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Abstract

Covalent organic frameworks (COFs) are one class of porous materials with permanent porosity and regular channels, and
have a covalent bond structure. Due to their interesting characteristics, COFs have exhibited diverse potential applications
in many fields. However, some applications require the frameworks to possess high structural stability, excellent crystal-
linity, and suitable pore size. COFs based on f-ketoenamine and imines are prepared through the irreversible enol-to-keto
tautomerization. These materials have high crystallinity and exhibit high stability in boiling water, with strong resistance to
acids and bases, resulting in various possible applications. In this review, we first summarize the preparation methods for
COFs based on p-ketoenamine, in the form of powders, films and foams. Then, the effects of different synthetic methods on
the crystallinity and pore structure of COFs based on -ketoenamine are analyzed and compared. The relationship between
structures and different applications including fluorescence sensors, energy storage, photocatalysis, electrocatalysis, batteries
and proton conduction are carefully summarized. Finally, the potential applications, large-scale industrial preparation and

challenges in the future are presented.
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1 Introduction

Covalent organic frameworks (COFs) are a new type of
organic porous material, constructed through covalent
bonds and various designed monomers [1-5]. Benefitting
from their superior advantages such as outstanding stability,
tunable pore size and structure, high crystallinity, regular
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internal channels, high surface area and low density [6-11],
COFs have gained increasing attention and enormous pro-
gress in many fields including energy storage [12, 13], bat-
teries [14, 15], adsorption [16, 17], separation [18, 19],
sensing [20-22], drug delivery [23-25], and catalysis [26,
27], etc.

The majority of COFs applications correspond to the
relevant positions of groups in the internal structure, thus
it’s possible for researchers to design special monomers
according to the desired performance [28, 29]. However,
choosing functional groups, researchers have to consider
different reaction types of the system [30]; if linkages are
formed by irreversible reactions involving covalent bonds
that would tend to form polymeric structures with a short-
range structural order [31-33]. The growth of COFs depends
on the reversible covalent bond formation reaction because
high crystallinity strongly relays on structure repairing and
assembly in a reversible condensation reaction, such as
borate condensation reactions [34], Schiff-base condensa-
tion reactions [35], and Knoevenagel condensation reac-
tions [36]. Besides the reversible reactions, the matching of
shapes and angles of the monomers should also be consid-
ered for the formation of covalent bonds [37]. So, it’s still a
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huge challenge to select suitable monomers and appropri-
ate reactions to form thermodynamically stable crystalline
architectures.

Depending on the different type of reactions, the resulting
linkages also vary. The first COF connected by boroxine and
boronate ester rings was synthesized by the Yaghi group in
2005 [38]. Boron-based COFs are susceptible to hydrolyza-
tion under basic or acidic conditions and sometimes even by
moisture in air although they are thermally stable and highly
crystalline [39, 40]. Triazine-based COFs are another type
of COFs with good solvent stability, thermal stability and
large conjugate system, but exhibit poor crystalline perfor-
mance [41]. Schiff-base chemistry has also been used for
the construction of imine-based COFs [42]. Except for the
above-mentioned linkages, other types such as hydrazone
linkage [43], azine linkage [44], imide linkage [45], squar-
aine linkage [46], olefin linkage [47], cyanovinylene link-
age [48] and heterocycle-based linkage [49], have also been
reported, where these types of linkages could be formed in
one step. Moreover, post-synthesis modification is another
effective method to change the type of linkage, such as: (1)
The imine bond can be converted into amide linkages by oxi-
dation [50]; (2) The C=N bond can be changed into a C-N
bond by sodium borohydride reduction, and the as-formed
COFs can be constructed through a single bond [51]; (3)
The COFs containing imine bond or acetylene group can be
transformed into quinoline-linked COFs by D-A cycload-
dition reaction [52]; (4) The imine bond can also be con-
verted into thiazole, imidazole, or oxazole [53-56]. These
benzoheterocycles retain the crystallinity and porosity of the
original COFs, while increasing the stability and = electron
delocalization effect of COFs.

Imine-bond based COFs are the most reported COFs. As
far as we know, according to the structural design, scientists
have developed a variety of aldehyde or amino monomers
for the synthesis of imine-based COFs, and these exhibit a
variety of physical and chemical properties and potential
applications [57]. In addition, imine-bonded COFs can be
constructed in different environments, and the resulted COFs
can exist in the form of powders [58], nanosheets [59], films
[60] and foams [61]. Nevertheless, the stability of imine-
based COFs is challenged when operating under harsh con-
ditions such as the presence of strong acids, bases, or redox
agents [62]. At the same time, imine-linked COFs are less
thermally stable than their boronate-ester-linked COFs [63].
Additionally, 2D imine COFs exhibit the limited in-plane
n-conjugation due to the inherent polarization of the C=N
connection [64].

Thus, many strategies have been adopted to enhance
the stability of imine COFs [65]. Among them, the
B-ketoenamine-based COFs are among the most stable of
the reported imine-based COFs [66]. Unlike other imine-
based COFs, the formation of this kind of COFs could be
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divided into two steps [67]: the first step is a reversible pro-
cess, which induces the formation of a crystalline frame-
work by the classical reversible Schift-base reaction. Then,
an irreversible process from the enol-imine (OH) form to
keto-enamine (NH) form is conducted without loss of crys-
tallinity. This kind of irreversible formation of keto-enamine
(NH) structure enhances the stability of COFs, including
stability in boiling water, even in strong acid or strong base
solution. Hitherto, instability of COFs has been one of the
key barriers to their application [68]. Actually, in 2003, the
MacLachlan group firstly found the complete formation of
NH salicylideneanilines (keto-enamine (NH) form) when
1,3,5-triformylphloroglucinol (TP) condensed with aniline
derivatives [69]. Nearly ten years later, the Banerjee group
(in 2012) [70] successfully introduced this keto-enamine
(NH) form into the COF skeleton by using the reaction
between TP and p-phenylenediamine (PA-1) or 2,5-dimethy-
p-phenylenediamine (PA-2) (Fig. 1). As expected, only the
keto-enamine form was observed in COF skeletons (TpPa-1
and TpPa-2). With TP as basic monomer, different imine-
bond-containing crystalline COFs were obtained, where
the enol-imine (OH) would be irreversibly transformed into
keto-enamine (NH) form without destruction of crystallinity.
Those kinds of COFs were called as p-ketoenamine-based
COFs. Since these p-ketoenamine-based COFs exhibit high
stability, many of them have been constructed and the syn-
thetic methods and the possible applications have been fully
investigated. In this review, the related synthetic methods
and applications for B-ketoenamine based COFs are summa-
rized. Furthermore, the potential applications and challenges
in the future have also been discussed.

2 Synthetic method for preparation
of B-ketoenamine-based COFs

At present, the most commonly used synthetic method for
preparing p-ketoenamine-based COFs is the solvothermal
method. Other methods such as mechanical grinding, micro-
wave-assisted synthesis, ionthermal synthesis, hydrothermal
synthesis, and interface synthesis, were also investigated in
this study.

2.1 Preparation of powder
2.1.1 Traditional solvothermal synthesis

The general operation of solvothermal method preparing
for p-ketoenamine-based COF is as follows [71]: (1) add-
ing the organic monomer TP, organic amine monomer, and
catalyst into a Pyrex tube containing non-aqueous solvent;
(2) dispersing the solution by ultrasonication thoroughly; (3)
freezing the solution, in the glass tube, in liquid nitrogen,
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CHO

TpPa-1 (R=H)
TpPa-2 (R=Me)

Fig. 1

then vacuumizing, filling the tube with inert gas three times
and thawing; (4) setting the reaction temperature and reac-
tion time; (5) separating and purifying the as-prepared COF
by filtration, centrifugation, solvent washing, and Soxhlet
extraction.

