process of thin COF films. () Photograph of the 2D COF films on a SiO, wafer. (m) SEM image of the 2D COF thin film. (n) AFM image and the
corresponding height profile of the COF thin film. Reprinted with permission from ref. 177. Copyright 2018 American Chemical Society.
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Copyright 2021 Elsevier. (f) Schematic for illustrating the electrocleavage synthesis of the crystalline COF thin films. Reprinted with permission from

ref. 183. Copyright 2022 American Chemical Society.

membranes had good porous structure and displayed excellent
thermal stability and high permeability. In another example, Zhao
et al. performed the layer-by-layer assembly method to horizon-
tally transfer two thin iCONs with different pore sizes and
opposite charges on porous o-Al,O; support using Langmuir-
Schaefer (LS) method (Fig. 15e and f)."*° Driven by electrostatic
attractive interaction, ultrathin 2D membranes were prepared
with reduced aperture size, compact structure and long- term
hydrothermal stability, which could be used for highly efficient
molecular separations.

4.3. Aerogels

The preparation of macroscopic objects can greatly expand
their practical application range. In particular, 3D porous

1846 | Chem. Soc. Rev, 2024, 53, 1823-1869

aerogels have been widely studied in the field of energy
storage and conversion due to their advantages of ultra-low
density, extremely high porosity and specific surface area.
Our group successfully prepared ultralight aerogels with
different densities (5-15 mg cm™®) by simply freeze-drying
the as-obtained non-covalently functionalized highly water-
dispersible single-layer/few-layer 2D triazine polymer nano-
sheets, and for the first time realized the construction of
porous 2DP macro-assembly (Fig. 16a and b)."*° The resultant
aerogels had a 3D network structure and abundant porosity
and exhibited excellent thermal stability and mechanical
strength (Fig. 16c-e). Such a study had a positive effect on
the development of 2D functional polymers. It is well known
that aerogels have unique structural and performance

This journal is © The Royal Society of Chemistry 2024
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advantages, so the development and research of aerogels
based on 2DPs has potential advantages.

4.4. Heterostructures and hybrids

Composite materials are composed of two or more substances
with different physical and chemical properties, which can give
full play to the advantages of various materials, overcome the
defects of a single material, and expand the application range
of materials. In recent years, 2DP composites have also received
extensive attention from researchers. Typically, Xu et al
reported the construction of van der Waals heterostructures
as a Z-type photocatalytic system based on ultrathin 2DP
nanosheets.'” The authors first prepared 2D aza-CMP and
C,N polymer nanosheets with a thickness of ~4 nm by solution
polymerization and liquid phase ultrasonic exfoliation, respec-
tively. By further ultrasonic mixing and annealing of the two
nanosheets, aza-CMP/C,N van der Waals heterostruc-
tures could be obtained (Fig. 17a and b). X-ray absorption

This journal is © The Royal Society of Chemistry 2024

near-edge structure (XANES) spectroscopy demonstrated that
there were strong interlayer interactions between aza-CMP and
C,N (Fig. 17¢).

Graphene is one of the most promising components in
heterostructures, and combining 2DPs with graphene can
synergistically take advantage of their respective advan-
tages."> Zheng et al. used graphene/SiO,/Si as substrate and
deposited 2DP1 by horizontal transfer at the air-water interface
to prepare the 2DP1-graphene heterostructures, which showed
excellent mechanical strength and high flexibility, as well as
high chemical and thermal stability (Fig. 17d-g)."** The elec-
trical conductivity was increased by about 2.5 times compared
to pure graphene (Fig. 17h). Such work opened the door to the
rational design of the properties of 2DP heterostructures for
specific applications. In another work, Feng and co-workers
first synthesized 2DPI through the LB method, and then
achieved the scalable synthesis of 2DPI-graphene (2DPI-G)
van der Waals heterostructures at the water interface by face-
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Copyright 2023 Wiley-VCH.

to-face co-assembling the 2DPI with exfoliated graphene (EG)
(Fig. 17i)."°* AFM image demonstrated that the as-prepared
2DPI film had a single-layer feature (Fig. 17j). TEM image of
2DPI-G after twice deposition showed that EG flakes are dis-
tributed in 2DPI-G without obvious aggregation (Fig. 17Kk).
Other reports showed that large-area 2D CMP/rGO heterostruc-
tures could be performed by direct synthesis of 2D conjugated
microporous polymers (2D CMPs) on a rGO substrate through a
low-cost full-solution process.'®>%® The preparation of aerogel
composites based on 2DPs is of great significance for making
full use of their chemical function and porosity. Thomas’s
group prepared COF/rGO ultralight aerogels using a simple
hydrothermal method (Fig. 18a and b)."*” The COFs grew in situ
along the surface of the graphene sheets, showing a 3D layered
porous sponge-like structure, which could be compressed and
expanded several times without breaking (Fig. 18c-e). The
resulting COF/rGO aerogels showed good mechanical strength,
excellent adsorption, and electrochemical properties. Addition-
ally, Kleitz et al. have also successfully fabricated an ultralight
anthraquinone-based COF/graphene aerogel (CGA) via a hydro-
thermal approach, in which ultrathin 2D COFs were uniformly
grown on the surface of the graphene template.'*®

In addition to graphene, other materials such as MoS,,
MXene, CNTs, etc., have also been used to compound with
2DPs.””13219 For instance, Wang et al. reported the rational
design and optimal synthesis of the electronically coupled
semiconducting 2DP/MoS, heterostructures, successfully
achieving the direct exfoliation of high crystallinity TIIP 2DP
films condensed by pyrene and thienoisoindigo moieties down
to a few nanometers (Fig. 18f-i).°” The first thickness-depen-
dent study of 2DP/MoS, heterostructures demonstrated that
the photoluminescence (PL) quantum efficiency of TIIP films
with a few nanometers thick could be improved by more than 2
orders of magnitude (Fig. 18j).

The processability of materials is a fundamental aspect
of commercializing 2DPs as useful materials for different
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purposes, however, relevant research is still in the development
stage. The reasonable design of different assembly forms and
composite assemblies, as well as the search for simple and
economically promising processing methods remains the key
to achieving the widespread application of 2DPs.

5. Characterisation of 2DPs

As an important part of materials science, material character-
ization techniques play an important role in the process of
realizing high-precision, high-efficiency and high-reliability
material preparation. In recent years, the development level
of material characterization material characterization techni-
ques has made great progress, and new analytical means and
tools continue to emerge, making the research and application
of material characterization more in-depth and extensive.
In this section, we describe the commonly used techniques
for characterizing the structure, morphology, mechanical and
other properties of 2DPs, which have contributed to the con-
tinuous progress and development of polymer science.

5.1. Structure characterization

It is important to study and determine the structure and
composition of 2DPs to elucidate the relationship between
their microstructure and properties. The most traditional and
classical method is XRD, which can be combined with FTIR,
Raman spectroscopy, XPS, NMR spectroscopy and other tech-
niques to obtain more accurate crystal structures.

