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A facile and scalable synthetic method for covalent
organic nanosheets: ultrasonic polycondensation
and photocatalytic degradation of organic
pollutantst

Shi-Xian Gan, Chao Jia, Qiao-Yan Qi and Xin Zhao (& *

Covalent organic framework nanosheets (COF NSs or CONSs), as compared to their bulk counterparts two-
dimensional (2D) covalent organic frameworks (COFs), exhibit superior performance in many aspects due to
their fully accessible active sites benefiting from their ultrathin porous 2D structures. The development of
a scalable synthetic methodology for CONs is crucial to further exploration of their unique properties
and practical applications. Herein, we report an efficient strategy to fabricate ultrathin CONs through
direct polycondensation of monomers under ultrasonic treatment and mild conditions. This method is
facile and scalable, which is demonstrated by gram-scale synthesis of two ultrathin 2D CONs in several
hours. Moreover, the as-prepared ultrathin CONs show excellent heterogeneous photocatalytic
performance for the degradation of organic pollutants (dyes as representatives), remarkably superior to
the bulk COFs prepared from the corresponding monomers under solvothermal conditions. This
research provides a new roadmap for the scalable and facile synthesis of ultrathin CONs, which is of
paramount importance for fully exploring the tremendous potential of this emerging type of 2D material.

Introduction

Covalent organic frameworks (COFs),"? as a burgeoning class of
crystalline organic polymers with permanent porosity, have
garnered wide attention over the past decade due to their
versatile applications in many fields ranging from catalysis,*™*
sensing,”* gas storage, separation,’”?® drug delivery,
nanomedicine,”®?® to energy storage.”’*' These applications
have been enabled by the unique structural features of COFs
such as ordered internal structures, well-defined nanochannels,
large specific surface areas and conjugated skeletons, as well as
their predesignable, tailorable, and functionalizable skeletons.
COFs are usually prepared via solvothermal synthesis, which
gives rise to insoluble polycrystalline powders (bulk COFs).
While some applications, for example adsorption, are well
implemented with bulk COF materials through the encapsula-
tion of guest molecules in their extended channels, bulk COFs
cannot fully exert their functions in many other application
scenarios due to poor processibility and inaccessible active sites
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deeply buried inside the channels. In this context, COF nano-
sheets, also known as covalent organic nanosheets (CONs),*
have been increasingly developing as a new type of two-
dimensional (2D) material to overcome the shortcomings.
Compared with bulk 2D COF materials, 2D CONs are few-layer
or even single-layer materials, and thus have an extremely
large aspect ratio, ultrathin thickness, and fully accessible
active sites. These advantages endow them with great applica-
tion potential in many aspects, such as separation,**** catal-
ysis,**” energy storage,*®** drug delivery*’ and chemosensing.**

Due to the unparalleled advantages of ultrathin CONs over
bulk COFs in many application scenarios, a variety of synthetic
methods have been developed for them, which can be divided
into two types: top-down and bottom-up.** The former one is
based on the exfoliation of layered bulk 2D COF precursors,
including sonication exfoliation,*** chemical exfoliation,***
self-exfoliation,**** and mechanical exfoliation.*>*> Among
them, sonication exfoliation in the liquid phase is a widely used
approach to delaminate layered materials. However, while it is
a general method to fabricate 2D CONs, this procedure suffers
from the difficulty of defining the size, thickness and shape of
nanosheets. Furthermore, an inescapable problem of sonica-
tion exfoliation is the quite low yield of ultrathin 2D CONs,
which becomes a bottleneck to the practical application of
CONs. On the other hand, COF nanosheets can also be fabri-
cated through a bottom-up strategy, for which condensation
reactions of monomers usually occur at interfaces, including
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gas/liquid interface,*** liquid/liquid interface,” and solid
surface,**® or are assisted by an external modulator.* To ach-
ieve ultrathin 2D CONs via a “bottom-up” strategy, a low
concentration of organic monomers is usually required. As
a result, they are typically synthesized in very small amounts,
which also significantly limits the large-scale applications of 2D
CONs. To break the bottleneck problem, a facile, efficient, and
scalable method is highly desired. Herein, we report a novel
approach to fabricate ultrathin 2D CONs on a gram-scale in
a short time. This method is direct ultrasound-mediated poly-
condensation of monomers under mild conditions, without the
use of any matrices, templates or interfaces. The photocatalytic
activity of the as-prepared CONs was investigated, which
revealed their excellent performance for the degradation of
organic dyes.