The solvothermal reaction takes place in a sealed and
negative pressure environment, which is conducive to the
full reversible reaction, long reaction time and sufficient
crystallization time [72]. The B-ketoenamine-based COFs
could be obtained with high crystallinity and relatively high
porosity. In addition, the type and proportion of solvents also
affect the crystallinity of the product The common solvent
is the mixture of 1,4-dioxane and mesitylene, the catalyst

WSLIoWwOo)NeY
dqIsIoAdIM

Schematic representation of the synthesis of TpPa-1 and TpPa-2 by the combined reversible and irreversible reaction. Reprinted with
permission from Ref. [70]. Copyright 2012, American Chemical Society

is acetic acid in aqueous solution, the reaction temperature
is 120 °C, and the reaction time is about 72 h. The first
p-ketoenamine-based COFs (TpPa-1 and TpPa-2) [70]
were obtained by using the solvothermal method through
a reversible condensation reaction between TP and PA-1
or PA-2 in the mixed solvent of mesitylene and dioxane
(viv=1:1). The Brunauer-Emmett-Teller (BET) surface
areas of the as-prepared COFs were found to be 535 and
339 m%/g for TpPa-1 and TpPa-2, respectively. TpPa-1
and TpPa-2 showed strong resistance to boiling water and
acid (9 N HCI). Moreover, TpPa-2 showed higher stability
than TpPa-1 in base (9 N NaOH) solution. Zhou et al. [73]
obtained the COF PPN-31 by the solvothermal method with
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Fig.2  Synthesis of DAB- and DAAQ-TFP COF. Reprinted with permission from Ref. [74]. Copyright 2013, American Chemical Society

a suspension of trans-1,4-cyclohexanediamine and TP in a
60:1 (v:v) mixture of N,N-dimethylformamide (DMF) and
6 M! aqueous acetic acid to give a crystalline red powder in
82% yield. Dichtel et al. [74] prepared the DAAQ-TFP COF
and DAB-TFP COF by condensing either 2,6-diaminoan-
thraquinone (DAAQ) or p-diaminobenzene (DAB) with TP
under a 20:1(v:v) mixture of dioxane (DMF for DAAQ-TFP
COF) and 6 M AcOH,; the yields of DAAQ-TFP COF and
DAB-TFP COF were 70% and 85%, respectively. The struc-
tures of these two COFs are shown in Fig. 2. In addition,
the BET surface areas of DAB-TFP COF and DAAQ-TFP
COF were 365 and 1800 m?/g and pore size distribution of
DAAQ-TFP COF was 20 A. Because of the high specific
surface area and large pore size, DAAQ-TFP COF had more
exposed redox active groups than DAB-TFP COF, resulting
in the higher capacitance of DAAQ-TFP COF.

Yan et al. [75] solvothermally synthesized BF-COFs from
the suspension of 1,3,5,7-tetraaminoadamantane (TAA) and
1,3,5-triformylbenzene (TFB) or TP in a 10:1 (v:v) mix-
ture of mesitylene and 3 M aqueous acetic acid. The BET

1 1 M=1mol/L.
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surfaces were found to be 730 m?/g for BF-COF-1 and 680
m?/g for BF-COF-2. The total pore volumes were evalu-
ated to be V,=0.43 cm*/g for BF-COF-1 and 0.39 cm’/g for
BF-COF-2 (P/Py=0.90). Both BF-COFs showed a narrow
pore width (8.3 A for BF-COF-1 and 8.1 A for BF-COF-2),
which was in agreement with the pore size predicted from
the crystal structures (7.8 A for BF-COF-1 and 7.7 A for
BF-COF-2).

The amine is a key factor to construct different
B-ketoenamine-based COFs with different functions. The
limited availability and poor oxidative stability of amines
hamper the design and synthesis of the imine-linked COFs.
Compared to free amines, the N-aryl benzophenone imines
are more stable [76]. Thus, Vitaku and Dichtel [77] con-
structed the imine and (-ketoenamine-based COFs based on
the stable monomer N-aryl benzophenone imines (Fig. 3a),
the imine- and p-ketoenamine-based COFs obtained with
this strategy showed higher crystal quality and this method
was valid using both solvothermal and microwave methods
(Fig. 3b).

The transformation from enol-imine (OH) form to keto-
enamine (NH) form is irreversible, which may reduce the
crystal quality in p-Ketoenamine-based COFs to some
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Reprinted with permission from Ref. [78]. Copyright 2019, The Royal Society of Chemistry

extent. Dichtel et al. [78] reported a strategy to improve
the crystal quality for f-ketoenamine-based COFs in Fig. 4,
where the condensation of TFB with benzidine (BND) was
conducted to obtain a high crystalline quality BND-TFB
COF that was subsequently exchanged with TP to form

B-ketoenamine-based COFs (BND-TFP COF) with any
changes in the crystalline quality.

Guo et al. [79] successfully prepared TPBD-COF
between the TP and BND in a mixture of pyrrolidine (Py),
n-BuOH and dichlorobenzene (1/1/9, v:v). The replacement
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of acetic acid aqueous solution with pyrrolidine plays an
important role in the synthesis to allow the improvement of
structural ordering and intrinsic porosity (Fig. 5). The cal-
culated BET surface areas of TPBD-COF reached as high
as 2157 m?/g, which was roughly four times higher than that
achieved by using HOAc as a catalyst (572 m%/g). Moreover,
the yield of TPBD-COF (89%) is higher than that by using
HOAC as a catalyst (85%).

Yaghi et al. [80] synthesized urea-linked COFs (COF-
117 and COF-118) for the first time in 2018 through the
Schiff-base condensation reaction of TP and urea-func-
tionalized monomer (1,4-phenylenediurea for COF-117;
1,1'-(3,3'-dimethyl-[1,1'-biphenyl]-4,4'-diyl) diurea for
COF-118). By heating to 85 °C in a mixture of N-methyl-
2-pyrrolidinone, 1,2,4-trichlorobenzene and 6 M aqueous
acetic acid (8:2:1, v:v:v) for three days, two crystalline COFs
with 72% yield for COF-117 and 56% yield for COF-118
were obtained and their structures are shown in Fig. 6. The
crystalline COF-117 gradually became amorphous upon
desolvation, and the Brunauer—Emmett-Teller (BET) sur-
face areas (Sgprs) of activated COF-117 and COF-118
samples were found to be 114 and 1524 m*/g respectively.
The remarkable difference of crystallinity and surface area
between the activated COF-118 and COF-117 can be partly
attributed to the interlayer stabilization effect of the biphe-
nylene linker used in the COF-118, which limits the shrink-
age process during activation. COF-117 is more inclined to
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Preparation of p-ketoenamine-based 2D COFs using pyrolidine. Reprinted with permission from Ref. [79]. Copyright 2021, The Royal

undergo structural deformation caused by hydrogen bonding
due to its higher weight percentage of urea groups. Moreo-
ver, COF-117 is more likely to undergo structural deforma-
tion, resulting from the stronger hydrogen bond interaction
among the urea groups in COF-117.

Although solvothermal synthesis is the most commonly
used method to prepare this kind of COF, it does possess
several disadvantages including harsh reaction conditions,
complex reaction operation, and long reaction time. These
disadvantages limit the large-scale synthesis and industri-
alization of this kind of COF. Therefore, researchers tried
to explore other synthetic methods beyond solvothermal
synthesis.

2.1.2 Mechanochemical synthesis

Actually, mechanochemical synthesis has been widely used
to construct porous polymers since it possesses the advan-
tages of easy operation, mild reaction condition and low
energy consumption. Banerjee et al. [81] first tried to intro-
duce a simple, solvent-free, room-temperature mechano-
chemical (MC) synthetic method for preparing COFs. TP
and Pa-1 (for TpPa-1), PA-2 (for TpPa-2), and BD (for
TpBD) were placed in a mortar and grounded at room tem-
perature to obtain the resulting COFs and the yield of the
three COFs was close to 90%. The grinding process and
color changes are shown in Fig. 7. However, the COFs
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synthesized by a mechanochemical method obviously
exhibit relative lower BET surface areas (61, 56, and 35
m2/g for TpPa-1 (MC), TpPa-2 (MC), and TpBD (MC),
respectively) than the previously reported COF synthesized
by solvothermal method. This may be due to the long-range
pores in the MC, such that COFs were hindered by exfoliated

Synthesis of Urea-Linked COFs. Reprinted with permission from Ref. [80]. Copyright 2018, American Chemical Society

COFs or oligomeric impurities in the MC process. Besides,
powder X-ray diffraction (PXRD) was also performed,
where the first peak of MC synthetic has relatively low
intensity, which could be due to the random displacement
of the 2D layers. It should be pointed out that the crystal-
linity and porosity of these mechanochemically synthesized

@ Springer
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COFs are unsatisfactory. Moreover, the authors found that
some nanobelts can also be formed by this process, whereas
they could use the mechanical method to exfoliate several
B-ketoenamine-based COFs powder successfully [82].