XRD is the main method to study the phase and crystal
structure of matter. For 2DPs prepared by single-crystal-to-
single-crystal photopolymerization, the use of single-crystal
XRD can establish accurate structural evidence for such synth-
esis of 2DPs.*”"*® For example, King’s group characterized the
layered structure of 2DPs with atomic precision using single-
crystal XRD analysis, confirming that the individual layers were
composed of monomers with quasi-hexagonal packing motif,
and their photoreactive blades were stacked face to face
(Fig. 19a and b).*” In addition, single crystal XRD analysis of
poly(fantrip) crystal exposed to dry in the dark for one month
demonstrated that their crystal lattice is completely solvent-free
(Fig. 19¢c and d). For other crystalline 2DPs, the crystal structure
is often analyzed by PXRD.%>'*%'34138 However, determining
the structure of 2DPs from the PXRD pattern usually requires
computational simulation with the help of certain software.
The 2D CTF-DCB synthesized with assistance of microwave was
characterized by PXRD (Fig. 19e)."*® It can be clearly seen that
the experimental PXRD pattern of 2D CTF-DCB exhibited very
narrow and strong peaks, which was consistent with the
simulated one. Such result indicated that it had good crystal-
linity. Using PXRD, Loh’s group confirmed that the introduc-
tion of macrocycles to the as-prepared 2D COFs did not destroy
the in-plane or out-of-plane crystallization in the absence of
threading units.'® The experimental result was in good agree-
ment with the Pawley-refined PXRD pattern and the simulated
PXRD pattern of the antiparallel form, suggesting that the

This journal is © The Royal Society of Chemistry 2024
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preferred structure of the 2D COFs was antiparallel stacking.
The grazing incidence diffraction (GID) technique can charac-
terize the microstructure of thin films more truly and compre-
hensively. Using this technique, Bein et al. provided strong
evidence for the oriented growth of COF films on the
substrates.”®® It was clear from the GID patterns that the
intense reflection generated by the COF layer parallel to

1850 | Chem. Soc. Rev,, 2024, 53, 1823-1869

the substrate at g(y) = 0 indicated the orientation of the COF
in the ¢ direction (Fig. 19f). In addition, wide-angle XRD
(WAXD) could also be used to characterize the structure of
visible floating films."?”

Molecular spectroscopy (such as FTIR, Raman spectroscopy)
is a common means to characterize the chemical structure
of polymer materials."**'*® FTIR has significant fingerprint

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3cs00782k

Published on 09 January 2024. Downloaded by Y unnan University on 7/29/2025 5:54:16 PM.

Chem Soc Rev

View Article Online

Review Article

(J
>
3
2
2
9 CTF-DCB
= Experimental
AA
al . AB

15 20 25 30 35 40 45 50
2 Theta (degree)

5 10

q,/nm’”
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Copyright 2022 Wiley-VCH. (f) GID patterns of thin (top) and thick (bottom) COF films. Reprinted with permission from ref. 200. Copyright 2018 American

Chemical Society.

characteristics, which can identify the functional group struc-
ture and chemical composition of 2DPs. Raman spectroscopy
uses the principle of light scattering to characterize the vibra-
tion of molecular skeleton bonds, which can be mutually
verified and supplemented with the functional group vibration
information of infrared spectrum, so as to reflect the struc-
ture of 2DPs more accurately. By FTIR characterization of the
as-synthesized 2DPI, we found that the -NH, of the used
melamine (MA) monomer was almost completely converted to
C-N-C of 2DPI, indicating that the 2D polymerization reaction
was quite efficient (Fig. 20a)."*° Raman spectra further showed
that the 2DPI had a sharp G peak similar to that of graphene
compared to conventional PI, which verified that the 2DPI had
a 2D honeycomb structure and high crystallinity (Fig. 20b).
In addition, XPS studies the surface composition, chemical
state and electronic structure of 2DPs by measuring photoelec-
tron spectroscopy. By comparing the XPS spectra of the exfo-
liated fCTF-1 and pristine CTF-1, Zhu et al. found that
abundant -NO, groups were formed in f-CTF-1, which was
due to the oxidation of nitrogen components derived from
hydrolysis of triazine ring in the system in the H,SO,/HNO;
mixture (Fig. 20c).”*® As is known, NMR spectroscopy is an
effective means to analyze the chemical structure, conforma-
tion and relaxation of polymers.”*'°®*3° The result was con-
firmed by further characterization of solid-state *C NMR
spectra (Fig. 20d). Compared to pristine CTF-1, the peak of
the C atoms corresponding to the triazine units in fCTF-
1became wider and shifted to ~167 ppm, and the peak at

This journal is © The Royal Society of Chemistry 2024
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and c-Pl. Reprinted with permission from ref. 120. Copyright 2019 Amer-
ican Chemical Society. (c) N 1s XPS and (d)**C NMR spectra of the CTF-1
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~138 ppm attributed to the C atom directly connected to the
triazine unit.

In addition to the characterization techniques mentioned
above, there are many other techniques that can be used to
distinguish molecular structures and provide supplementary
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information for 2DPs, such as XANES spectra, grazing inci-
dence wide-angle X-ray scattering (GIWAXS) and small-angle X-
ray scattering (SAXS).?7,100+135168

5.2. Morphology characterization

Unlike traditional 1D polymers, 2DPs are molecule sheets
connected by covalent bonds and have a periodically arranged
structure on a 2D plane. The analysis of 2DPs morphology
(surface morphology, interface morphology, defect morphol-
ogy, etc.) is of great significance for optimizing their perfor-
mance, improving their preparation technology and developing
new 2DPs materials. With the development of materials science
and technology, the methods of material topography analysis
have also been continuously developed, and new research
methods and technologies are emerging constantly. So far,
some advanced characterization methods such as optical
microscopy (OM), SEM, AFM, TEM, STM, etc. have been widely
used to study 2DPs,>*?%126

In general, OM uses visible light to observe the sample and
can provide information about the surface morphology and
structure of the sample (such as shape, size and thickness). In
the analysis of triazine-based 2DP synthesized from the
solution, OM image showed a uniform color contrast, confirm-
ing that the thickness of the thin sheet was relatively
uniform."™ Feng’s group observed 2D BECOF film suspended
on a copper grid through OM and could see cracks in the film
(Fig. 21a)."®” In addition, the characterization result also
reflected the large size and excellent mechanical stability of
the film. However, due to the large wavelength of visible light,
OM cannot resolve structures with smaller sizes or higher
resolutions. SEM and TEM are commonly used high-
resolution microscopy techniques. SEM can provide surface
morphology and surface structure information of 2DPs (see
Sections 3 and 4). While TEM uses high-energy electron beams
to illuminate materials, which can give higher resolution cross-
section and atomic-level structural information. Combined
with TEM accessories (selected area electron diffraction (SAED),
energy-dispersive spectrometry (EDS), etc.), more detailed and
accurate morphology, crystal structure and composition infor-
mation of 2DPs can be obtained. We could clearly see the lattice
fringes of the prepared 2D-TPs assigning to (100) plane with
lattice constant of 1.12 nm through the HRTEM image
(Fig. 21b).°° The SAED resented a sharp hexagonal symmetrical
pattern, indicating a high crystallinity of 2D-TPs (Fig. 21c).
Moreover, high angle angular dark field-scanning TEM image
and the EDS mapping showed that carbon and nitrogen ele-
ments were uniformly distributed on the surface of 2D-TPs
(Fig. 21d). Notably, using AFM characterization, surface topo-
graphy and surface roughness information at nanoscale resolu-
tion can be obtained by scanning a 2DPs surface with a probe
(see Sections 3 and 4).

