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ABSTRACT: Covalent organic framework nanosheets (CONs)
with extremely thin thicknesses and inborn penetrating nanopores
are attractive in transport-related applications. However, the strong
tendency of π−π stacking between adjacent laminates hinders their
mass production. Herein, we report a facile glycerol-mediated
strategy for synthesizing various well-dispersed CONs in liquid
phases. The CONs are readily prepared by dissolving monomers in
glycerol and subsequent thermal condensation. Experimental and
computational investigations reveal that the strong hydrogen bonds
between glycerol and CONs suppress the π−π stacking interaction,
leading to well-dispersed CONs. Additionally, glycerol acetalization
with aldehyde monomers also contributes to the formation of
CONs by decreasing the diffusion rate of reactants. The
synthesized CONs show a lateral size of over 10 μm and a uniform thickness of ∼4 nm, and their yield is as high as ∼73%.
CONs deposited on porous substrates exhibit remarkable permselectivities surpassing most reported membranes and exceptional
dye/salt separation performances. This study provides a new strategy for synthesizing CONs and increases the understanding of the
important role of solvents in the synthesis of two-dimensional materials.

1. INTRODUCTION
Two-dimensional (2D) covalent organic frameworks (COFs)
are porous crystalline polymers with inborn nanopores and
laminated structures integrated by in-plane covalent bonds and
interlamellar van der Waals (vdW) forces.1−3 By conquering
the interlamellar interactions, COF nanosheets (CONs) with
infinitesimal thicknesses can maximize the potential of
COFs.4,5 As an emerging 2D porous nanostructure, CONs
highlighted with an ultrathin thickness, penetrating nano-
porosity, and good thermal/chemical stability have shown
great potential in a diversity of applications ranging from
catalysis to optoelectronics and to molecular separation.6−9

Since the first report of CONs in 2007,10 significant efforts
have been made to synthesize CONs, and the reported
synthetic routes can be generally classified into the “top-down”
and “bottom-up” processes. The “top-down” strategy relies on
mechanical or chemical exfoliation of COF bulks into single-
or few-layered 2D structures. Typical methods include
sonication,11 mechanical grinding,12 and chemical intercala-
tion.13 Unfortunately, the CONs produced by these exfoliation
methods usually suffer from structural defects and damages,
inhomogeneous thicknesses, and low yields. To cope with
these limitations, the “bottom-up” strategy with the advantage
of directly forming large-area and high-quality CONs has been
developed. For example, the introduction of a third monomer

with large rigid groups at the edge of CONs via imine
exchange can enlarge the distance between the adjacent
frameworks, allowing anisotropic growth along the planar
directions to form ultrathin CONs.14 Another route is to grow
CONs on solid surfaces followed by detaching the CONs from
the substrates. Salt crystals as the soluble template can provide
rich solid−liquid interfaces in reaction systems, inducing the
interface-confined synthesis of few-layered CONs.15 However,
the use of these organic and inorganic auxiliaries or additives
inevitably causes the hassle of additional operations and
impurities, which not only complicates the synthesis but also
debases the CON quality and purity. Therefore, it remains
highly demanding for synthetic routes capable of facilely and
massively producing high-quality CONs.

Recently, noncovalent interactions have been proved to play
a vital role in the initial self-assembly of COF nanostructures.16

This provides a potential opportunity to synthesize CONs by
carefully controlling the solvent environment. Although the
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influence of solvents on the dimensional parameters of COFs
remains to be elucidated, the solvent should be able to weaken
the π−π interactions, thus suppressing the π−π stacking-
induced aggregation of 2D conjugated oligomers that are
polymerized from monomers and facilitating the lateral growth
of freestanding CONs. Glycerol, with the strong hydrogen-
bond forming capability and high viscosity because of the
presence of high-density hydroxyl groups, can decrease the
diffusion rate of reactants and change the reaction kinetics and
consequently the morphology of products.17,18 As a result,
glycerol has been used in the synthesis of low-dimensional
inorganic nanostructures, such as nickel oxide (NiO) nano-
belts19 and titanium oxide (TiO2) nanosheets.20 Very recently,
we used glycerol as the solvent to synthesize phenolic
nanomeshes by driving the precursor micelles to assemble
and polymerize exclusively in the lateral direction.21 Consid-
ering the intrinsic 2D layered structure of COFs, we envision
that applying glycerol as the synthesis medium is likely to
inhibit the axial π−π stacking of the COF primary structures
and simultaneously promote their lateral growth, thus enabling
the in situ formation of uniform and ultrathin CONs. In this
process, no additives are involved and the monomers can be
efficiently transformed into CONs, ensuring a high purity and
high yield of CONs.