Qin et al. [83] also successfully synthesized COF-TpMA
by the mechanochemical (MC) grinding between the TP
and melamine (MA). The as-prepared COF-TpMA (MC)
shows small BET surface area (85 m%/g), with pore diam-
eter of 0.64 nm, and the total pore volume of 0.35 cm?/g
at P/P,=0.99. The crystallinity could be enhanced with
longer grinding time (within 12 h), however, excessive
grinding time will degrade the crystallinity and the mate-
rial will eventually form its amorphous phase. In 2014,
Banerjee et al. [84] reported the synthesis of 2D-COFs
through a liquid-assisted grinding (LAG) method via add-
ing a catalytic amount of organic solvents that allowed
more reactant molecules to interact with each other easily
during grinding. The as-obtained COFs exhibited higher
crystallinity, higher purity and better yield compared to

@ Springer
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Schematic representation of the MC synthesis of TpPa-1(MC), TpPa-2 (MC), and TpBD (MC). Reprinted with permission from Ref.

those prepared by the bare MC method. Nevertheless, these
COFs (made from LAG) still showed low crystallinity and
smaller porosity compared to the solvothermally synthe-
sized COFs although the reaction time had been greatly
reduced. In addition to the above characteristics, another
important feature is that mechanical grinding could also
be used to prepare sulfonated COFs, which is difficult to
obtain by the solvothermal method [85]. Zhao et al. [86]
successfully synthesized NUS-9 and NUS-10 by means of
the condensation reaction of TP with 2,5-diaminobenzene-
sulfonic acid (DABA) or 2,5-diaminobenzene 1,4-disulfonic
acid (DABDA) with a small amount of mixed solvents, and
using mechano-assisted synthesis. Such sulfonated COFs are
difficult to prepare under solvothermal conditions (Fig. 8).
The BET surface areas of as-prepared COFs were 102 and
69 m*/g for NUS-9 and for NUS-10, respectively. In general,
poor crystallinity and the porosity are the common disad-
vantages of the mechano-assisted synthesis. However, such
poor porosity may also be an advantage in other properties
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of the material. Banerjee et al. [87] synthesized a bipyridine-
functionalized COF via mechanochemical routes (TpBpy-
MC) by mixing TP and 2,2'-bipyridine-5,5'-diamine (BPY)
through the classic Schiff-base reaction. The TpBpy-MC is
a good proton-conducting solid electrolyte candidate due
to its poor porosity and compacting pellet, which might
inhibit the fuel crossover; this is opposite to the properties
of TpBpy-ST synthesized by solvothermal method with
good porosity. This also proves that mechanical synthesis
of COF is an important complementary method to the sol-
vothermal technique. Banerjee et al. [88] also developed one
method of the grinding the mixture first and then heating it
to construct COFs with high BET surface areas. They first
ground p-toluene sulphonic acid and corresponding diamine
thoroughly with a pestle, then TP was added into the mixture

followed by the addition of a little amount of water (~ 100
pL). The reaction mixture was thoroughly ground, and was
then heated at 170 °C for 60 s. The as-prepared powder was
dipped into hot water to isolate porous COFs containing high
crystalline structure with more than 90% yield. Using this
method, more than 12 highly crystalline COFs with sur-
face areas as high as 3109 m%/g were obtained. The BET
surface area increased almost 2-3 times compared to their
previously-reported solvothermal counterparts.

2.1.3 Microwave synthesis
Wei et al. [89] synthesized TpPa-COF under microwave

(MW) heating conditions between Pa-1 and Tp in a mixture
of mesitylene:1,4-dioxane: 3 M acetic acid=3:3:1 (v:v:v).

@ Springer
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a Synthesis of HP-TpAzo. b PXRD patterns of HP-TpAzo and TpAzo. ¢ N, sorption isotherms of HP-TpAzo and TpAzo at 77 K.
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120°C,12h

Fig. 10  Photographs showing the progress of a 10-g-scale synthe-
sis of HCOF-1. Reprinted with permission from Ref. [95]. Copyright
2019, The Royal Society of Chemistry
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By microwave irradiation at 100 °C for 60 min, a red powder
was obtained with 83% yield, which is much higher than the
yield (8%) of TpPa-COF (CE) obtained by heating with an
oil bath in a sealed tube at 100 °C for 60 min. The BET sur-
face area of TpPa-COF (MW) (724.6 m?/ g) was higher than
TpPa-COF (prepared by traditional solvothermal method,
535 m?/g) and TpPa-COF (CE) (162.6 m?*/g). Xu et al.
[90] synthesized TpPa-2 (MW) in an open microwave sys-
tem at 100 °C for 60 min with microwave power of 500 W,
based on the condensation of TP and Pa2 in the presence
of a mixed solvent (2.5 mL) with mesitylene:dioxane:3 M
AcOH=3:3:1 (v:v:v). The Sgrg of TpPa-2 (MW) was found
to be 535.2 m*/g, which was higher than the reported TpPa-
2(MC), TpPa-2(ST) and the synthesized TpPa-2(MC).
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Moreover, TpPa-2(MC) was successfully synthesized by
microwave irradiation within 60 min, and the reaction rate
was ~ 72 times faster than that for the reported TpPa-2(ST),
prepared by solvothermal method with a time of 72 h, which
probably contributed due to the high nucleation or crystal
growth rate under microwave irradiation.

2.1.4 lonthermal synthesis

Tonthermal synthesis method is a green and facile method
for preparing COFs. Dong et al. [91] reported the conden-
sation of TP and PA-1, PA-2.4,4'-azodianiline (AZQO) and
1,5-diamino-4,8-dihydroxyanthraquinone (AHAnR) by using
ionic liquid such as 3-methylimidazolium hydrogen sulfate
[BSMIm]JHSO, as a solvent to prepare TFP-PA-COF, TFP-
MPA-COF, TFP-Azo-COF and TFP-AHAn-COF with
yields of 86%, 79%, 84%, and 73%, respectively. The BET
surface areas were calculated to be 446, 604, 809, and 363
m?/g for TFP-PA-COF, TFP-MPA-COF, TFP-Azo-COF,
and TFP-AHAnRN-COF, respectively. These values were
comparable to those for COFs with the same structures but
prepared under solvothermal condition (the reported BET
surface areas were 535, 339, and 1328 m2/g for TFP-PA-
COF, TFP-MPA-COF, and TFP-Azo-COF, respectively).

Moreover, ionic liquids could be recycled for further use
without the loss of activity. Wang et al. [92] developed a
simple, and environmentally-friendly method for the syn-
thesis of HP-TpAzo through the condensation reaction of
TP and AZO under mild conditions in ILs [C,mim][BF,]
(n=4, 6, 10; “n” is the alkyl chain length of the ILs) without
the need of additional template at 50 °C. Figure 9 shows the
synthetic route and the characterization of HP-TpAzo. The
yield of HP-TpAzo was 92%, and the BET surface area was
found to be 561 m%/g, which is similar to that of HP-TpAzo
prepared by the solvothermal method (571 m?/g). Nota-
bly, the HP-COFs prepared in ionic liquids exhibit large
mesopores and maintain the original microporosity time
because ionic liquids could also act as templates beyond as
solvents and catalysts during the reaction process. In addi-
tion to the original structure-dominated micropores in COFs,
the properties of the pores can be tuned by the alkyl chain
length of ionic liquids, resulting in even larger mesopores.
Zhao et al. [93] also chosed an IL ([BMIm][HSO,]) as
a solvent to synthesize TFP-EB and TFP-DAAQ via the
condensation reaction of TP and ethidium bromide (EB) or
DAAQ, where all reaction mixtures required to be degassed
through freezing-pump-thaw cycles, sealed, and heated at
120 °C for three days. The as-obtained samples showed
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mixed pores with poor surface areas (12.5 and 22.4 m%/g for
TFP-EB and TFP-DAAQ, respectively). The PXRD pat-
terns exhibited a broad (001) diffraction peak, indicating a
serious aggregation phenomenon.

2.1.5 Hydrothermal synthesis

Several COFs, such as TpPa-1, TpPa-2, TpBD, TpFn,
DAAQ and TpBpy, were prepared by Banerjee et al. [94]
in hydrothermal conditions. The as-prepared COFs showed
high crystallinity although the surface area and porosity
were similar to those of their solvothermal counterparts.
The hydrothermal method provides a green and large-scale-
synthesis possibility for preparing COFs in water without
the use of organic solvents. Xu et al. [95] reported the syn-
thesis of HCOF-1 by the condensation of TP and hydrazine
hydrate with water as the solvent. The HCOF-1 possessed

@ Springer

higher crystallinity and larger specific surface area than
the counterparts obtained in organic solvents. Moreover,
the production efficiency is also promoted (several days
decreased to several hours) under the hydrothermal method.
More importantly, hydrothermal synthesis breaks through
the limitation of solvothermal synthesis, and could provide
a green and feasible method to prepare COF in large-scale
(Fig. 10).

2.2 Fabrication of films

2.2.1 Insitu growth

In addition to the preparation of powder COF, more and
more attention has been paid to the fabrication of COF film.