STM is a very common means of 2DPs characterization,
which uses quantum tunneling effect to achieve atomic resolu-
tion imaging of material surface. The height and topology of
the sample surface are measured by varying the voltage applied
between the probe and the sample, which has very high
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resolution and sensitivity for observing the lattice structure
and defects of 2DPs. To understand the process of preparing
single-layer 2D-CAP via Au surface-mediated polymerization,
Loh’s group performed STM characterization of the resulting
monolayer film.'” It could be clearly seen that the initial
individual 2,7,13,18-tetrabromodibenzo[a,c]dibenzo[5,6 : 7,8]-
quinoxalino-[2,3-iJphenazine (2-TBQP) molecules had no
obvious adsorption order on Au(111) (Fig. 21e). While at high
temperature, the precursor molecules were polymerized into
2D-CAP, whose STM images appeared as a rectangular-grid
network (Fig. 21f). The STM height profiles showed that the
pore sizes was ~13.0 A along the long axis and ~7.4 A along
the short axis, which was in good agreement with the theore-
tical pore size of the monolayered 2D-CAP (Fig. 21g). In order to
avoid the rotational misorientation, Au(110) was used as
the growth substrate to obtain better orientation of the grid
network (Fig. 21h). Besides, there are other techniques that
are used to characterize 2DP morphology, such as brewster

angle microscopy (BAM), polarized light microscopy (PLM),
etc,134161,167

5.3. Mechanical characterization

2DPs has excellent mechanical properties and processability, so
it is particularly important to characterize their mechanical
properties in the material development stage. The AFM nanoin-
dentation method can directly obtain mechanical properties
of thin film materials without separating the film and the
substrate.'””"®* Wang et al. transferred the as-prepared ultra-
thin 2D COF films onto the patterned Si wafer, and calculated
the 2D elastic modulus of the 4.7 nm COF thin film as 119.1 +
2.9 N m ' through AFM indentation experiment, and the
corresponding Young’s modulus value was 25.9 + 0.6 GPa,
indicating that the COF film had good mechanical property
(Fig. 21i-1)."”7 Loh et al. reported a quantitative in situ tensile
study of ultrathin COFs films.*®* The tensile mechanical prop-
erties of COFs films were measured by in situ SEM nanomecha-
nical testing platform. The tensile modulus E and fracture
strength of were 10.38 £ 3.42 GPa and 0.75 + 0.34 GPa,
respectively (Fig. 21m-o). The fracture toughness of the COFs
films was also measured by the same method, and the defect
insensitive fracture behavior could be observed. In addition,
typical tensile and compression testing were usually used to
study the mechanical response of 2DPs."”*87197

In order to fully understand and master the structure and
properties of 2DPs, apart from the above characterization of
structure, morphology and mechanical properties, other char-
acterization techniques such as UV-Vis absorption spectro-
scopy, UV-Vis diffuse reflectance spectroscopy, PL and PL
excitation (PLE) spectroscopy can be used to characterize the
optical properties of 2DPs."*®'3*'% The N, adsorption and
desorption isotherms are carried out to determine the specific
surface area and pore size distribution of 2DPs.”®'%*'% Ther-
mogravimetric (TGA) analysis is employed to detect the thermal
stability of 2DPs,"®*'?* dynamic light scattering (DLS) is used to
analyze the dispersion size of 2DPs in solution,'®" and water
contact angles (WCAs) and zeta potential can investigate the

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 (a) OM image of 2D BECOF-PP film suspended on a copper grid. Reproduced with permission from ref. 167. Copyright 2020 Wiley-VCH. (b) HR-
TEM image, (c) SAED pattern and (d) EDS element mappings of 2D-TPs. Reprinted with permission from ref. 99. Copyright 2023 American Chemical
Society. STM images of (e) single-layer CAP and (f) two misoriented 2D-CAP domains on an Au(111) surface. (g) STM height profiles of the 2D-CAP. (h)
STM images of single-layer CAP on a Au(110) surface. Reprinted with permission from ref. 107. Copyright 2017 Springer Nature. (i) Schematic diagram of
COF films on patterned Si wafer. (j) Schematic of the mechanical properties measurement by AFM nanoindentation. (k) AFM image of a 4.7 nm COF film.
(1) Force—separation curve of the 4.7 nm COF film. Reprinted with permission from ref. 177. Copyright 2018 American Chemical Society. (m) Schematic of
the in situ SEM nanomechanical testing Platform. (n) Snapshots of the tensile testing and (o) the corresponding tensile stress versus strain curve of the 2D
COF film. Reprinted with permission from ref. 182. Copyright 2021 Elsevier.

hydrophilicity and surface charging characteristics of 2DPs characterization and application of 2DPs. Material character-
films.'®® Moreover, theoretical studies on the structural pro- ization technology plays an irreplaceable role in the develop-
perties of 2DPs also provide important information for the ment of new materials science. It is believed that with the
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continuous progress of science and technology, the develop-
ment and innovation of material characterization technology
will provide better technical support for the development of
new materials.