Herein, we report a glycerol-mediated strategy for the facile
production of high-quality CONs in the liquid phase. The
acetalization between glycerol and aldehyde together with a
high-viscosity environment slows down the condensation
reaction, which leads to the generation of CONs with the
aid of hydrogen bonds in glycerol. This strategy enables the
universal synthesis of CONs with different structures and
linkages. Further, we demonstrate that the synthesized CONs
can be deposited on macroporous substrates to prepare high-
flux membranes with a sharp selectivity enabling effective dye/
salt separation.

2. EXPERIMENTAL SECTION
2.1. Materials. 1,3,5-Triformylphloroglucinol (Tp, 98%), 1,3,5-

triformylbenzene (Tb, 98%), and 1,4-phenyldiboronic acid (98%)
were provided by Jilin Chinese Academy of Sciences�Yanshen
Technology Co., Ltd. p-Phenylenediamine (Pa, 99%), 4,4′-diamino-
biphenyl (BD, 98%), and hydrazine hydrate (Hz, 98%) were
purchased from Aladdin. 3,3′-Dihydroxybenzidine (BD(OH)2, 99%)
was purchased from TCI. Congo red (CR) and acid fuchsin (AF)
were supplied by the Tianjin Institute of Chemical Reagent. Inorganic
salts, glycerol (99%), and other solvents all of analytical grade were
obtained from local suppliers. All chemicals were used as received.
Porous anodic aluminum oxide (AAO) disks (diameter: 2.5 cm,
Whatman) with a nominal pore size of 100 nm were used as the
support. Deionized water (conductivity: 2−10 μS cm−1) was used in
all of the experiments.
2.2. Glycerol-Mediated Synthesis of CONs. CONs were in situ

synthesized in glycerol. Taking the synthesis of TpPa nanosheets as an
example, 0.03 mmol of Tp (6.3 mg) and 0.045 mmol of Pa (4.8 mg)
were separately dissolved in 15 mL of glycerol and then mixed
together by stirring at 300 rpm for 30 min. Subsequently, 0.5 mL of
acetic acid was added to the mixture. After stirring for ∼2 h to form a
homogeneous solution, the solution was transferred to a Schlenk tube,
degassed, and then left undisturbed at 120 °C to perform thermal
treatment for 3 days. Finally, TpPa nanosheets were produced in the
form of a dispersion in glycerol with a concentration of 273 mg L−1.
TpPa nanosheets were also synthesized with double (0.06 mmol of
Tp and 0.09 mmol of Pa) and triple (0.09 mmol of Tp and 0.135
mmol of Pa) monomer concentrations with other conditions
unchanged.

Other imine-linked CONs were synthesized by replacing the
corresponding aldehyde and amine monomers and maintaining other
conditions unchanged. Boron-containing COF-1 nanosheets were
synthesized by directly dissolving 0.06 mmol of 1,4-benzenediboronic
acid (9.9 mg) in 15 mL of glycerol, followed by transferring to a
Schlenk tube, degassing, and thermal treatment as above.
2.3. Synthesis of TpPa in Various Solvents. In addition, we

also synthesized TpPa using ethanol and glycerol/ethanol mixtures
with glycerol proportions of 33, 50, 66, 90, and 97% in volume as the
solvents for comparison. Glycerol was also replaced by isopropanol,
ethylene glycol, poly(ethylene glycol) with a molecular weight of 400
Da (PEG-400), and poly(propylene glycol) with a molecular weight
of 8000 Da (PPG-8000) to synthesize TpPa with other conditions
unchanged.
2.4. Preparation of CON Membranes. In a typical membrane