Dichtel et al. [96] prepared DAAQ-TFP films, which were
formed through the slow introduction of TP monomer into
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a DMF solution of DAAQ in the presence of Au substrates
(90 °C for 3 h). Varying the initial monomer concentration
provided control of the thickness of the resulting films. The
films grown at an initial DAAQ concentration of 11 nM were
380 nm while films prepared at the concentration of 22 mM
were 525 (484 +80) nm thickness. Thus, the adjustable film
thickness and high specific surface area give this type of
COF films high capacity. By using the unidirectional dif-
fusion synthesis, Wang et al. [97] grew the TpHz selective
layer on macroporous polymer substrates to form compos-
ite membranes for desalination. As shown in Fig. 11b, TP
was fully dispersed in n-hexane, while hydrazine hydrate
and p-toluene sulfonic acid (PTSA) were dissolved in DI
water. The PEI-modified PES substrate was vertically fixed
on a diffusion cell, and the setup was kept at room tem-
perature to allow unidirectional diffusion synthesis three
times for the formation of TpHz/PES membrane. Benefit-
ing from the unidirectional diffusion synthesis, the single

side growth of TpHz on the top side of the substrate was
achieved (Fig. 11c). As a result, the as-formed TpHz selec-
tive layers were defect-free and very thin, enabling the fast
permeation of water with the tight rejection to ions.

Pan et al. [98] solvothermally synthesized TpHZ red
powder through the reaction between TP and hydrazine
hydrate in a mixed solvent containing mesitylene/diox-
ane/6 M AcOH (5:5:1, v:v:v), followed by grinding for
45 min to obtain COF (TpHZ) nanosheets. Then, the COF
nanosheet suspension and Alg solution were spin-coated
on a hydrolyzed polyacrylonitrile (HPAN) membrane, fol-
lowed by immersion it in CaCl, solution to give the Alg-Ca/
COF/HPAN membrane. The membrane thickness was less
than 100 nm. Hydrogen bonding makes COF and Alg attach
firmly to the surface of then HPAN membrane. The as-fab-
ricated Alg-Ca layer provided a superhydrophilic surface,
which could induce the porous COF layer to act as selective
water channels. In 2017, Banerjee et al. [99] showed a new
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fabrication methodology to construct a series of self-stand-
ing, porous and crystalline COFs. Diamine and TP were
added into the mixed solvent of PTSA and water, respec-
tively. After mixed evenly, the as-obtained mixture was
poured onto a glass plate and baked in an oven at 60-120 °C
for 12-72 h to obtain the resultant COMs (Fig. 12), which
displayed higher porosity and crystallinity over the reported
powder form. These self-standing COMs are flexible, con-
tinuous, and devoid of any internal defects or cracks, and
they show long-term durability and recyclability.

2.2.2 Interfacial polymerization

Banerjee et al. [100] presented two different types of COF
nanofilms (~300 nm) constructed from the same building
blocks. COFy, ., film was synthesized by interface synthe-
sis, where TP dissolved in dichloromethane (DCM) and
AZO or 3,8-Diamino-6-phenylphenanthridine (DPP) and
PTSA were dissolved in water. The system was kept at room
temperature for 72 h in undisturbed condition to obtain the
Tp-Azog,, and Tp-DPPg,,, films. COF. film was syn-
thesized by the condensation reaction between the TP and
diamine (Azo and DPP) in the dry DCM to reflux at 70 °C
for 36 h (with trifluoroacetic acid as the catalyst). The BET
surface areas calculated for the four thin films were 1556
(TP-Az0gphere), 764 (TP-AZ0gy,e,), 805 (Tp-DPPs ), and
489 m%g (Tp-DPPy,,,) with total pore volumes of 0.746,
0.563, 0.726, and 0.572 cm?/g, respectively. In the following
year, his team [101] reported four COF thin films prepared
using interfacial synthesis. As shown in Fig. 13a, TP was
dissolved in DCM, PTSA; BPY or AZO were dissolved
in water, or triamine [4,4',4"- (1,3,5-triazine-2,4,6-triyl)

Synthesis of hierarchical porous COFs foams through NaCl template-assisted strategy. Reprinted with permission from Ref. [106].

tris (1,1'-biphenyl) trianiline (Ttba); 4,4',4"-(1,3,5- tria-
zine-2,4,6-triyl) trianiline (Tta)] was dissolved in water and
acetonitrile. The reaction vessels were kept at room-temper-
ature for 72 h to obtain the resulting COFs. The yields of the
as-obtained COFs are 23% for Tp-Bpy, 46% for Tp-Azo,
37% for Tp-Ttba, and 15% for Tp-Tta. The BET surface
areas calculated for these four thin-films are 1151 (Tp-Bpy),
647 (Tp-Azo), 626 (Tp-Ttba) and 333 m%/g (Tp-Tta), with
the total pore volumes of 0.918, 0.491, 0.447, and 0.365
cm’/g, respectively.

Ma et al. [102] prepared FS-COM-1 by a modified
buffering interlayer interface (BII) method, where TP was
dissolved in DCM. Then, 3-12 M acetic acid solution was
added on the top of the DCM solution, followed by the drop-
by-drop addition of tris (4-aminophenyl) amine (TAPA) in
DMF onto the surface of acetic acid solution. After a period
of time, the product was collected. Using this method, a
buffering solution with a low-density solvent was chosen to
separate these two miscible organic solvents to address the
above-mentioned solubility problem. The BET surface area
of FS-COM-1 is 478 m*/g. FS-COM-1 consists of tens of
thinner nanosheets (Fig. 14), stacking on top of each other
with a total thickness of 10-20 pm. The concentrations of
acetic acid are important factors for the successful forma-
tion of COF membranes. For low acetic acid concentra-
tions, only membranes were obtained (9 M gives a mixture
of COF membrane and nanoparticles while 12 M provides
only COF nanoparticles). When the concentration of aque-
ous acetic acid increased, the morphology of COF changed
from membranes to nanoparticles. The possible reason is
that the concentration of acetic acid affected the interface
formation between acetic acid and dichloromethane, thus
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affecting the formation of the initial COF layer, eventually
leading to the morphology changes of COFs from mem-
branes to nanoparticles.

2.2.3 Mixed matrix membranes (MMMs)

Zhao et al. [103] synthesized NUS-2 (TP and hydrazine
hydrate) and NUS-3 (TP and 2,5-diethoxy-terephthalohy-
drazide) by the solvothermal method. These COFs were
then exfoliated into nanosheets and subsequently blended
with poly (ether imide) (Ultem) or polybenzimidazole (PBI).
The mixed matrix membranes showed homogeneous tex-
tures, indicating the excellent compatibility between COF
fillers and polymer matrixes. The surface areas were meas-
ured to be 415 and 757 m2/g for NUS-2 and for NUS-3,
respectively, which are comparable to other 2D COFs with
hexagonal channels such as DAAQ-TFP COF (365 m?/g),
COF-LZU1 (410 m?/g), and TpPa-1 (535 m?/g). The high
Sger> good thermal stability (up to 300 °C) and excellent
resistance toward hydrolysis in both neutral and acidic con-
ditions endow MMM s with high stability and gas separation
performance.

2.3 COF foams

The extrinsic meso and microporosity of COF foam could
produce a large surface area, which is beneficial for the
maximum adsorption of guest molecules through vari-
ous interactions [104]. Banerjee et al. [105] prepared four
COF-foams (TpPa-2-foam, TpPa-NO,-foam, TpAzo-
foam, TpBD-Me,-foam) according to an in situ gas-phase

foaming protocol (Fig. 15a). TpPa-2, TpPa-NO,, TpAzo,
and TpBD-Me,-foams show the surface areas of 579, 254,
1054, and 797 m?/g, respectively. Using a simple strategy
involving the reaction of sodium bicarbonate (NaHCO,)
with excess PTSA led to the continuous effervescence of
CO, to induce disorder within the ordered COF crystallites
to provide tcrystalline COF-foams with hierarchical porosity.

Huang et al. [106] developed a template-assisted syn-
thetic method for preparing HP-COF foams (HP-TpBD),
where PA-1 and TP were mixed in a mortar, NaCl was
employed as hard template, and PTSA was utilized as a
catalyst. Then, the mash was polymerized at 170 °C for
5 min. After washing and freeze-drying, HP-TpBD-X foams
(X=0, 300, 600, 900 mg, where X represents the amount
of NaCl) were obtained (Fig. 16). The specific surface area
(ranged from 679 to 743 m?/g) and pore size (almost all
of them are 2.0 nm) confirmed that the long-range order
channel of virgin TpBD is well maintained when micron-
sized NaCl is added. The number of macropores increased
with the increase of NaCl dosage. HP-TpBD-0 composed
abundant and regular nanoparticles (~50 nm), while HP-
TpBD-300 consisted of substantial nanofibers with micro-
crystals. The morphology of HP-TpBD-600 changed from
nanoparticles to nanofibers completely, which is similar
behavior to that of HP-TpBD-900. Besides, the macropore
volume of HP-TpBD-900 was calculated to be 64.75%,
which is much larger than that of the virgin TpBD COF
(~11%) The macropores ranged in size from 50 to 250 pm.
All these observations suggest that HP-TpBD-900 possessed
abundant and disordered hierarchical pores.
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3 Application
3.1 Fluorescent sensor
3.1.1 Metal ion sensing

The luminescence of two-dimensional COFs is eas-
ily quenched by interlayer n-r stacking or intramolecu-
lar rotation [107]. The as-prepared nanobelt can decrease
the n-n stacking. Qiu et al. [108] employed Bpy and TP
to synthesize Bpy-COF and the related nanobelt Bpy-NS
was obtained by grinding and ultrasonic-assisted peeling
(Fig. 17). The fluorescence intensity of Bpy-NSs increased
linearly with the concentration of AI** and reached equi-
librium at 350 pM. The fluorescence intensity increased by
15.7 times, and the fluorescence quantum yield increased
to 1.74%.