5.4. Electrical characterization

With the continuous development of polymer material technol-
ogy, more and more polymer materials show good electrical
conductivity, and have a wide range of applications in the fields
of electronics, optoelectronics, sensors and so on. The research
on the electrical properties of materials provides theoretical
basis and technical support for improving the performance
and reliability of electronic devices and developing new energy-
related materials. As a kind of unique organic polymer materials,
2DPs also exhibit excellent electrical properties. For instance,
Wang et al. investigated the electrical transport properties of
the TIIP films via pre-patterning and shadow-mask approaches
methods, and performed conductivity measurements using both
top and bottom contact geometries of a probe station at room
temperature(Fig. 22a and b).?” The test results showed that the
films had reproducible conductivity properties, as measured by
the top and bottom contact geometries, the conductivity ¢ is
(35 4+ 07) x 10> S m " and (2.5 £ 0.8) x 107> S m*,
respectively, which is one of the highest inherent conductivity
in 2D COFs. Fu et al. reported a semiconductor 2D COF film
with high photoconductivity in which the band-like charge
transport was confirmed by temperature-dependent terahertz
(THz) photoconductivity measurements.?** The results were of

1\
=n

®

»

Current (nA)
E o

IS

0 ~35x10° S/m

30 -20 -10 0 10 20 30
Voltage (V)

—dark
—0.1 yWem?
—0.2 uyWem?
—0.3 yWcem

DOODD D
Sio, 2 —0.4 yWcem
sl 0 -60 -40 -20 0

Vs (V)

-2
-2

20 40

View Article Online

Chem Soc Rev

great significance for the application of 2DPs in the electronic
field. Moreover, the conductivity of 2DPs can also be measured
by flash-photolysis time-resolved microwave conductivity
(FP-TRMC), Van der Pauw, two-probe, four-probe and other
characterization methods.>*>

Field-effect transistor (FET) is an electronic component that
uses electric field effects to regulate electrical behavior. Due to
the inherent advantages of large specific surface area, high
crystallinity and high m-conjugation, 2DPs can be effectively
used as active materials in FET."”'7>?% Our group constructed
the FET devices by using the as-prepared highly crystalline
triazine-based 2DP as the active semiconductor layer of the
FET." It could be seen from the typical transfer curve that the
device exhibited a slight bipolar behavior with a high on/off
ratio of 10® and a significant mobility of 0.15 cm> V™' s ', Kim’s
group used solution-processable ultrathin n-conjugated 2DPs
(C2Ps) as an active semiconductor layer in organic FET
(OFET)."”” The typical transfer curve showed clear field-effect
behavior, and its carrier mobility was as high as ~4 em?* V' s,
which was much higher than that of the early synthetic 2DPs.
In another typical case, Li et al. used the as-prepared free-
standing 2DPTTI thin film as a semoconductor active layer in
polymer FETs (PFETs), and the result of the transfer and output
curves indicated that it has typical p-type semiconductor pro-
perties (Fig. 22e and f)."®° Due to the good semiconductor
properties of 2DPTTI and its unique absorption characteristics,
it could be effectively used as a photodetector. As can be seen
from the typical transfer curve in Fig. 22h, the photocurrent was
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Fig. 22 (a) Schematic diagram of a patterned TIIP device. Inset shows the OM of TIIP film (blue) with patterned Au top contacts (yellow). Scale bar:
50 um. (b) Semiconducting electrical transport of the TIIP films. Reprinted with permission from ref. 97. Copyright 2020 American Chemical Society.
Copyright 2020 American Chemical Society. (c) Schematic illustration of the OFET device. (d) Typical transfer curves of the C2Ps-based device. Reprinted
with permission from ref. 175. Copyright 2021 Elsevier. (e) Schematic diagram of the 2DPPTI-based PFET and phototransistor. (f) Transfer characteristics
of 2DPTTI-based phototransistor measured under dark and light illumination. Reprinted with permission from ref. 180. Copyright 2020 Wiley-VCH.
(g) A schematic illustrating of the sandwich-like memory devices. (h) Typical /-V curves of the 2DP film-based devices. Reproduced with permission from

ref. 204. Copyright 2023 Wiley-VCH.
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significantly enhanced with the increase of light intensity. And
the transfer curve moved in the direction of the high drain
current and the threshold voltage shifted in the positive direc-
tion, which was attributed to the 2D extended n-conjugation for
efficient charge transport and rapid photoelectron conversion.
In addition, Hu’s group employed highly crystalline single layer
imine 2DPs for the preparation of molecular memristors
(Fig. 22g and h).”* It could be seen from the typical I-V curve
that the device had obvious non-volatile bipolar resistance switch-
ing characteristics, and it also presented low variability, outstand-
ing reliability and stability, as well as excellent scalability.

6. Energy-related applications
of two-dimensional polymers

As a valuable new organic 2D material, 2DPs have a series of
unique physical, chemical and electronic properties due to
their ultrathin 2D structure. Their advantages such as high
specific surface area, abundant active sites, and structural
diversity made them have great potential in the field of energy
storage and conversion. In this section, we mainly focus on the
application of 2DPs in batteries, SCs, electrocatalysis, and
photocatalysis.

6.1. Batteries

Batteries are considered to be one of the most efficient energy
storage devices, and the current growing demand for efficient
power storage systems has stimulated the development of high-
capacity, low-cost secondary batteries. As we all know, the
storage performance and service life of batteries mainly depend
on the electrode materials, so exploring new high-performance
electrode materials is critical for their further development. In
recent years, 2DPs have been explored as potential electrode
materials for lithium-ion batteries (LIBs), sodium-ion batteries
(SIBs), potassium ion batteries (PIBs) and lithium-sulfur bat-
teries (LSBs) due to their unique 2D properties, functionalizable
covalent backbone, and tunable pore sizes.

6.1.1. Lithium-ion batteries. LIBs have become the most
studied, the best developed, and the most widely used batteries
because of their advantages such as fast charging speed, large
energy density and long cycle life.”®® In the field of energy
storage and conversion, lithium metal has been regarded as
one of the best choices to meet the electrode materials of high-
energy-density batteries. However, the growth of lithium den-
drites has a great impact on the stability and safety of batteries,
and the preparation of polymer with lithium-ion affinity can
effectively guide the uniform deposition of lithium ions.>°®>°
Compared with traditional polymer materials, the large surface
area and open channel of 2DPs can enhance the rapid transport
of lithium ions.***>'° Wang et al. used a chemical stripping
strategy to obtain stable exfoliated few-layered 2D TFPB-COF
(E-TFPB-COF) and E-TFPB-COF/MnO, composites (Fig. 23a).'
The structure of E-TFPB-COF was similar to graphene, showing
strong n-Li cation effect and excellent Li-ion storage proper-
ties due to improved ion/electron diffusion, periodical open
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channels and large specific surface area. Meanwhile, the MnO,
nanoparticles formed after the reduction of potassium perman-
ganate could be used as the “spacer” of the few-layered COF,
effectively preventing the agglomeration of E-TFPB-COF in the
repeated cycle process, and further improving the cyclic stabi-
lity of the composite. The peaks in the cyclic voltammetry (CV)
curve of E-TFPB-COF/MnO, at ~1.46 V and ~0.68 V were
attributed to the high lithium affinity of E-TFPB-COF
(Fig. 23b). Both E-TFPB-COF and E-TFPB-COF/MnO, showed
excellent electrochemical properties with high reversible capa-
cities of 968 and 1359 mA h g~ ' after 300 cycles at 0.1 A g™,
respectively (Fig. 23c). In addition, they constructed a few-
layered 2D conjugated COFs trapped by CNTs as the anode
for LIBs through the molecular level design.”'* Moreover, one
more COF-based anodes of LIBs have been reported, including
CONs prepared from a reaction between a trialdehyde and
3,5-diaminotriazole,’®* exfoliated anthracene CONs,*** 2D
MXene@COF-LZU1,"° 2D COF polyporphyrin (TThPP) linked
by 4-thiophenephenyl groups,>' etc. The work of CON materi-
als as cathodes for LIBs has also been reported. Wang et al.
fabricated ultrathin DAAQ-ECOF nanosheets with redox-active
prepared via a simple ball milling process, which showed fast
lithium storage kinetics when used as LIBs cathode (Fig. 23d)."*"
The discharge voltage could increase to 3.6 V through reasonable
molecular design (Fig. 23e). Compared to the pristine COF, DAAQ-
ECOF displayed excellent long cycle stability, maintaining 98%
capacity after 1800 cycles (Fig. 23f).