preparation process, as-synthesized CON dispersions were diluted
with ethanol. The CON membranes were prepared by depositing the
diluted dispersions onto AAO supports by vacuum filtration at a
relatively low pressure of 5 kPa, followed by continuous filtration of
abundant ethanol to remove the residual glycerol. The obtained CON
membranes were dried at room temperature for the following
characterizations and performance evaluations. The membranes with
different deposition densities were obtained by changing the volume
of CON dispersions.
2.5. Simulations. All of the molecular dynamics (MD)

simulations were performed by the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package. We specified the
polymer consistent force field (PCFF) in all simulations, which has
been widely adopted for small organic molecule and polymer
simulations.22 The interactions of all atoms were described by
Lennard-Jones (LJ, 9-6) and Coulombic potentials. The cutoff
distances of LJ and Coulombic potentials were set as 1.2 nm. Three-
dimensional periodic boundary conditions (PBC) were applied to
avoid the influence of the box boundary during simulation. Initial
solution models for molecular dynamics simulations were constructed
by the Packmol software package. The simulations were carried out
under the NVT canonical ensemble for 10 ns at 393.15 K. The
nonbond energy was calculated in accordance with the following
equation

E E EvdW coulomb= +

The nonbond energy comprises LJ (9-6) van der Waals (vdW) and
Coulombic interactions.
2.6. Characterizations. Field-emission scanning electron micros-

copy (SEM) images were obtained on a Hitachi S4800 microscope at
an accelerating voltage of 3 kV. All samples were ion-sputtered with a
thin layer of gold to enhance the conductivity before observations.
High-resolution transmission electron microscopy (HRTEM) images
were taken on a JEOL JEM-2100 microscope operated at a voltage of
200 kV. Atomic force microscopy (AFM) measurements were
performed on an XE-100 instrument (Park Systems) under a
noncontact mode. Fourier transform infrared (FTIR) spectra were
obtained using a spectrometer (Nicolet 8700) in the scanning range
of 4000−400 cm−1. 13C solid-state nuclear magnetic resonance
(NMR) was taken on a Bruker 400M NMR spectrometer. X-ray
diffraction (XRD) patterns were recorded on a Smart Lab X-ray
diffractometer (Rigaku, Cu Kα radiation, λ = 0.15418 nm) with a 2θ
range of 2−30°, and the scanning step was 0.02° s−1. 1H NMR data
were measured using a JEOL JNM-ECZ400S NMR spectrometer
using deuterated dimethyl sulfoxide (DMSO) as the solvent. As the
amount of Tp in the synthesis of CONs is too low to be detected, the
1H NMR measurement was conducted on the Tp/glycerol mixture, in
which the Tp amount is 1000 times higher than the original value; 5
mg of Tp and 15 mg of glycerol were predissolved in 0.25 mL of
deuterated DMSO, respectively. Then, the two were mixed and
transferred to an NMR tube to monitor their reaction at 0 and 72 h.
Electrospray ionization mass spectra (ESI-MS) were collected on an
Agilent 1260 HPLC-6500 Q-TOF mass spectrometer. The viscosity
of glycerol/ethanol mixtures with different glycerol proportions was
measured by a DV2T rotational viscometer (Brookfield) at 25 °C.
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The surface ζ potentials of membranes were analyzed by an
electrokinetic analyzer (SurPASS, Anton Paar GmbH) with a
streaming potential method; 1 mmol L−1 KCl aqueous solution was
used as the background electrolyte solution.
2.7. Filtration Tests. Separation performances of the prepared

CON membranes including water permeances and rejection rates to

salts and dyes were examined using a dead-end filtration cell (Amicon
8003, Millipore) under a pressure of 0.6 bar. Before the tests, the
membranes were prepressed at 0.6 bar for 10 min to ensure a steady
permeation. The aqueous solutions of CR (50 ppm), AF (25 ppm),
and inorganic salts (1000 ppm) were used as the feed solutions for
rejection tests. The concentrations of the salt solutions before and