Continuing on this direction, Qiu et al. [109] loaded
AuNPs in situ onto Tp-Bpy NSs. The AuNPs@Tp-Bpy
nanocomposite display high Hg?* detection behavior, and
the minimum detection limit is 0.33 nM. Due to the good
affinity between Au and Hg, AuNPs@ Tp-Bpy nanocom-
posites have excellent selectivity to Hg?*. The reusability of
AuNPs@ Tp-Bpy was evaluated, where the Hg? * regenera-
tion experiments were carried out in water. After six cycles
of repeated detection and mercury removal, the activity of
AuNPs@Tp-Bpy still remained at 95.5%. Das et al. [110]
reported a dithia-crown ether decorated p-Ketoenamine-
based COF (Mc-CON), which could detect Hg>" at the ppb
level. The Mc-CON was synthesized by TP and naptho-
dithia-crown ether-based macrocycle functionalized diamine
(Mc-L1). The fluorescence intensity of the Mc-CON sus-
pension gradually decreased with the continuous addition

@ Springer
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Schematic representation of two-photon fluorescent COF nanoprobes for the fluorescence sensing of H,S. Reprinted with permission

of Hg”". The detection limit of Mc-CON for Hg** was cal-
culated to be 45 ppb, which is equal to or better than many
known thioether-substituted molecular sensors. The effect of
other metal ions such as Ag*, Pb>*, Cd**, Ca®*, Cu*, Zn*",
Fe?", Mn?*, K* and Na* on the detection of Hg>* was neg-
ligible. As shown in Fig. 18, the detection mechanism may
be the chelation of Hg?* to the naphthalene-dithiocyanate
crown ether receptor, which promotes the electron transfer
from the extended p-ketoenamine-connected m-conjugated
network containing electron-rich naphthyl triphenyl fluo-
rescent units to the Hg?* empty orbital, resulting in a large
amount of fluorescence quenching.

3.1.2 Explosive sensing

In 2015, Murugavel et al. [111] reported two p-ketoenamine-
based COFs (TAPB-TFP and iPrTAPB-TFP) as fluorescent
sensors for polynitro compounds (PA, DNT, p-DNB and
m-DNB). TAPB-TFP was a condensation product between
1,3,5-tris(4'-aminophenyl) benzene (TAPB) and TP under
solvothermal conditions. While, iPrTAPB-TFP was syn-
thesized from 1,3,5-tris(4’-amino-3’,5'-isopropylphenyl)
benzene (iPrTAPB) and TP as polymerization monomers.
In the presence of different concentrations of polynitro com-
pounds (such as PA, DNT, p-DNB and m-DNB), the fluo-
rescence was effectively quenched. It is worth noting that
PA is the most effective quencher among all polynitroaro-
matic compounds, which may be due to the proton transfer
from PA to the nitrogen atoms on the COF. Fluorescence
test results showed that in the presence of 13 ppm of PA, the
overall trend of the quenching order of COF with PA was
TAPB-TFP > iPrTAPB-TFP. Compared with that of PA,
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the fluorescence quenching efficiency of other polynitroaro-
matic hydrocarbons was very low.

3.1.3 Biomolecule

Ajayaghosh et al. [112] prepared a covalent organic frame-
work (EB-TFP) based on EB and TP (Fig. 19a). It can shed
itself in water to produce two-dimensional ion covalent
organic nanosheets (EB-TFP-ICON:s) for selective detection
of double-stranded DNA (dsDNA). In this case, there is a
significant difference in the fluorescence intensity at 600 nm
before and after the cDNA strand is added (Fig. 19b). For
example, comparing the fluorescence intensity of EB-TFP-
ICON in the presence of 20-mer ssDNA and its comple-
mentary strands, the fluorescence of the latter is nearly
doubled. Detailed studies have shown that comparing with

a N-H unit undergoes acid—base reaction; b mechanism for fluorescence enhancement of TpPa-1 toward TEA. Reprinted with per-

single-stranded DNA (ssDNA), the recombination phenom-
enon of dsDNA has a high degree of selectivity.

H,S is a very important gas signal molecule in liver dis-
ease. Zhang et al. [113] reported a novel 2D COF (TpASH-
NPHS-COF) nanoprobe condensation from 4-aminosali-
cylhydrazide (ASH) and TP via Schiff-base condensation.
The bulk TpPASH-NPHS-COF was then exfoliated to
TpASH-NPHS-COF nanobelt via solvent-assisted exfo-
liation. TpASH-NPHS is harmless to the cell itself, and
has excellent photostability and long-term biological imag-
ing capabilities. More importantly, compared with small
molecular probes, TpASH-NPHS is not interfered with by
intracellular enzymes when detecting in cells. This allows
TpASH-NPHS to be used to monitor the level of endog-
enous H,S in a mouse model of liver cirrhosis (Fig. 20).
In the range of 0-25 pM, the fluorescence enhancement
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solutions with different pH values; d Deprotonation and protonation processes of the COF-JLU4. Reprinted with permission from Ref. [116].

Copyright 2016, Springer Nature

intensity of TpASH-NPHS-COF is directly proportional
to the concentration of H,S. The lower detection limit of this
substance is calculated to be 0.11 pM.

In 2019, Yan et al. [114] developed a chemically stable
Eu**-modified COF named as Eu@TpPa-1. Eu@TpPa-1
exhibits a turn-on fluorescence response to levofloxacin. It
shows good sensitivity and rapid response to levofloxacin
within 1 min, and at the same time, the interference of other
coexisting species in serum and urine was inhibited. Its good
selectivity and high anti-interference property make Eu@
TpPa-1 successful in detecting levofloxacin in serum and
urine systems. Subsequently, Wang and Yan [115] found
that TpPa-1 could also be used to turn on the lumines-
cence response to triethylamine (TEA) vapor, and its lower
detection limit reached the ppm level (Fig. 21). In addi-
tion, the aqueous products of TpPa-1 and TEA (recorded
as TpPa-1@LE) could be further used for the quantitative
tracking of the biomarker methylglyoxal (MGO) in the

@ Springer

serum system. The minimum detection limit was 117.5 nM,
and the detection range was 107°-1072 M, which meets the
requirements for in vitro detection of MGO, showing great
potential application in further diagnosis of diabetes.

3.1.4 pH detection

p-Ketoenamine-based COFs exhibit high stability in acidic
solution, which might present the possibility of application
as a pH detector. Liu et al. [116] used 2,5-dimethoxytereph-
thalohydrazide and TP as raw materials to synthesize COF-
JLU4 under solvothermal conditions. COF-JLU4 has high
crystallinity, good porosity and strong photoluminescence
performance (Fig. 22a, b). Meanwhile, COF-JLU4 exhib-
ited excellent hydrolytic stability and dispersibility due to
the ketoenamine form of the skeleton. The fluorescence
intensity of COF-JLU4 at different pH values was explored.
The results indicate that the stronger the acidity, the stronger
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the fluorescence intensity of the solution. The solution with
pH =13.0 has the weakest fluorescence intensity (Fig. 22c).
The protonation of nitrogen sites in acidic solutions can
cause the blue shift and fluorescence enhancement of COF-
JLU4 (Fig. 22d).

Yin et al. [117] used TP and 9,9-dibutyl-2,7-diaminoflu-
orene (DDAF) to synthesize COF-4-OH through the Schiff-
base reaction. There are multiple active sites in COF-4-OH,
such as imines, hydroxyl groups, and alkyl groups, which
could allow it to be used for detection of a wide variety of
other materials. Those researchers found that its intramo-
lecular hydrogen bond generates a very good signal when
detecting the water content in organic solvents. For example,
in ethanol, as the water content increases, the fluorescence
intensity at 400 nm will decrease and its minimum detec-
tion limit for water in ethanol is 0.03%. Secondly, COF-
4-OH exhibits different fluorescence behaviors in different
solvents, so COF-4-OH could be further used as a probe
to distinguish different polar solvents. With the addition
of water, the emission strength at 400 nm is enhanced in
polar solvents, while the emission strength at 590 nm is
decreased because the transfer of enol to ketone in polar
solvents involves less proton transfer. Also, the presence of
hydrogen bonds in COF-4-OH can allow it to be used to
detect pH value. As the pH value increases, the emission
strength at 400 nm is significantly enhanced while the emis-
sion at 590 nm remains stable, realizing the sensing of dif-
ferent pHs. This research group have proposed that the -OH
group in the enol state forms hydrogen bonds with H' to
form —OH,*, leading to the reduced emission strength. As
the pH value increases, —OH;r returns to —OH, resulting in
the improved emission strength.