2D CTFs can also be used as anode for LIBs owing to their
unique triazine ring structure. SAT-2DPs prepared by mono-
mer-dependent method exhibited excellent affinity with lithium
ions due to their abundant nitrogen atoms and well-ordered
open channels, promoting the uniform lithium ions deposition
(Fig. 23g). We have confirmed that the presence of SAT-2DPs
could effectively reduce the nucleation overpotential of lithium
ions (about 25 mV) by electrochemical testing of the assembled
asymmetric coin cells (Li|Cu), and the average coulombic effi-
ciency was up to 99.3% after 100 cycles (Fig. 23h-j)."*® Similarly,
E-FCTF,”® fCTF-1 nanosheets,"*® E-CIN-1/CNT and E-SNW-1/
CNT"*? all exhibited high reversible capacities and excellent cycle
life when used as LIB anodes. Sarkar et al investigated the
electronic structure of monolayer and bilayer CTFs through
density functional theory calculations, which demonstrated that
the bilayer CTF exhibited good interaction with lithium atoms
and could be used as a potential anode material for LIBs.*"?

6.1.2. Batteries beyond LIBs. SIBs have similar working
principles and energy storage mechanisms to LIBs, which
exhibit better power characteristics, wide temperature
range adaptability, and excellent safety performance.'®”*'* In
addition, sodium resources are abundant, inexpensive and
environmentally friendly, so SIBs are expected to be used in
large-scale and low-cost energy storage devices.>'®> However,
since the radius of sodium ion is larger than that of lithium
ion, the removal and embedding process of sodium ion is easy
to destroy the structure of the electrode material.”*®*'” More-
over, sodium metal is more active than lithium metal and is
more likely to have side reactions with the electrolyte, resulting
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Fig. 23 (a) HRTEM images of E-TFPB-COF/MnQ, nanosheets. (b) The CV measurement curves of the E-TFPB-COF/MnO, at 0.1 mV s~ (c) Cycling
performance of E-TFPB-COF/MnQO,, E-TFPB-COF, TFPB-COF, and MnO, at 0.1 A g~*. Reproduced with permission from ref. 155. Copyright 2019 Wiley-
VCH. (d) TEM image of DAAQ-ECOF. (e) Discharge curves at 20 mA g~*. (f) Cycle performances of DAAQ-ECOF and DAAQ-TFP-COF at 20 mA g%
Reprinted with permission from ref. 131 Copyright 2017 American Chemical Society. (g) SEM image of SAT-2DPs. (h) Schematic illustration of the
assembled coin cells. (i) The overpotential of lithium-ion plating on bare Cu, SAT-2DP-1-Cu and SAT-2DP-2-Cu. (j) The discharge—charge cycle tests of
the resultant Li|Cu cells. Reprinted with permission from ref. 138. Copyright 2020 Science China Press.

in rapid battery failure. Therefore, finding suitable electrode
materials for SIBs is the key to realizing their commercial applica-
tion. Based on the 2D n-conjugated and oriented microporous
structure, we used the exfoliated ultrathin CTF nanosheets as
anode materials for SIBs, and found that they exhibited a very
high reversible capacity of 262 mAh g " at0.1Ag 'and 119 mA h
g hat5 Ag ", respectively (Fig. 24a and b)."** After 1200 cycles
at 0.1 A g~', the capacity could be maintained to ~95%
(Fig. 24c). The improved electrochemical performance can be
attributed to the n-conjugated porous structure of the few-layer
2DP nanosheets, whose robust covalent frameworks with open
channels facilitated the transfer of electron and Na ion in the
electrode, thereby improving the utilization efficiency of the
active sites and achieving faster kinetics for sodium storage. In
addition, 2DPI with inherent 2D n-conjugated porous structure
is conducive to charge transport and storage, and its electro-
chemical performance as a sodium electrode is far superior to
that of similar materials (Fig. 24d). The experimental results
demonstrated that the reversible capacity of 2DPI used as the
polymer anode of SIBs could reach 312 mAhg 'at1Ag ', and
137 mAh g ' even at 10 A g~ (Fig. 24e and f). Moreover, after
1000 cycles, the capacity retention could reach 95%, showing
excellent cycling stability (Fig. 24g)."*°

1856 | Chem. Soc. Rev., 2024, 53,1823-1869

PIBs are considered to be ideal candidates due to their
abundant resources, high operating voltage and electrochemical
properties similar to lithium.>*® However, the large ionic radius of
potassium brings great challenges to the exploration of electrode
materials. Considering that 2D-TP had regular porous structure,
ultrathin 2D conjugated planes and abundant triazine active
groups, we have recently studied their electrochemical energy
storage performances as an anode for PIBs."’> The results indi-
cated that the 2D-TP had outstanding reversible specific capacity
(356 mAh g " at 0.05 A g "), excellent rate capability (153 mAh g™*
at 1 A ¢ ') and extraordinary cyclic stability (capacity retention of
95.1% after 1000 cycles at 1 A g~ ") (Fig. 24h-k).

LSBs have been an important choice for future high-specific
energy batteries due to their high energy density, low cost
and environmental friendliness. However, problems such as
the dissolution and shuttle effect of intermediate lithium
polysulfides (LiPSs), the low intrinsic conductivity of sulfur,
as well as the volume expansion during charge and discharge
hinder their commercial application.***?*® COFs have been
developed as a new type of LSB carrier materials recently due
to their diverse organic blocks, abundant surface functional
groups, ordered pore structure and excellent stability. Li and
co-workers employed exfoliated micrometer-scale ultrathin 2D