Scheme 1. Schematic Illustration of the Glycerol-Mediated Synthesis of TpPa Nanosheets

Figure 1. Characterization of TpPa nanosheets. Photographs of the TpPa nanosheet dispersions (a) after thermal treatment and (b) further diluted
with ethanol. (c) SEM image, (d) AFM image, and (e) the corresponding height profiles. (f) Low-magnification and (g) high-magnification TEM
images. (h) FTIR spectra of the Tp, Pa, and TpPa nanosheets. (i) XRD patterns of the AAO substrate, TpPa nanosheets collected on the AAO
substrate, and simulated TpPa with an eclipsed stacking model. The inset in (i) is the structural diagram of TpPa.
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after the filtration were measured using a conductivity meter (S230-K,
Mettler Toledo). The concentrations of dyes in the feed and permeate
were determined with a UV−vis spectrophotometer (NanoDrop
2000C, Thermo Fisher Scientific). The pure water permeance (PWP,
L m−2 h−1 bar−1) and rejection rates (R, %) of membranes were
calculated as follows

V A tPPWP /( )= (1)

R C C(1 / ) 100%P F= × (2)

where V (L) is the water volume passing through the membrane, A
(m2) is the effective area of the membrane, Δt (h) is the filtration
time, and P (bar) is the testing pressure. CP and CF (g L−1) are the
concentrations of permeation and feed solutions, respectively.

Dye/salt separation performances were evaluated by filtering the
mixture of NaCl (1000 ppm) and CR (50 ppm). The concentrations
of NaCl were tested by ion chromatography (ICS 2000, Thermo
Fisher Scientific) after the complete adsorption of CR using activated
carbon.

3. RESULTS AND DISCUSSION
3.1. Glycerol-Mediated Synthesis of TpPa Nano-

sheets. The synthesis of TpPa nanosheets starts with mixing
of the monomer pairs predissolved in glycerol to form TpPa
intermediates, followed by thermal treatment at 120 °C for 3
days to ensure adequate condensation and crystallization

(Scheme 1). In sharp contrast to the aggregation and
sedimentation of TpPa products in conventional syntheses,23

herein the reaction system remains homogeneous without
precipitates during the entire synthesis (Figures 1a and S1).
The darkening color of the TpPa dispersion indicates the
proceeding of the condensation reaction in the thermal
treatment. The obtained homogeneous TpPa dispersion
remains stable for at least 3 months. As the glycerol-mediated
synthesis is extremely simple and requires no adjuvants, a large
volume of TpPa dispersions can be obtained by diluting the as-
synthesized sample, which remain stable for weeks (Figure 1b).
The excellent dispersity and stability should be attributed to
the fact that glycerol is able to form strong hydrogen bonds
with aldehyde and amine groups carried on the monomers,
intermediates, as well as the nanosheets, thus preventing the
π−π stacking between them.

The structural features of the produced TpPa nanosheets
were studied by SEM and AFM after depositing the diluted
TpPa dispersion on silicon wafers. As shown in Figures 1c and
S2, the obtained TpPa products are exclusively in the form of
thin sheets without the interference of any other morphologies.
The sheets exhibit a well-defined 2D structure with lateral sizes
of up to >10 μm. AFM analysis reveals that the TpPa sheets
possess a lamellar structure with a thin and uniform thickness
of ∼4 nm (Figure 1d,e). That is, the TpPa nanosheets are

Figure 2. Mechanism understanding of the formation of TpPa nanosheets. (a) Viscosity variation of glycerol/ethanol mixtures with an increasing
proportion of glycerol. Insets in panel (a) are the corresponding photographs and SEM images of TpPa products. (b) Schematic diagram of MD
simulations on the microscopic motion of TpPa in the solvent. (c) Interaction energy between two TpPa monolayers (E1). (d) Interaction energy
between the TpPa monolayer and solvent (E2).
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directly produced in glycerol without any postsynthetic
delamination processes. The TEM image in Figure 1f further
substantiates the low thickness of TpPa nanosheets. Moreover,
the high-resolution TEM image (Figure 1g) shows that the
TpPa nanosheets are crystallized with an interlayer distance of
∼0.34 nm indexed to the (001) lattice plane.24 By comparing
the mass of the collected nanosheets and the raw materials, we
recognize a nanosheet yield as high as ∼73%. Thus, applying
glycerol as the solvent enables the single-step synthesis of high-
quality TpPa nanosheets with a high yield.