Results and discussion

To demonstrate this novel synthetic method, two known COF
structures are selected as the research objects (Scheme 1).*° The
synthetic procedure is facile and was conducted by ultrasoni-
cally treating (100 W and 40 KHz) a mixture of the monomers
(gram-scale) in organic solvents in a beaker for several hours in
an ice water bath under ambient pressure (see the ESIf for
details). The CONs were obtained as ultrathin nanosheets, as
revealed by morphological characterization. The CON prepared
from the condensation of 1,3,5-benzenetricarbaldehyde (BTCA)
and 1,3,5-tris(4-aminophenyl)-benzene (TAPB) was named P-
CON, while that from BTCA and 2,4,6-tris(4-aminophenyl)-1,3,5-
triazine (TAPT) was termed T-CON. For comparison, their cor-
responding bulk 2D COFs, P-COF and T-COF, were synthesized
as microcrystalline powders under solvothermal conditions by
heating BTCA with TAPB or TAPT, respectively, in organic
solvents at 120 °C for 7 days in sealed tubes.

Both the as-prepared 2D CONs (P-CON and T-CON) and the
bulk 2D COFs (P-COF and T-COF) were fully characterized by
various techniques. As revealed by Fourier-transform infrared
(FT-IR) spectroscopy (Fig. S1 and S2t), the CONs have the same

Scheme 1 Illustration for the synthesis of the ultrathin 2D CONs and
their application as high-performance photocatalysts for dye
degradation.
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Fig. 1 (a) PXRD profiles of P-COF: the experimental (black), refined
(red), and simulated (blue, based on eclipsed stacking) PXRD patterns,
and difference plot between the experimental and refined PXRD
patterns (gray). (b) Comparison between the PXRD patterns of P-COF
and P-CON. (c) PXRD profiles of T-COF: the experimental (black),
refined (red), and simulated (blue, based on eclipsed stacking) PXRD
patterns, and difference plot between the experimental and refined
PXRD patterns (gray). (d) Comparison between the PXRD patterns of T-
COF and T-CON.

chemical compositions as those of the corresponding bulk
COFs, which was evidenced by the almost same spectra recor-
ded for the CONs and the COFs. In addition, the crystalline
features of the COFs and CONs were indicated by powder X-ray
diffraction (PXRD). For P-COF, an intense peak corresponding
to the (100) facet appears at 5.66°, along with three weak peaks
at 9.67°, 11.17°, and 24.85° attributed to (110), (200), and (001)
facets, respectively (Fig. 1a). As to P-CON, the intensity of
diffraction peaks was much lower, and only the (100) peak was
observed at the same position of the (100) peak of P-COF
(Fig. 1b). This result suggests that P-CON holds the same
framework structure as that of P-COF, but exists as ultrathin 2D
sheets. Owing to the few-layer structures, the interlayer stacking
in the CONs is much weaker than that in the bulk COFs,
resulting in weaker crystal plane diffraction. On the basis of the
PXRD data of P-COF, the unit cell parameters of P-COF were
generated through Pawley refinement tobe a = b = 18.55 A, c =
3.60 A, « = 8 = 90° and y = 120°, with Ry, = 4.06% and R, =
2.89% (Fig. S37). In the case of T-CON and T-COF, a similar
phenomenon was observed (Fig. 1c and d). And the unit cell
parameters were calculated to be a = b = 18.32 A c=3.61Aa=
B =90° and y = 120°, with R, = 5.01%, R, = 3.55%, based on
the experimental PXRD data of T-COF (Fig. S47).

The morphology of the as-prepared CONs and bulk COFs was
investigated with transmission electron microscopy (TEM) and
atomic force microscopy (AFM). Different from the aggregation
morphology of the bulk COFs (Fig. 2a and b), the TEM images of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 TEMimages of P-COF(a), T-COF (b), P-CON (c), and T-CON (d).
AFM images of P-CON (e) and T-CON (f). Note: the insets in the upper
right corners of (a)—(c) show the photographs recorded for testing the
Tyndall effect of the dispersions of the CONs and COFs in DMSO,
respectively.