This journal is © The Royal Society of Chemistry 2024
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Fig. 24 (a) TEM image of the exfoliated 2DP sheet. (b) Charge—discharge curves of the exfoliated 2DP at different current densities. (c) Long-term cycle
performance of CTF and exfoliated 2DP at 1.0 A g~*. Reproduced with permission from ref. 134. Copyright 2018 Wiley-VCH. (d) SEM image of 2DPI.
(e) Galvanostatic charge/discharge profiles of the 2DPI anode at different current densities. (f) Rate performance of 2DPI anode. (g) Cycle performances
of the 2DPI anode at 1.0 A g~*. Reprinted with permission from ref. 120. Copyright 2019 American Chemical Society. (h) TEM image of 2D-TP. Inset is the
photograph of 2D-TP dispersion in ethanol and the corresponding SAED pattern. (i) Charge/discharge curves of 2D-TP. (j) Rate performance of 2D-TP
and bulk CTF. (k) The prolonged cycling performance of 2D-TP at 1.0 A g~. Reprinted with permission from ref. 172. Copyright 2023 Chinese Chemical
Society. () SEM image of PI-CONSs. Inset shows the well-dispersed PI-CONs in dimethylformamide. (m) Charge—-discharge profiles of the PI-CONs/S. (n)
Cycling performance of PI-COF/S and PI-CONs/S at 0.2 C. Reprinted with permission from ref. 221. Copyright 2021 American Chemical Society.

polyimide nanosheets (PI-CONs) as carrier materials for high- life. The electrochemical performance of the supercapacitors is
performance LSBs.”*' With abundant carbonyl active sites, PI-  closely related to the nature of the electrode. The porous
CONs could strongly interact with LiPSs, and could successfully structure, electrical conductivity, effective contact area with

restrict the soluble LiPSs to the cathode region, thus effectively
improving the performance of LSBs (Fig. 241). The researchers
confirmed the strong interaction between the carbonyl group and
LiPSs through theoretical calculations and tested the performance
through a series of electrochemical experiments. The results
showed that PI-CONs had high reversible capacity, excellent rate
capabilities and stable cycle performance (Fig. 24m and n).

6.2. Supercapacitors

Supercapacitors have been widely studied because of their high
power density, fast charge and discharge rate and long cycle

This journal is © The Royal Society of Chemistry 2024

the electrolyte, and special functional groups of the electrode
material have great influence on the performance of the
supercapacitors.””>?** 2DPs have the advantages of layered
conjugated porous structure, abundant surface functional
groups, environmental protection and low cost, which have
been potential electrode materials for supercapacitors.?*>2°
For example, Loh’s group quantitatively synthesized 2D CAPs
by solid-state polymerization, in which CAP-2 prepared with
3,6,14,17-tetrabromodibenzo|a,c]-dibenzo[5,6 : 7,8]-quinoxalino-
[2,3-7]phenazine (3-TBQP) as monomer had a lamellar structure,
and the thickness of the exfoliated CAP-2 nanosheets was
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~4 nm (Fig. 25a and b)."?® Thanks to the 2D layered structure,
nanoporous morphology and high N content, the CAP-2 could
effectively reduce the diffusion resistance of ions when used as
the positive electrode of asymmetric supercapacitors, so that the
ions could rapidly diffuse into its nanopores and improve the
surface wettability of electrolyte ion transport, thus exhibiting
excellent capacitance performance. It had a specific capacitance
of 233 Fg " at 1.0 A g~ " in 2 M KCl when used as the positive
electrode of an asymmetric supercapacitor, and showed excel-
lent cyclic performance (~80% capacitance retention over
10000 cycles) (Fig. 25¢ and d). Fang et al. reported a series of
capacitor cells composed of exfoliated layered mesoporous 2D
COFs (named JUC-510, JUC-511 and JUC-512, JUC namely Jilin
University China).>*® Among them, JUC-511 and JUC-512 had
large surface areas (842 and 1170 m* g, respectively) and pore
sizes (both 3.4 nm), indicating ideal DL charge storage and fast
ion transport (Fig. 25e and f). At high charge-discharge rates, the
JUC-511 and JUC-512 capacitor cells possessed high areal capa-
citance of 5.46 and 5.85 mF cm > at 1000 mV s ', respectively,
and both exhibited excellent cycle performance (nearly 100%
capacitance retention after 10 000 cycles) (Fig. 25g-i). In another
study, to address the problem that pure graphene and 2D COFs

Potential (Vvs SCE) €%
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tend to form thick laminates and limit electron transfer and
ion diffusion, Wei and co-workers assembled 2D redox-active
COF nanosheets with rGO by simply hydrothermal mixing
(Fig. 25j).'°> The atomically thin 2D COF acted as porous spacers
to prevent the accumulation of rGO nanosheets, resulting in
excellent capacitive energy storage performance (Fig. 25k-m).
Besides, B-ketoenamine-linked 2D COF,”” anthraquinone-linked
2D COF,'”” and hexaaminobenzene derived 2DP,**” were
also effectively employed as active materials of supercapacitor
devices.

6.3. Electrocatalysis

The high specific surface area of 2DPs is conducive to contact
with electrolytes, the abundant active sites exposed on the
surface can be used as catalytic active centers, and the struc-
tural regularity and good crystallinity often make them have
high electrical conductivity.”*® At the same time, the highly
adjustable structure of 2DPs enables some specific atoms or
groups with catalytic activity to be conveniently integrated on
the surface of 2DPs.>*°232 Therefore, in recent years, 2DPs have
shown great development potential in the field of electrocata-
lysis. For example, the multilayer 2DP synthesized from cobalt-
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(a) SEM images of CAP-2. (b) AFM image of the exfoliated CAP-2 sheet. (c) Charge/discharge curves of CAP-2 at different current densities.

(d) Cycling performance of CAP-2 at 2 A g~ Reprinted with permission from ref. 108. Copyright 2018 American Chemical Society. TEM images of (e) e-

JUC-511 and (f) e-JUC-512 with exfoliated layer-like structure. CV curves of

(9) e-JUC-511 and (h) e-JUC-512 capacitor cells. (i) Cycle performances of

e-JUC-511 and e-JUC-512 capacitor cells. Reproduced with permission from ref. 226. Copyright 2020 Wiley-VCH. (j) SEM image and the corresponding
EDX elemental mapping results of COF/rGO. (k) Galvanostatic charge/discharge profiles of COF/rGO-x hybrids, rGO, and COF at 1 A g% () Rate
performance of COF/rGO-x hybrids, rGO, and COF under different current densities. (m) EIS Nyquist plots of COF/rGO-x hybrids, rGO, and COF.