As shown in Figure 1h, Tp and Pa show characteristic peaks
at 1644 cm−1 (stretching vibrations of C�O) and 3374−3202
cm−1 (stretching vibrations of N−H), respectively. These
peaks disappear in the spectrum of TpPa nanosheets,
suggesting the complete consumption of monomers. Mean-
while, two new peaks at 1575 and 1258 cm−1 are observed,
which can be attributed to the stretching vibrations of C�C
and C−N, indicating the formation of β-ketoenamine TpPa.25

The β-ketoenamine structure is additionally confirmed by 13C
cross-polarization magic-angle-spinning (CP-MAS) solid-state
NMR spectroscopy, with the presence of the carbon signals in
C�O, C�C, and C−N at 183.1, 147.3, and 135.7 ppm,
respectively (Figure S3). We then investigated the crystallinity
of TpPa nanosheets by XRD characterization (Figure 1i). The
peaks at 2θ values of 14 and 17° are assigned to the AAO
support. The TpPa nanosheets exhibit a distinct peak at 4.7°
and a broad peak at 27°, which is in agreement with the
simulated pattern in the eclipsed stacking mode. Specifically,
the two peaks correspond to the (100) and (001) crystal
facets, respectively, confirming the successful formation of
crystalline TpPa nanosheets.26

3.2. Mechanism Understanding of the Formation of
TpPa Nanosheets. It has long been reported that glycerol
may react with aldehydes via acetalization.27,28 Therefore, we
first check the possibility of acetalization between glycerol and
Tp in the present work to reveal the formation mechanism of
TpPa nanosheets. There is an obvious decrease in the relative
content of Tp in the 1H NMR spectra after mixing Tp and
glycerol at room temperature for 72 h (Figure S4). Meanwhile,
the mass spectroscopy analysis shows the disappearance of Tp
after thermal heating at 120 °C, accompanied by the formation
of species with higher molecular weights (Figure S5). These
results clearly confirm the occurrence of acetalization. It is
worth noting that acetalization is highly reversible,29 which
only slows down the condensation reaction between Tp and
Pa, thus contributing to the formation of TpPa nanosheets.14

We then monitored the growth process of TpPa nanosheets.
When the monomers are mixed and stirred for a few minutes,
the primary TpPa intermediates in the elongated leaflike
architecture with a length of several micrometers and a
thickness of 3−4 nm are formed (Figure S6). After adding the
catalyst and further stirring for 2 h, large-size nanosheets are
obtained (Figure S7). Notably, the ultimate TpPa nanosheets
are unchanged in thickness but enlarged in lateral size
compared with the primary TpPa intermediates. This indicates
that TpPa nanosheets are exclusively formed by the horizontal
assembly of primary TpPa intermediates in the absence of
vertical stacking. The monomer concentration plays an
important role in the production of high-quality CONs. We
doubled and tripled the concentrations of both Tp and Pa and
maintained other conditions unchanged to synthesize TpPa.
The obtained COF products in both cases retain the
morphology of nanosheets; however, they show a tendency

to aggregate because of higher concentrations of TpPa
nanosheets formed in the dispersion of glycerol as a result of
the higher monomer concentrations (Figure S8).