3.2 Energy storage

Many redox groups can be introduced into the skeleton of
B-ketoenamine-based COFs through the reaction between
TP and various multifunctional diamines. At the same time,
due to the unique irreversible tautomerism, these COFs
can exhibit high stability in an acid or base environment.
Dichtel et al. [74] integrated DAAQ (a redox active specie)
into a fB-ketoenamine-based 2D COFs and the as-obtained
DAAQ-TFP COF displayed the initial specific capacitance
of (48 +10) F/g which could be maintained after 5000
charge—discharge cycles. It is worth noting that the monomer
DAAQ only exhibited a lower initial capacitance ((35+7)
F/g) and the specific capacitance further decreased quickly
to (21 +£3) F/g (which was just 60% of its initial specific
capacitance) after several cycles. When another DAB-TFP
COF without redox active part was used as an electrode in
pseudocapacitor, its charge-storage performance was even
worse (only (15 +6) F/g). Moreover, even in the H,SO,
electrolyte, all B-ketoenamine-based COFs provided sta-
ble specific capacitance for at least 5000 charge—discharge
cycles. These results proved the application prospects of
B-ketoenamine-based COFs in electrochemical energy stor-
age devices. To increase the active centers in DAAQ-TFP
COF, the Dichtel group [96] conducted the slow reaction of
TP and DAAQ on the Au substrate to fabricate the DAAQ-
TFP COF film (Fig. 23b). The as-obtained COF film could
form more oxidation active sites than the bulky COF, and
the specific capacitance was also an order of magnitude
higher. The capacitance had nearly 400% increase when the
electrodes were functionalized with orderly-oriented COF
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films compared to those functionalized with the randomly-
oriented COF powder.

In addition, integrating conductive polymers into the
ordered channels of the COF framework could improve the
conductivity of the redox COF film. Dichtel et al. [118] used
the aforementioned DAAQ-TFP COF as a scaffold, doping
poly(3,4-ethylene-dioxythiophene) (PEDOT) into the pores
of the COF framework, and the modified COF shows strong
electrochemical activity (Fig. 24). The electrochemical anal-
ysis showed that the capacitance (maximum capacitance was
350 F/cm®) after PEDOT modification was better than that
of DAAQ-TFP COF film. Moreover, even 1 pm thick film
could maintain a fast-charging rate without affecting the per-
formance. Compared with the synthetic DAAQ-TFP COF
film, this performance is equivalent to a 30-fold enhance-
ment in volume energy density and a 12-fold increase in
volume power density.

@ Springer

However, the shortcomings of electropolymerization as
well as the restricted requirement of COF film as a precursor
made it very difficult to scale up the production and widen
its applications. To solve these problems, in 2019, Awaga
et al. [119] introduced conductive PEDOT into the order
channels through in-situ solid-phase polymerization (SSP).
The electrochemical properties of the as-obtained compos-
ite materials were analyzed. When the current density was
1 A/g, the calculated specific capacitance was 1663 F/g
for PEDOT @AQ-COF, which was about sixfold higher
than that of AQ-COF/PEDOT (274 F/g). When the cur-
rent density increased to 500 A/g, the specific capacitance
decreased to 998 F/g. This suggested that the electrode
containing PEDOT @AQ-COF had ultra-fast charge and
discharge capabilities. Some conductive polymers and car-
bon materials have been successfully functionalized with
hydroquinone (H,Q) to improve pseudocapacitance [120].
However, most COFs electrode materials have insufficiently
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precise control over redox functionalization. Inserting the
H,Q/Q electrochemical excitation process into the COF
backbone, where the intramolecular H bond may provide

(b)

interlayer C—H --+ N hydrogen bonding

{

(©)
5 in H,SO,4 (18 M) 3 days
<
2
£ As synthesized
= LD
- 200-220 uM
simulated (tilted AA)
1 I 1 1 1 1 1 1 300 IJM
5 10 15 20 25 30 35 40
260/(°) cross-seetion of COF thin sheet
Fig. 26

better electrochemical stability with the system of H,Q/Q,
can significantly increase the pseudocapacitance. Therefore,
in 2017, Banerjee et al. [121] employed TP and 2,5-dihy-
droxy-1,4-phenylenediamine [Pa-(OH),] as structural units
to construct H,Q-based COF (TpPa-(OH),) (Fig. 25). The
capacitor performance of TpPa-(OH), showed that when
the current density was 0.5 A/g, the maximum specific
capacity of TpPa-(OH), is 416 F/g, the highest capacitance
obtained by COF-based materials at that time. Subsequently,
the specific capacitances of the non-functionalized TpBD
and TpBD-(OMe), were 29 and 16 F/g, respectively, con-
firming that the redox conversion was the result of the action
of phenol.

Poor electrochemical stability is a major problem in the
application of COFs in supercapacitors. To address this
issue, Banerjee et al. [122] reported a COF (TpOMe-DAQ)
(Fig. 26), which combined redox active groups with hydro-
gen bonds. TpOMe-DAQ was synthesized through the reac-
tion between 2,4,6-trimethoxy-1,3,5-benzenetricarbaldehyde
(TPOME) and 2,6-diaminoanthraquinone (DAQ). The as-
fabricated TpOMe-DAQ film as an electrode material in
supercapacitors showed extremely high stability in concen-
trated acid. Specifically, when the concentration of elec-
trolyte increased from 2 to 3 M, the capacitance increased

2
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and IEUT
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a Structure of TpOMe-DAQ; b structural illustration of the interlayer C-H...NH-bonding; ¢ X-ray spectra of TpOMe-DAQ;

d Description of charge—discharge; e Cyclic voltammetry of the as-synthesized sheet in 3 M H,SO, using 1 mV/s? potential scanning. Reprinted
with permission from Ref. [122]. Copyright 2018, American Chemical Society
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Fig.27  a Diagrammatic representation of the fabrication of the CT-COF supercapacitor device; b Three-electrode characterization using
CV and CD; ¢ Device characterization: CV, charge—discharge, and impedance analysis of CT-DqTp and CT-Dq;Da;Tp COF supercapacitor
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from 13 to 169 F/g. Banerjee et al. attributed this increase et al. [126] reported that DAQ and 2,6-diaminoanthracene
in capacitance to the involvement of H" ions in the redox ~ (DA) linkers were inserted into COFs through a solid-state
active quinone (C=0) center. molecular mixing process (Fig. 27a). The capacitance value

Flexible supercapacitors in modern electronic devices  of each COF chip was evaluated. Among them, due to the

require high mechanical strength, flexibility, and inde-  higher loading amount of anthraquinone linkers, Dq,Da,Tp
pendence [123-125]. However, it has been found that it is showed better electrochemical performance. When the cur-
very difficult for one single electrode to have all the above-  rent density was 1.56 mA/cm?, the capacitance reached 122
mentioned performance. Thus, a solid-state molecular bak-  F/g. Even the Dq;Da,Tp COF film with good mechanical
ing strategy was used to synthesize stretchable and flex-  properties also showed good specific capacitance.

ible COFs to address these challenges. In 2018, Banerjee
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3.3 Photocatalysis
3.3.1 Photocatalytic hydrogen generation

As a clean and efficient energy source, hydrogen is a prom-
ising alternative to fossil fuels. Therefore, photocatalytic
hydrogen evolution has become a research focus [127]. In
2018, Thomas et al. [128] prepared two p-ketoenamine-
based COFs, TP-EDDA-COF and TP-BDDA-COF,
containing ethynyl and diethynyl structures, respectively.
During photocatalytic hydrogen evolution, the hydrogen
production rate of TP-BDDA-COF containing diethynyl
group (324 pmol/(h-g)) was ten times higher than that of
TP-EDDA-COF containing ethynyl group (30 pmol/(h-g))
(Fig. 28), suggesting that increasing the conjugated structure
in the COF skeleton can make the charge mobility higher
and significantly improve the photocatalytic activity.