the CONs show a film-like morphology with large 2D dimen-
sions, consistent with the expected structure of nanosheets
(Fig. 2c and d). Furthermore, the suspensions of P-CON and T-
CON in dimethyl sulfoxide exhibit a typical Tyndall effect (the
insets in Fig. 2c and d), while their corresponding bulk COFs do
not (the insets in Fig. 2a and b), indicating a colloidal feature of
the ultrathin 2D CON nanosheets. Impressively, the CONs
exhibit a homogeneous distribution in dimethyl sulfoxide
suspension without agglomeration even after two months
(Fig. S51), which is attributed to the weak interlayer stacking
between the nanosheets. The thinnest thicknesses of the CONs
were measured with AFM to be 4.6 nm for P-CON and 4.5 nm for
T-CON (Fig. 2e and f), corresponding to about 13 stacked
monolayers, while the maximum thicknesses were ca. 20 nm for
P-CON and 19.6 nm for T-CON in a randomly selected micron
range (Fig. S61). By contrast, the bulk COFs prepared by sol-
vothermal condensation exhibit a particle-like morphology with
much larger heights (228.5 nm for P-COF and 565.2 nm for T-
COF for the selected particles) (Fig. S71). The above results
clearly demonstrate the high efficiency of the ultrasonic
synthesis of ultrathin CONs.

The architectural rigidity, Brunauer-Emmett-Teller (BET)
surface areas, and permanent porosity of both the CONs and
COFs were examined by N, adsorption-desorption measure-
ments at 77 K. For P-CON, its BET surface area was estimated
from the absorption data in the range of P/P, from 0.003 to 0.05,
which afforded a value of 547 m* g~ *. The value is much smaller

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than that of bulk P-COF (1062 m* g~ "). Such a result is similar to
those reported for CONs prepared by the exfoliation of bulk
COFs.**¢*¢t Similarly, T-CON and T-COF also exhibit the same
trend, with BET surface areas of 972 m® g~ * for T-CON vs. 1323
m? g~ for T-COF (Fig. S8-5131). Meanwhile, a smaller total pore
volume of P-CON (0.47 cm® g~" at P/P, = 0.99) than that of P-
COF (0.69 cm® g~ ') was found, and a similar phenomenon was
also observed for T-CON (0.49 cm® g~ ') and T-COF (0.65 cm®
g~ "). Moreover, similar to previous examples,* the pore size
distributions of CONs are consistent with that of COFs (17.5 A
for P-CON vs. 16.7 A for P-COF, and 17.8 A for T-CON vs. 17.3 A
for T-COF) (Fig. S14-5177), agreeing with their theoretical pore
sizes (Fig. S181). This result indicates that the as-prepared
ultrathin 2D CONs have uniform microporous frameworks
very similar to the layers in their corresponding bulk 2D COFs.

It is well known that ultrathin 2D materials have been
revealed to exhibit great potential in heterogeneous photo-
catalysis associated with their fully accessible active sites and
their large surface areas.®® In addition to the large accessible
surfaces of CONs, their porous nature also provides a strong
guarantee for the adhesion of reactants, making catalytic reac-
tions more adequate. These advantages make CONs very
promising to be used as photocatalysts. Such potential was then
examined for the as-prepared CONs. To this end, the photo-
catalytic performance of the two CONs was firstly evaluated by
monitoring the degradation of methylene blue (MB), a typical
pollutant in dyeing wastewater, under visible light irradiation.
For comparison, the photocatalytic performance of their cor-
responding bulk 2D COFs was also investigated under analo-
gous experimental conditions. Prior to the photocatalytic
experiments, we tested the chemical stability of the COFs and
CONSs. Both the COFs and CONs exhibit good stability in water,
as revealed by the maintenance of their crystalline structures
after being immersed in water for one week (Fig. S19 and S207).

To estimate the optical band gaps of the CONs and the COFs,
their solid-state UV-Vis diffuse reflectance spectra (DRS) were
recorded (Fig. S21 and S22t). These materials exhibit visible
light absorption, with the maximum absorption wavelengths of
415 nm for P-COF, 413 nm for P-CON, 411 nm for T-COF, and
407 nm for T-CON. From Tauc's plots, their optical band gaps
were calculated to be 2.53, 2.58, 2.47, and 2.52 eV for P-COF, P-
CON, T-COF, and T-CON, respectively (Fig. S23t). The energy
bands of the CONs are larger than those of their corresponding
COFs, suggesting weakened conjugation of the former. It might
be attributed to the lower extent of interlayer - interactions
in the ultrathin nanosheets.®>** Compared to ZnO (~3.45 eV),
the most commonly used photocatalyst, the as-prepared porous
materials have a low optical band gap and thus are more
desirable for charge transfer interactions which may lead to the
generation of free radicals.®*** Moreover, COFs have demon-
strated great potential in the field of photocatalysis,*>*® which
suggests that CONs should also be a new class of promising
photocatalysts.