Further, to verify the irreplaceable role of glycerol, we
investigated the morphologies of TpPa products synthesized
using glycerol/ethanol mixtures with varied glycerol propor-
tions as the synthesis solvent. Considering the high viscosity of
glycerol, we associated the viscosities of the glycerol/ethanol
mixtures with the glycerol proportions for investigation. As
shown in Figure 2a, the mixtures with glycerol proportions
lower than 67% exhibit viscosities of below 400 cP, which are
greatly increased to over 1500 cP when the glycerol
proportions are higher than 97%. The photographs and SEM
images of TpPa products synthesized in mixtures with varied
glycerol proportions are shown in the inset of Figure 2a.
Visible precipitates are formed when the glycerol proportion is
lower than 67%, while the glycerol proportions higher than
90% lead to homogeneous dispersions. Meanwhile, the TpPa
products undergo a morphology transformation from nano-
wires to nanosheets with increasing glycerol proportions.
These results indicate that a high-viscosity environment is
beneficial to the dispersity of products and the formation of
well-defined nanosheets. Notably, the nanosheets synthesized
in the mixture with 97% glycerol are in the thickness of 5−6
nm (Figure S9), which is thicker than those synthesized in
pure glycerol. In addition, when glycerol is replaced by other
hydroxyl-containing solvents (i.e., isopropanol, ethylene glycol,
PEG-400, and PPG-8000), sheetlike structures are not
produced at all (Figure S10), demonstrating the irreplaceability
of glycerol. Considering the fact that the highly viscous PEG-
400 and PPG-8000 carry much fewer hydroxyl groups than
glycerol, we reason that the hydrogen-bond interaction plays a
critical role in forming well-dispersed CONs. Moreover, when
adding ethanol into the as-synthesized CON dispersion to
weaken the hydrogen bonds, we observe a significant
aggregation of these CONs, confirming the importance of
strong hydrogen-bond interactions for the formation of CONs
(Figure S11).

To gain more insights into the formation mechanism, we
carried out MD simulations to study the interactions between
related components in different solvent systems.30 The
intermolecular interaction energy between two adjacent
TpPa monolayers (E1) and the energy of the TpPa monolayer
toward the solvent (E2) were calculated to demonstrate how
glycerol affects the axial interaction of COF monolayers to
form nanosheets (Figure 2b). A low E1 and high E2 are
preferential to form well-defined nanosheets. As shown in
Figure 2c, the introduction of glycerol obviously weakens E1 in
the glycerol/ethanol system, thus inhibiting the π−π stacking
of TpPa monolayers. Moreover, E1 in glycerol (86 kcal mol−1)
is much lower than E1 in 1,4-dioxane (152 kcal mol−1, Figure
S12), which could be the reason for the structural difference of
final products. In addition, Figure 2d exhibits that E2 in
glycerol (569 kcal mol−1) is much higher than E2 in ethanol
(421 kcal mol−1) and E2 in 1,4-dioxane (306 kcal mol−1, Figure
S12), revealing the stronger affinity of TpPa toward glycerol.
Particularly, there is a 6-fold energy difference between E1 in
glycerol and E2 in glycerol, which clearly demonstrates the
strong interactions of glycerol toward TpPa. Moreover, these
simulation results are in good agreement with the experimental
results discussed above, revealing the importance of the solvent
to the morphology of final products.
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Based on the above experimental observations and simulated
results, we disclose the process of glycerol-mediated synthesis
of TpPa nanosheets as follows: first, the acetalization and high-
viscosity environment collectively slow down the rate of the
condensation reaction between Tp and Pa. Then, the strong
interactions between glycerol and monomers as a result of
hydrogen bonds suppress the interlayer π−π interactions and
thereby promote the polymerization reactions along the 2D
direction, leading to the formation of well-dispersed nano-
sheets rather than aggregated bulks. In the whole synthesis,
glycerol plays multiple roles and serves as the solvent,
dispersant, mediator, and stabilizer, which is irreplaceable in
the formation of TpPa nanosheets. With the particular
environment of high viscosity, strong glycerol−TpPa inter-
actions, and weakened π−π stacking interactions, TpPa
nanosheets are directly synthesized and in situ dispersed in
glycerol.
3.3. Synthesis of Other CONs by Glycerol-Mediated

Synthesis. In view of the simplicity and repeatability of the
glycerol-mediated synthesis, other CONs prepared from
monomer pairs soluble in glycerol are expected to be achieved.
We synthesized several β-ketoenamine and imine-linked CONs
including TpBD,31 TpBD(OH)2,