The electron donating or electron accepting units in the
photocatalyst structure can also significantly improve the
catalytic activity. The existence of the donor—acceptor unit

can make the excited electrons transfer process more sta-
ble, to inhibit the recombination of excited electrons and
holes. Sun et al. [129] prepared three -ketoenamine-based
COFs (TpPa-COF, TpPa-COF-NO,, TpPa-COF-(CH;),)
(Fig. 29). Under visible light irradiation, using platinum as
a promoter and sodium ascorbate as a hole sacrificial agent,
the hydrogen production rates were 1.56, 0.22, 8.33 mmol/
(h-g), respectively. TpPa-COF-(CH;), containing elec-
tron donating units had certain catalytic activity while the
electron-accepting units in TpPa-COF-NO, or TpPa-COF
without electron donor—acceptor unit showed almost no cat-
alytic behavior. These results reveal that the introduction of
electron-donating unit can improve the photocatalytic activ-
ity of the material, while the electron-withdrawing unit has
the opposite effect. The reason for the opposite effect is that
the electron-donating and electron-withdrawing groups have
different conjugation effects, which affect the mobility of
carriers and thus have different effects on the photocatalytic
activity of the material.
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In addition, researchers have also tried to introduce spe-  p-ketoenamine-based COFs for photocatalytic hydrogen
cific functional groups into the framework of COF mate-  evolution. S-COF, FS-COF, and TP-COF were respectively
rials to enhance the photocatalytic activity of COF mate-  combined with 3,7-diaminodibenzo[b,d]thiophene sulfone

rials. Cooper et al. [130] reported that sulfone-containing (SA), 3,9-diamino-benzo[1,2-b:4,5-b']bis [ 1]benzothiophene
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sulfone (FSA), 4,4"-diamino-p-terphenyl (TPA) through  10.1 mmol/(h-g). Clearly, the number of sulfone groups has
reacting with the same monomer TP (Fig. 30a). Among  an important impact on the photocatalytic performance.

them, compared with S-COF with one sulfone group and Compared with activities of other photocatalytic mate-
TP-COF without sulfone group, the hydrogen evolution  rials, the COF catalytic activity of a single component
rate of FS-COF with two sulfone groups was as high as  is not high or the catalytic persistence is low. Therefore,
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COFs composites with other active semiconductors used
to improve catalytic activity have been widely investigated.
Banerjee et al. [131] first tried to combine p-ketoenamine-
based COF (TpPa-2) with inorganic semiconductor CdS
nanoparticles to prepare a photocatalytically active compos-
ite material CdS@TpPa-2 (Fig. 31). Under light conditions,
when the ratio of the two components (CdS:COFs) is 90:10,
the efficiency of photolysis for hydrogen production could
reach as high as 3678 pmol/(g-h), which is higher than that
of CdS nanoparticles alone (124 umol/(g-h)). The reason
is that the uniform and ordered pore structure of TpPa-2
promotes charge transfer and inhibits the transfer of photo-
generated carriers and holes.

Liu et al. [132] successfully combined COF and MOF
heterogeneously to construct a COF@MOF composite.
Through the classic Schiff-base reaction, NH,-UiO-66
(Zr) covalently anchored onto the surface of TpPa-1-COF,
the as-prepared NH,-UiO-66/TpPa-1-COF composite

@ Springer

possessed porous structure and large surface area (Fig. 32).
The detailed studies showed that the optimized mass ratio
between NH,-UiO-66 and TpPa-1-COF was 4:6, where
the hydrogen evolution rate reached the highest amount
(23.41 mmol/(g-h)). Such ultra-high hydrogen evolution
rate is attributed to the good matching band gap between
NH,-UiO-66 and TpPa-1-COF, and the effective charge
separation at the interface of the hybrid material.
Similarly, graphitic carbon nitride (g-C;N,), as a poly-
meric organic semiconducting material, has also been used
to prepare photocatalytic composites with COFs [133].
Under DMSO solvothermal conditions, TP, TTA, and
g-C;N, were condensed to prepare CN-COF. TTA-TP-COF
is covalently connected to g-C;N, through the imine bond
between the terminal amino groups on the surface carbon
nitride and the aldehyde groups in TP. The covalent bonds
between g-C;N, and COF facilitate the separation and the
transfer of photogenerated carriers, thus enhancing the
photocatalytic activity of the composite. Under visible light
irradiation, the hydrogen evolution rate reached 10.1 mmol/
(g-h). Recently, a new metal-insulator-semiconductor (MIS)
nanostructure has been developed [134]. The hybrid pho-
tocatalytic Pt-PVP-TP-COF system was constructed using
TP-COF as a semiconductor, polyvinylpyrrolidone PVP as
an insulating layer, and Pt as a metal detector (Fig. 33a).
The photoelectrons on the TP-COF could pass through the
PVP insulating layer in the form of thermal tunneling to
reach the metal detector. Under the irradiation of 475 nm
wavelength light, the maximum hydrogen evolution rate
reached 8.42 mmol/(g-h), and the maximum apparent quan-
tum efficiency reached 0.4%. The results suggest that the
MIS nanostructure cannot only enhance the light excitation
and charge separation of the semiconductor part, but also
promote the holes oxidize and accelerate the HER reaction.
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3.3.2 Photocatalytic CO, reduction

Because of the excellent performance of B-ketoenamine-
based COF hybrid materials in photocatalytic hydrogen
evolution, researchers have explored their photocatalytic
degradation performance in other directions such as pho-
tocatalytic CO, reduction and photocatalytic degrada-
tion of organic pollutants. For example, Zou et al. [135]
manufactured a nickel-containing 3D COF to selectively
reduce CO, to CO, where 2,2-bipyridyl COF was a carrier
and Ni nanoparticles were highly dispersed on the surface
of the COF pores (Fig. 34). The as-prepared COF com-
posite (Ni-TpBpy) exhibited high CO generation activity
(4057 pmol/g) within 5 h under water-containing conditions,
and had a higher selectivity (96%) than hydrogen evolution
(170 pmol/g). Ni-TpBpy showed a good conversion num-
ber (13.62) and quantum efficiency (0.3%). In addition, the
catalyst could be reused up to three times, with a slight loss
of catalytic activity. No major morphological and structural
changes were observed.

Fan et al. [136] built Ru@ TpBpy composites by anchor-
ing ruthenium nanoparticles (NPs) in a bipyridine-linked
covalent organic framework (TpBpy). Ru@TpBpy catalyst
can reduce CO, to HCOOH under visible light irradiation
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a Schematic diagram for photocatalytic CO, reduction; b photoluminescence spectra; ¢ photocurrent responses; d EIS Nyquist plots.

(Fig. 35). The interaction between Ru-NPs and TpBpy
cannot only enhance visible light capture, but also can
effectively inhibit the recombination of photo-generated
charges, promote electron transfer, and increase light
catalytic CO, reduction. The maximum yield of HCOOH
reached 172 pmol/(g-h). Afterwards, in the same way, the
authors prepared Ru/TpPa-1 composites by anchoring
ruthenium nanoparticles (NPs) onto pB-ketoenamine- based
COF TpPa-1 [137]. Compared with the parent TpPa-1, Ru/
TpPa-1 photocatalyst showed a significantly enhanced CO,
reduction activity, and the maximum HCOOH yield was
108.8 pmol/(g-h).

3.3.3 Photocatalytic degradation

Giesy et al. [138] combined TP with MA at room tempera-
ture to form TpMA through mechanical ball milling. Under
visible light irradiation of TpMA, the degradation rate of
phenol reached 87.6%. In addition, Qin et al. [139] reported
that COF TpSD containing sulfone bonds could be used as
a photocatalyst to degrade organic dyes in water. Under the
visible light of the xenon lamp, the rhodamine B (RhB) solu-
tion containing COF TpSD could be degraded completely
within 30 min.
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3.4 Electrocatalysis
3.4.1 Electrocatalytic hydrogen generation

Porphyrin-based COF (TpPAM) [140] have been pre-
pared by the condensation of TP and 5, 10, 15, 20-tetra(4-
aminophenyl)-21H, 23H-porphyrin (PAM). As shown in
Fig. 36, the as-prepared TpPAM COF exhibited superior
activity for the electrocatalytic HER, with a relatively low
overpotential (250 mV) and a small Tafel slope (106 mV/
dec). The current density reached 10 mA/cm?. The Faradaic
efficiency of the TpPAM based electrode was calculated to
be 98%, which is very close to the ideal value of 100%. Fur-
thermore, the as-synthesized catalyst showed good stability
(retaining 91% of current density after 1000 cycles).

3.4.2 Electrocatalytic oxygen evolution

Electrochemical reaction is a convenient way to realize the
effective interconversion of chemical energy and electric
energy through bond breaking and formation. This method
can split water electrochemically into hydrogen and oxygen,
which can react with each other to regenerate water for the
cycling realization of the decomposition and transformation

@ Springer

of water [141]. The whole process is renewable, clean and
green. In the two half reactions, the reducing hydrogen evo-
lution reaction (HER) is faster, while the oxygen evolution
reaction (OER) is hindered by the complexity of the fol-
lowing process: (i) Breaking of OH bonds; (ii) The decom-
position of water molecules and the formation of electron
pairs; and (iii) The formation of energy-intensive O=0
bonds. p-ketoenamine-based COFs are one class of ultra-
stable COFs that can be coordinated with transition metals
as effective oxygen evolution catalysts.