The photo-degradation of MB in water catalyzed by the CONs
as well as the bulk COFs was monitored with UV-Vis spectros-
copy (Fig. 3 and S241). The results indicate that the 2D CONs
show much higher photocatalytic activity than their

Chem. Sci., 2022, 13, 1009-1015 | 1011
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Fig. 3 UV-Vis spectra recorded for photocatalytic degradation of MB
in water by P-CON (a), P-COF (b), T-CON (c), and T-COF (d) at
different times.

corresponding bulk COF materials (Fig. 4a). As illustrated in
Fig. 4b, the photo-degradation efficiency of P-CON for MB rea-
ches 96.2% in 90 min with a catalyst dose of 0.5 g L™, which is
more than three times that of P-COF (31.3%). For T-CON, its
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photo-degradation efficiency for MB is as high as 99.8% in
90 min with the same catalyst dose (Fig. 4c), which further
proves that the as-prepared ultrathin 2D CONs have much
better photocatalytic performance than the bulk 2D COFs.
Moreover, as shown in Fig. 4e and f, after being reused for four
cycles, P-CON and T-CON still maintain good photocatalytic
activity. The slight decrease in the efficiency after each cycle is
attributed to the slight loss of the CONs during sampling in the
monitoring reaction and filtering process. PXRD tests after each
cycle revealed that the CONs maintained their framework
structures during the photocatalytic reactions, indicating their
high chemical stability and good recyclability (Fig. S25t). To
establish the MB degradation reaction kinetics, the kinetic data
of the photocatalytic reaction were fitted using the Langmuir-
Hinshelwood kinetics model (In(Cy/C;) = kt, where C, and C, are
the concentrations of MB aqueous solution at ¢ = 0 and ¢
minutes of the photocatalytic reaction). As can be seen in
Fig. 4d, the model indicates pseudo-first-order reaction
kinetics. T-CON shows a high catalytic performance in the
degradation of MB with a reaction rate constant of 6.6 x
10> min ', which is 8.25-fold higher than that of T-COF (8.0 x
10~® min~"). The same situation occurs for P-CON and P-COF,
which shows that the reaction rate constant of P-CON (3.2 x
107> min™") is 8-fold larger than that of P-COF (4.0 x
10~ min "). This result further confirms that the photo-
catalytic performance of the ultrathin 2D CONs (P-CON and T-

a - b
( %OO- Light on (A)IOO- = 1 Blank
75 e ;;),80-
~ W\ D
‘i\°/ % 'S 60
50 :
<) m
O |—e—Blank £ 40-
254—e—T-COF =
—e— P-COF '8 20-
o] TN Eo
1—=—P-CON .
—reoN &
9 60 -30 0 30 60 90 30 60 90 30 60 90
Time (min) Time (min) Time (min)
(@) —Fcor y=o00sx (e)loo- (f)loo-
——P-COF y=0.004x . & ~
61——T-CON y =0.066x S S
P-CON y =0.032x 2 801 2 80-
=} =}
~ 2 R
44 Q 60 Q 60
L\):> ;,E ;E
S i3 i3
g £ 40 £ 40
— 24 2 S
< <
'g) 20 '?b 20
L : : — &8, : : : : =i : : : :
0 30 60 90 1 2 3 4 1 2 3 4

Time (min)

Number of Runs

Number of Runs

Fig. 4 Photocatalytic performance of the CONs and COFs for the degradation of MB in aqueous solutions under visible light irradiation for
different times (a). Comparison of the efficiency of blank, P-COF and P-CON for photocatalytic degradation of MB in aqueous solutions for
different times (b). Comparison of the efficiency of blank, T-COF and T-CON for photocatalytic degradation of MB in aqueous solutions for
different times (c). Pseudo-first-order kinetic curves of photocatalytic degradation of MB in agueous solutions (d). The cycle efficiency of P-CON
(e) and T-CON (f) for photocatalytic degradation of MB in aqueous solutions.
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CON) is far superior to that of the bulk 2D COFs (P-COF and T-
COF).