32 COF-LZU1,33 and ACOF-
134 nanosheets and further confirmed their 2D structure by
SEM and AFM. As shown in Figure 3a−d, TpBD and
TpBD(OH)2 nanosheets were fabricated by separately employ-
ing BD and BD(OH)2 to replace Pa as the amine building
blocks. The resulting products are macroscopically well
dispersed in glycerol (Figure S13a,b) and microscopically
display well-defined sheetlike morphologies with lateral sizes
larger than 10 μm and uniform thicknesses of ∼4 nm.
Additionally, the same synthesis procedure was carried out by
replacing Tp with Tb as the aldehyde monomer and
homogeneous COF-LZU1 and ACOF-1 nanosheet dispersions

were accordingly obtained (Figure S13c,d). Figure 3e−h
reveals the micron-sized nanosheet morphologies of COF-
LZU1 and ACOF-1 with thicknesses of ∼3.2 and ∼4 nm,
respectively. Therefore, a series of thin and uniform CONs can
be synthesized from diverse monomers, proving the universal-
ity of the glycerol-mediated synthesis. The similar thickness of
these CONs is possibly because the monomers are analogous
in groups, leading to similar solvent−CON and CON−CON
interactions. Therefore, by regulating the molecular structures
of monomers, CONs with further tailored thicknesses are
expected to be achieved. Taking the boron-containing COF-1
as an example, the self-condensation of 1,4-benzenediboronic
acid in glycerol produces thin nanosheets with only 2 nm in
thickness (Figure S14). This result further indicates the
universality of our method toward synthesizing CONs with
diverse linkages. In addition to COF nanosheets, the glycerol-
mediated strategy proposed in this work is expected to be
generally applicable for the synthesis of other framework
nanosheets if their formation is controlled by the diffusion of
monomers or precursors in liquids.
3.4 Preparation and Separation Performance of CON

Membranes. Two-dimensional materials featuring ultrathin
thicknesses have shown remarkable advantages for building
separation membranes.35,36 We constructed TpPa nanosheet
separation layers on AAO supports by vacuum filtration to
prepare TpPa membranes.37 The bare AAO substrate is white
in color and it turns deep red after depositing TpPa nanosheets
(Figure 4a). The SEM image of the AAO support shows large
pores with a diameter of ∼100 nm (Figure S15). These large
pores are then covered with a continuous selective layer
assembled by TpPa nanosheets (Figure 4b). We checked the
cross-sectional morphology of these membranes. As shown in
Figure 4c, a deposition density of 52 μg cm−2 produces a TpPa
layer with a thickness of ∼1.4 μm. Other membranes produced

Figure 3. Scheme of the synthesis of various CONs and (a, c, e, g) SEM and (b, d, f, h) AFM images of the synthesized TpBD, TpBD(OH)2, COF-
LZU1, and ACOF-1 nanosheets.
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under various deposition densities present similar surface
morphologies and different cross-sectional thicknesses as
shown in Figures S16 and S17. All of these membranes show
continuous TpPa layers tightly attached to the AAO substrate.
In Figure 4d, the thickness of the deposited nanosheet layer is
linearly increased with the raised deposition density and can be
tuned in the range of 0.3−3.2 μm by simply changing the
volume of the deposited TpPa nanosheet dispersion. More-
over, this linear adjustability of the thickness illustrates an
excellent homogeneity of the nanosheet dispersion, which
benefits the design of nanosheet layers with desired
thicknesses.38 Therefore, through a facile vacuum filtration
process, we realize the controllable preparation of CON
membranes. The prepared membranes hold a composite
structure with the nanosheet-stacked layers serving as the
separation layer for selective passage of solutes, promising a
desirable selectivity by the size-dependent exclusion.