Banerjee et al. [142] synthesized bipyridine-containing
COF by reacting TP with BPY (Fig. 37a). The bipyridine
part can be used to coordinate with cobalt ions to generate
abundant Co-N active sites and construct a metal-bipyridine
molecular system. Figure 37b shows that the Sy of Co-
TpBpy was 450 m%/g, which wass less than that of TpBpy
(1667 m?/g). In addition, Co-TpBpy showed remarkable
LSV stability because its OER current retention rate was
as high as 94% even after 1000 scans from 0.6 to 1.8 V
(Fig. 37¢). Under neutral pH conditions, the current density
was 1 mA/cm?” and the overpotential was 400 mV.

Recently, a bipyridyl-containing COF loaded with
bimetal (Co-V) has been synthesized for electrocatalytic
oxygen evolution [143]. As shown in Fig. 38, the hybrid
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material is modified by — SO;H, followed by treatment with
NH,* and exchanged with cations. The bimetallic ions were
successfully anchored to a specific site. When the bimetal
ratio was 1:1 (i.e., Coy 5V, 5@COF-SO;), it showed the best
electrocatalytic oxygen evolution activity. When the over-
potential increased to 400 mV, a current density as high as
119.6 mA/cm? could be obtained. The current density of
C00.5V0.5@COF-SO; was approximately 6.2 times than
that of vanadium-free Co@ COF-SO; (19.4 mA), indicating
that V incorporation can significantly enhance OER activity.
It is worth noting that in this system, bimetallic ions could
be easily removed by HCI to ammoniate the phase for the
next run to exchange with bimetallic ions, thereby realizing
the reversible switching from the catalytically inert phase to
the catalytically active phase.

In 2019, Thomas et al. [144] reported on a template-
assisted method to prepare (-ketoenamine- based COFs
with hierarchical macroporous and microporous structures.
Polystyrene spheres (PSs) were used as hard templates to
form interconnected large pores within the COF structure.
In particular, the size of the macropores could be adjusted
by tuning the size of PSs, and the composition could be
changed by using different COF precursors. The as-obtained
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a Preparation of TpBpy; b N, adsorption isotherms; ¢ linear sweep voltammetry (LSV) stability test profile. Reprinted with permis-

macroporous COF maintained high crystallinity, high spe-
cific surface area, hierarchical pore structure, and chemi-
cally-stable framework, thus leading to rapid mass transfer
and more accessible active sites. The use of cobalt-coor-
dinated bipyridyl COF as the OER catalyst confirmed the
rapid mass and ion transport in the hierarchical COF struc-
ture. The as-synthesized macro-TpBpy-Co showed excel-
lent performance as an OER catalyst. Compared with pure
microporous COF, its competitive overpotential at 10 mA/
cm was 380 mV, and the surface was larger. The introduc-
tion of pore structure greatly improved the performance of
electrocatalytic oxygen evolution. Therefore macroporous
and microporous COF containing Fe (mc-TpBpy-Fe) [145]
was prepared through a PTSA-assisted mechanochemical
method in the presence of silica nanoparticles (Fig. 39a).
The bipyridine parts of COF contributed to the coordination
of metal ions and produced abundant Fe—N active sites in
the resulting carbon material. The mesoporous structure and
macroporous volume effectively promoted the diffusion of
O, and the electrolyte into the uniformly dispersed FefiNx
active centers, resulting in excellent ORR performance with
a competitive half-wave potential of 0.845 V and a limiting
current density of 5.92 mA/cm?.
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3.5 Batteries

There are few reports on the use of -ketoenamine-based
COFs as electrodes in rechargeable batteries. Lu et al.
[146] reported a high-capacity stable anode based on a
B-ketoenamine COF in a sodium-ion battery (Fig. 40).
The characterization revealed that the COF electrode pro-
moted the formation and transformation of C-O and a-C
free radical intermediates in the redox process. The results
indicated that the stacking interaction was essential for con-
trolling electrochemical performance. Reducing the stacking
thickness of 2D COF could systematically and simultane-
ously improve the stability of free radical intermediates. A

@ Springer

ion exchange
70 coordmatlon
5

Strategy using a flexible and robust bimetal-incorporated COF catalyst to enable switching OER performance. Reprinted with permis-
sion from Ref. [143]. Copyright 2020, The Royal Society of Chemistry

4-12 nm thickness of 2D-COF samples showed very prom-
ising electrochemical performance with high capacity (420
mAh/g at 100 mA/g), excellent rate performance (at 5 A/g,
198 mAh/g) and excellent cycle stability (99% retention rate
in 10000 cycles at 5 A/g).

3.6 Proton conduction

In recent years, proton conductive materials have attracted
great interest due to their wide applications in fuel cells,
sensors and electronic devices. The high stability of
B-ketoenamine-based COFs ensure the sustainability of
materials under harsh fuel cell operating conditions. As
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shown in Fig. 41, in 2014, Benerjee et al. [147] proposed an
azo-functionalized COF (Tp-Azo) containing a Schiff-base
between those of TP and AZO. Doping H;PO, in Tp-Azo
results in acid immobilization in the porous framework and
the as-prepared PA @Tp-Azo shows decent proton conduc-
tivity under humid and anhydrous conditions (9.9 x 10~ and
6.7x 107> S/cm, respectively).

Furthermore, the intrinsic and extrinsic proton conduc-
tion phenomena in COFs can be realized in two ways [148],
where sulfonic acid-functionalized COF (TpPa-SO;H)
was severed as an intrinsic proton conductor (Fig. 42a).
Free —SO;H groups were stacked in the COF backbone
to provide a continuous array of proton conduction sites.
Afterwards, a pyridine functionalized COF was synthesized
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by integrating a pyridyl site (TpPa-Py) and a hybrid COF
containing pyridyl and sulfonic acid groups TpPa-(SO;H-
Py) VERB into one COF structure via a ligand-based solid
solution method. Subsequently, phytic acid phytate (sodium
dihydrogen phosphate) was immersed in TpPa Py and
TpPa-(SO;H Py) to form phytic@TpPa-Py and phytic@
TpPa-(SO;H-Py), respectively. Phytic@TpPa-(SO;H-Py)
could conduct protons through the combination of sulfonic
acid groups with adjacent pyridine units (intrinsically), or
transport protons through immobilized phytic acid at the
pyridine site (externally). The anhydrous proton conductiv-
ity of phytic@TpPa-(SO;H-Py) (5 X 10~* S/cm at 120 °C)
was higher than those of phytic@TpPa-Py and phytic@
TpPa-SO;H (Fig. 42b).

As shown in Fig. 43, Benerjee et al. [87] reported that
TP and BPY were combined together by the solvother-
mal method (TpBpy ST) or by mechanochemical method
(TpBpy MC). Diamine (BPY) bipyridine-functionalized
COF was synthesized through the Schiff-base reaction. Com-
pared with TpBpy-ST-COFs, TpBpy-MC had lower crys-
tallinity and small porosity. However, these characteristics
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could ensure TpBpy-MC offered a high-efficiency solid
electrolyte (proton conductivity of 1.4 x 1072 S/cm) in PEM
fuel cells, while the solvothermally synthesized COF under
similar conditions showed no proton conductivity.

4 Summary and outlook

B-Ketoenamine-based COFs are obtained by irrevers-
ible enol-to-keto tautomerization from imine-based COFs,
which exhibit excellent stability, ultra-high specific surface
area, and adjustable pore size. In this mini review, different
synthetic methods such as solvothermal, mechanochemi-
cal, microwave, ionthermal and hydrothermal synthesis are
summarized. The characteristics of different morphologies
of p-Ketoenamine-based COFs such as powder, film and
foam are also introduced and compared. The optoelectri-
cal applications of p-Ketoenamine-based COFs including
fluorescence detection, energy storage, photocatalysis, elec-
trocatalysis, batteries, and protons conductor etc., are also
presented.

In fact, most pB-ketoenamine-based COFs are synthe-
sized by the solvothermal method. However, the synthetized
amount can only reach the milligram level. Although the
reported room-temperature mechanical grinding method
can prepare gram-scale f-ketoenamine-based COFs, the
crystallinity and porosity of the as-synthesized COFs are
not satisfactory. Microwave-assisted method can save time
and generate high quality crystalline material. However,
organic solvents are required, which leads to a large number
of VOCs. Hydrothermal synthesis is a green method; how-
ever, it requires relatively high temperature and long reac-
tion time. As to the further development of B-ketoenamine-
based COFs, a large-scale, low-cost, and green synthetic
method is highly desirable in the future. Moreover, although
B-ketoenamine-based COFs have been applied in many
fields, they have not been applied in biological field. In fact,
fB-ketoenamine-based COFs not only contain a large num-
ber of hydrophilic groups such as C=0, OH and NH, but
also display excellent optoelectrical properties, which might
make these COFs promising candidates for potential applica-
tions in bioimaging, photothermal and photodynamic cancer
therapy etc. in the future.
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