To further evaluate the photocatalytic activity of the afore-
mentioned CONs for the removal of organic pollutants, another
organic dye, thionine acetate salt (Th), was also selected as the
object of photo-degradation. The experimental results indicated
that both P-CON and T-CON showed excellent performance to
catalyze the photo-degradation of Th, and their efficiencies are
also much higher than those of their corresponding bulk COF
materials (Fig. S26 and S27t). T-CON showed high catalytic
performance with a degradation efficiency of 96.6% in 120 min
and a reaction rate constant of 2.8 x 10~> min~', much better
than T-COF which displayed a degradation efficiency of 65.0%
and a reaction rate constant of 8.0 x 10~> min~" under the
same test conditions (Fig. S28 and S307). Notably, the degra-
dation efficiency of T-CON for Th was up to 51.2% in 30 min,
which was about 3.5 times higher than that of T-COF (14.5%)
(Fig. S307). In the case of P-CON and P-COF, the photocatalytic
performance of P-CON (a degradation efficiency of 92.6% in
120 min and a reaction rate constant of 1.6 x 10”2 min ) was
also much higher than that of P-COF (a degradation efficiency of
55.5% in 120 min and a reaction rate constant of 6.0 X
10~% min ") (Fig. $28 and S297). Their photocatalytic activity at
the early stage of the degradation reaction was also compared,
which indicated that the degradation efficiency of P-CON
(22.0%) was 2.27-fold higher than that of P-COF (9.7%) in
30 min (Fig. S297). Simultaneously, the degradation efficiency
of P-CON (89.0%) and T-CON (93.2%) can be well retained after
four cycles (Fig. S31 and S327), with negligible changes of their
structures, as revealed by the PXRD study (Fig. S33t). These
results again suggest that the ultrathin 2D CONs exhibit supe-
rior photocatalytic performance and have a great application
prospect in treating environmental pollution.

In order to investigate the photocatalytic mechanism, trap-
ping experiments were carried out. We took the photocatalytic
degradation of MB by T-CON as a representative to explore the
mechanism of the photocatalysis. It is generally accepted that
the superoxide radical (‘O,”), photo-generated hole (h"), and
"OH are possible reactive species in the photocatalytic degra-
dation of organic pollutants.®”* To test the role of these reactive
species in the photocatalysis, p-benzoquinone (BQ), trietha-
nolamine (TEOA) and isopropylalcohol (IPA) were employed as
scavengers for ‘0,, h* and 'OH, respectively. It was found that
the photodegradation efficiency of T-CON for MB decreased
after adding the three trapping reagents (Fig. S347), indicating
that ‘0,7, h" and "OH were all involved in the degradation
process. Moreover, when BQ was added into the reaction
system, the degradation efficiency decreased remarkably (with
a degradation efficiency of 49.8%), suggesting that ‘O,  plays
a crucial role in the degradation of organic pollutants.

To verify the general applicability of this method, BTCA was
replaced by 1,3,5-triformylphloroglucinol (Tp) to synthesize B-
keto-enamine-based CONs. The CON prepared from the
condensation of Tp and TAPB was named Tp-P-CON, while that
from Tp and TAPT was termed Tp-T-CON. Their framework
structures were confirmed by the experimental PXRD patterns,
which showed good agreement with the simulated PXRD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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patterns of their corresponding bulk 2D COFs (Fig. S35 and
S367). Moreover, thin layers were observed in their TEM images
(Fig. S377), suggesting the formation of nanosheet structures.
These experimental results indicated that Tp-P-CON and Tp-T-
CON with few layers were synthesized successfully, which
demonstrated the general applicability of the method.

Conclusions

In summary, we have developed an efficient, facile, and scalable
synthetic method for ultrathin 2D CONs. While in traditional
top-down approaches sonication has been used as an external
force to assist the delamination of layered 2D COFs to produce
CONs, herein we demonstrate that CONs can be directly
synthesized on a large scale through ultrasound-mediated
polycondensation of monomers. Moreover, the condensation
reactions are promoted by the utilization of sonication. The
polymerization is completed in just a few hours under mild
conditions, by which gram-scale ultrathin CONs could be ob-
tained in one batch. The as-prepared CONs exhibit excellent
photocatalytic performance in the degradation of organic
pollutants in the aqueous phase, which is much higher than
that of their corresponding bulk COF counterparts. The prin-
ciple of this bottom-up approach is general and thus should be
applicable to other COF nanosheets with different structures.
With the advantages of facile operation, scalable production,
and the scalability of sonication devices, this method offers
facile and scalable production of ultrathin CONs, which
provides a foundation for the development of practical appli-
cations of this emerging class of 2D materials.
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