Reprinted with permission from ref. 192. Copyright 2022 Elsevier.
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Fig. 26 (a) Reaction scheme of the synthesis of the 2DP at an interface. (b) TEM image of a multilayer 2DP. (c) HER polarization plots of Ti, multilayer 2DP
and Co-2DP at 5 mV s~ (d) Tafel plot of Co-2DP. Reprinted with permission from ref. 159. Copyright 2016 Springer Nature. (e) Schematic representation
of the synthesis process of the bimetallic 2DPs. (f) AFM topography of the bimetallic 2DP. (g) LSV curves of the 2DPs at 5mV s, (h) EIS Nyquist plots of the
2DPs. Reproduced with permission from ref. 234. Copyright 2022 Wiley-VCH.
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Fig. 27

(a) SEM image of the CTF-DCB NSs. (b) The time courses of photocatalytic H, evolution of CTF-DCB NSs and 2D-TPs
irradiation. (c) Band gap alignment of CTF-DCB NSs and 2D-TPs. (d) Photocatalytic overall water splitting performance of 2D-TPs

under visible light
under visible light

illumination. (e) The gas evolution rate of 2D-TPs in this work compared with that of the representative metal-free photocatalysts reported recently.
Reprinted with permission from ref. 99. Copyright 2023 American Chemical Society. TEM images of (f) the exfoliated aza-CMP nanosheets and (g) the
hybrid Co(OH),/aza-CMP photocatalyst. (h) The electronic band structure of aza-CMP. Time course curves of photocatalytic O, production of aza-CMP
nanosheets under (i) visible light and (j) NIR light illumination. (k) The time courses of photocatalytic O, evolution of the exfoliated ultrathin aza-CMP
nanosheets and Co(OH),/aza-CMP. Reproduced with permission from ref. 246. Copyright 2017 Royal Society of Chemistry. () TEM image of COF-367-
Co NSs. (m) Typical time course of CO and H, evolutions of COF-367-Co NSs under visible-light irradiation. (n) The cyclic stability test of COF-367-Co
NSs. Reprinted with permission from ref. 119. Copyright 2019 American Chemical Society.
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porphyrin monomer could effectively be used as an electro-
catalyst for water splitting, in which porphyrin cobalt at Co-N,
served as the active sites for electrocatalytic hydrogen evolution
reaction (HER) (Fig. 26a and b).'*® The as-prepared Co-2DP
showed excellent electrocatalytic activity, with the overpotential
of ~367 mV to reach the current density of 1.0 mA cm ™ in
1.0 M KOH, and a Tafel slope of 126 mV (Fig. 26¢c and d).
In addition, the introduction of metal atoms (such as Co) in 2D
COFs could also be used for electrocatalytic CO, reduction, and
the electronic connectivity between the active sites and the
remote functional groups was promoted by reticular electronic
tuning of the porphyrin active sites in 2D COFs, thus showing
excellent electrocatalytic CO, reduction performance.*?
Electrocatalytic oxygen evolution reaction (OER) is a four-
electron transfer process with slow kinetic, so it is very impor-
tant to develop high-performance and robust electrocatalysts.
Recently, Hu et al. designed and synthesized a series of bi-
metallic monolayer 2DPs, and investigated the synergistic effect
of the bimetals in electrocatalytic OER (Fig. 26e and f).?** The
electrochemical test results showed that the as-prepared bi-
metallic 2DP had the best performance, suggesting that the
relative location and coordination environment could affect
the intrinsic activity of the catalysts (Fig. 26g and h). Then, the
authors further discussed the effect of the coupling strength
between the two metal centers on the performance of electro-
catalytic OER by adjusting the spacing of Co and Ni and the
conjugation degree of the bridge skeleton in the monolayer
bimetallic Co-Ni 2DPs, which provided ideas for the design and
preparation of high-performance bimetallic OER catalysts.>*

6.4. Photocatalysis

Ultrathin 2D conjugated polymers have become advanced
materials for converting solar energy into chemical energy in
recent years.>*® 2DPs have significant advantages as photo-
catalysts:>*’"2*3 (i) 2DPs have a large specific surface area,
which can provide more effective active sites for photocatalysis;
(ii) the ultrathin thickness and planar conjugated structure of
2DPs enable higher light absorption and faster-photogenerated
carrier migration; (iii) the monomer molecules and structural
units of 2DPs are highly adjustable, and their electronic struc-
ture and physical/chemical properties can be regulated through
the design and synthesis at the molecular level to meet differ-
ent photocatalytic needs; (iv) the layered structure of 2DPs is
easy to be combined with other materials to form hybrid
structures or heterostructures, thus expanding the design and
application range of polymer catalysts. Therefore, 2DPs show
broad application prospects in the field of photocatalysis.
Photocatalytic water splitting technology is a clean energy
technology for sustainable development in the future. Our
group has prepared a series of highly efficient 2D CTFs photo-
catalysts through structural design and component regulation,
including single-layer crystalline 2D-TPs,”® 2D-TP-PB nano-
sheets,*® single-layer/few-layer 2D CTF-DCB,"** and r-CTF
NSs."® Particularly, the as-synthesized atomically thin crystal-
line 2D-TPs with a band gap of 2.36 eV and abundant triazine
active groups showed a significant photocatalytic hydrogen
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evolution rate of 1321 umol h™" under visible light irradiation,
and the apparent quantum yield at 420 nm was as high as
29.5% (Fig. 27a-c).>® Moreover, 2D-TPs also demonstrated
remarkably photocatalytic overall water splitting, surpassing
all molecular framework materials and among the best metal-
free photocatalysts ever reported (Fig. 27d and e). The excellent
photocatalytic activity of 2D-TPs was mainly due to their fully
conjugated nitrogen-rich structure, suitable band structure and
strong chemical stability, which could significantly improve
the generation, separation and transportation of photoexcited
carriers. And early in 2015, Zhao et al. confirmed that 2D-CTFs
were a new class of visible-driven organocatalyst materials for
water splitting through first-principles calculations.*** Xu’s
group has also made outstanding contributions to the use of
2DPs as photocatalysts for water splitting. They have successively
prepared ultrathin layered PTEPB and PTEB nanosheets,>*> as
well as aza-CMP/C,N van der Waals heterostructures,*®*
achieved photocatalytic overall water splitting under visible
light irradiation. In particular, pure aza-CMP nanosheets could
be used as photocatalytic OER catalysts (Fig. 27f).*® It was
found that low-bandgap aza-CMP could effectively achieve
photocatalytic O, generation under visible light (>420 nm)
and near-infrared light (>800 nm) illumination, which was
also the first reported polymer semiconductor photocatalyst with
O, production performance in near-infrared region (Fig. 27h-j).
In addition, the photocatalytic O, evolution of the exfoliated
ultrathin aza-CMP nanosheet was increased by about three times
deriving from the enhanced photoresponsicity and more acces-
sible reaction sites. The photocatalytic O, evolution performance
of aza-CMP was further improved by introducing Co(OH), co-
catalyst (Fig. 27g and k).

Photocatalytic H,0, production from H,O and O, is a
potentially viable green and sustainable method for H,O,
synthesis. Xu and co-workers reported that a class of metal-
free acetylene and diacetylene functionalized CTFs achieved
high-efficiency H,0, production through photocatalytic water
oxidation and oxygen reduction under visible light irradia-
tion.>*” The experimental and theoretical results suggested that
acetylene and diacetylene moieties could not only promote
efficient charge separation in conjugated structures, but also
facilitate the formation of suitable H,O, intermediates during
the photocatalytic reaction. It is noteworthy that photocatalytic
CO, reduction technology has been considered one of the
effective ways to achieve carbon neutrality. Jiang et al. employed
COF-367-Co NSs as a representative to explore the application
of 2D COF materials in the photocatalytic CO, reduction
(Fig. 271)."*° The experimental results indicated that the photo-
catalytic CO,-to-CO conversion by COF-367-Co NSs had a yield
of 10162 pmol g~' h™", a selectivity of ~78%, and excellent
cycling stability (Fig. 27m and n).

and

7. Conclusions and perspectives

As a new type of organic 2D materials, 2DPs inherit the
common advantages of 2D materials and polymers, and have
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potential application prospects in many fields, becoming one of
the new growth points in polymer science. The 2D structural
characteristics of 2DPs (e.g., large plane size and ultra-thin
thickness) endow them with excellent physical, chemical,
optoelectronic and mechanical properties, such as high specific
surface area, abundant active sites, fast mass transfer, efficient
charge separation and migration, excellent photoexcitation
response, as well as excellent mechanical strength and flexi-
bility. Their inherent polymer properties endow them with a
clear structure, permanent porosity, favorable chemical and
thermal stability, as well as excellent processability. Impor-
tantly, 2DPs can meet the needs of various applications through
careful selection of organic building blocks and various cova-
lent bonds. Therefore, making full use of the advantages of
tunable pore size and functional modification of 2DPs is an
important direction for the future application of polymer
materials. This article reviews the design, synthesis, and latest
application progress of 2DPs in energy-related fields. We briefly
introduce the development history and unique advantages of
2DPs and list typical linkages for synthesizing 2DPs. Then, a
systematic overview is provided of the ‘“top-down” and
“bottom-up” strategies for fabricating 2DPs. In addition, the
assembly and processing of 2DPs and their applications in
energy-related fields (i.e. batteries, supercapacitors, electro-
catalysis, and photocatalysis) are discussed. Although some
interesting progress and achievements have been made, the
research on 2DPs is still in its infancy, and several issues need
to be addressed for future development.

(1) Explore more new structures and compositions of 2DPs.
At present, most 2DPs are based on COFs or CTFs, and it is
necessary to develop new efficient synthesis routes and reason-
ably manufactured building blocks to explore other possibilities,
enrich the types of 2DPs, and expand their application range.

(2) Single or few layered 2DPs with uniform size and highly
ordered atomic structures remain extremely challenging.
Although various synthesis methods have been reported as
effective methods for preparing 2DPs, how to utilize more
organic reactions to control the ordered polymerization of mono-
mers within the 2D planes and avoid strong accumulation between
planes is still a major issue in the synthesis of 2DPs.

(3) The large-scale preparation of highly crystalline 2DPs
with uniform and controllable thickness is the focus of future
research. Large quantity and high quality are directly related to
their further practical application. Future research still needs to
focus on efficient preparation methods of 2DPs and accelerate
their development and utilization.

(4) Assembly and processing ability of 2DPs needs to be
further improved. More robust methods should be developed to
realize designed and arbitrary process of 2DPs into various
assemblies and macroscopic materials with controlled nano/
micro-structures. Although many studies have shown that
functionalized 2DPs can be obtained through element doping,
cocatalyst deposition or heterostructure construction, more
effective strategies are needed to make full use of the easy
modification and composite characteristics of 2DPs, so as to
improve their properties and optimize their function.
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(5) In comparison with inorganic 2D materials, the research
of ultrathin 2DP materials in energy-related fields is still in its
infancy, the application range needs to be expanded, and the
performance needs to be further improved. More in-depth and
essential research on reaction mechanisms and reaction pro-
cesses needs to be further carried out. In addition, the existing
2DPs materials available for these applications are still limited,
and more effective 2DPs need to be developed.

(6) It is still important to develop more advanced and
intuitive in situ characterization techniques and more realistic
theoretical simulation methods to elucidate the reaction
mechanism, clarifying the structure-property relationship,
and designing and preparing 2DP materials more reasonably.

2DPs represent an exciting class of materials with important
fundamental research opportunities, and their unique 2D
topology gives them interesting new properties as well as
untapped applications. We believe that with continuous research
and development, 2DPs with various functionalities can be
obtained to enrich the polymer world.

Abbreviations

2DPs Two dimensional polymers
TMDs Transition metal dichalcogenides
LDHs Layered double hydroxides
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COFs Covalent organic frameworks
CTFs Covalent triazine frameworks
SCSC Single-crystal-to-single-crystal
FTIR Fourier transform infrared spectroscopy
XPS X-ray photoelectron spectroscopy
NMR Nuclear magnetic resonance
UV-vis Ultraviolet-visible

CONs Covalent organic nanolayers
PXRD Powder X-ray diffraction

E-FCTF Exfoliate fluorinated CTF

FCTF Fluorinated CTF

2D-TPs 2D triazine-based polymers

PB Sodium 1-pyrenebutyrate
DAAQ-ECOF Redox-active exfoliated COFs

E-CIN-1 Exfoliated covalent imine network-1
E-SNW-1 Exfoliated Schiff base networks-1
CTF NSs CTF nanosheets

r-CTF NSs Reduced CTF NSs

DCB 1,4-Dicyanobenzene

iCONs Ionic covalent organic nanosheets

MIMAs Mechanically interlocked molecular
architectures
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Da 2,6-Diaminoanthracene
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LB Langmuir-Blodgett

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3cs00782k

Published on 09 January 2024. Downloaded by Y unnan University on 7/29/2025 5:54:16 PM.

Chem Soc Rev

DAA
BTPHA2
SMAIS

PI-2DP
LAP
HOPG
sCOFs
STM
SAMNSs
BDBA
BPDBA
TBA
2DPI
SAT-2DPs
A-1DP
2D-SP
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Triphenylamine
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Single-layer COFs
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2,4,6-Trimethylbenzaldehyde

2D polyimide
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Intrinsic proton-conducting COF
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9,9-Dihexylfluorene-2,7-diamine
Langmuir-Schaefer

X-ray absorption near-edge structure
2DPI-graphene

Exfoliated graphene

2D conjugated microporous polymers
COF/graphene aerogel
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Grazing incidence diffraction
Wide-angle XRD

Melamine

Grazing incidence wide-angle X-ray scattering
Small-angle X-ray scattering

Optical microscopy

Selected area electron diffraction
Energy-dispersive spectrometry
2,7,13,18-
Tetrabromodibenzo[a,c]dibenzo[5,6 : 7,8]quinox-
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FP-TRMC Fash-photolysis time-resolved microwave
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FET Field-effect transistor

C2Ps n-conjugated 2DPs
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PFETSs Polymer FETs

LIBs Lithium-ion batteries

SIBs Sodium-ion batteries

LSBs Lithium-sulfur batteries

E-TFPB-COF Exfoliated few-layered 2D TFPB-COF
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