To assess the separation performances of the obtained CON
membranes, the pure water permeances and rejections to two
dyes, CR and AF (detailed information is given in Table S1),
were tested.39 The relationship between the separation
performances of TpPa membranes and the deposition densities
of nanosheets is shown in Figure 4e. Under a low deposition

density of 26 μg cm−2, the TpPa membrane exhibits a high
permeance of ∼624 L m−2 h−1 bar−1 and a considerable CR
rejection of ∼95.3%. A further increase in the deposition
density leads to continuously decreased water permeance,
finally achieving a permeance of ∼154 L m−2 h−1 bar−1 at 130
μg cm−2. Meanwhile, the CR rejection is slightly increased to
∼99.6%. In the case of AF, the rejection is gradually enhanced
from ∼58.3 to ∼96.8% with the increased deposition density
from 26 to 130 μg cm−2. We note that the adsorption of dye
molecules by TpPa nanosheets can be neglected, as confirmed
by the UV−vis absorption spectra of the feed, filtrate, and
retentate (Figure S18). Here, the continuous decrease of the
water permeance is mostly due to the increased thickness of
the TpPa nanosheet layer, which gives rise to the increase in
mass transfer resistance. Further, due to the electronegativity of
carbonyl oxygen atoms in water,40 we found that the surface of
the TpPa membrane was negatively charged (Figure S19).
Therefore, the separation can be ascribed to the combination
of size-dependent sieving and electrostatic repulsion. As the
long axis size of CR is as large as ∼2.56 nm, the inherent
channels of TpPa (∼1.8 nm) can effectively reject them.
Consequently, the membranes display pronounced CR
rejections. As for AF with a long axis size of ∼1.2 nm, it is

Figure 4. Characterizations and separation performances of TpPa membranes. (a) Photographs of the AAO support (up) and TpPa membrane
with a deposition density of 52 μg cm−2 (down). (b) Surface and (c) cross-sectional SEM images of the TpPa membrane with a deposition density
of 52 μg cm−2. The TpPa nanosheet layer was false-colored. (d) Thickness of the nanosheet layer as a function of the deposition density. (e) Water
permeances and dye rejections. (f) Comparison of the separation performance between our TpPa membrane and other membranes (red code:
Congo red; blue code: acid fuchsin). (g) Schematic diagram of the water transport pathways in porous and nonporous nanosheet membranes. (h)
Rejection to CR and NaCl in a long-time separation of the mixture using the TpPa membrane prepared with a deposition density of 78 μg cm−2.
The inset in (h) is the schematic diagram of the separation process.
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reasonable that the TpPa membranes with a low deposition
density exhibit a humble rejection. Fortunately, the increase of
the deposition density is helpful to form overlapped structures
to give a narrowed sieving size.41 Together with the
electrostatic repulsion, the thick TpPa nanosheet layers also
give a remarkable AF removal efficiency. Moreover, the
membrane structure remains intact after these filtration tests
(Figure S20). We also deposited nanosheets of TpBD(OH)2
on AAO supports by vacuum filtration and produced defect-
free membranes. The separation performances of the TpBD-
(OH)2 membranes were tested and shown in Figure S21.
Similarly, the performance can be precisely tuned by adjusting
the deposition density of TpBD(OH)2 nanosheets. With a
deposition density of 94 μg cm−2, the membrane delivers a
high water permeance of ∼386 L m−2 h−1 bar−1, while the
rejections to CR and AF reach ∼99.3 and ∼82.0%,
respectively.

The membranes constructed by these CONs possess
excellent separation performances. To highlight the superiority
of these CON membranes, the comparison in terms of water
permeance and dye rejection is made with results shown in
Figure 4f (the detailed information is given in Table S2).
Obviously, the CON membranes prepared in this work
outperform most state-of-the-art membranes prepared from
different materials, including polyamide (PA), COFs, and
other 2D materials. Compared with traditional nonporous
nanosheets, nanoporous CONs as building materials can
endow the resulting membranes with prominent porosities,
providing rich and short mass transfer pathways for improved
water permeance without sacrificing the selectivity (Figure 4g).

In the process of textile dyeing, different kinds of inorganic
salts such as Na2SO4 and NaCl are extensively used as
auxiliaries.42 Processing streams containing both dyes and salts
are thus frequently involved, which requires an effective
desalination technique to separate salts from dyes for the sake
of recycling of dyes and wastewater treatment.43,44 In view of
the high water permeances and prominent dye rejections, we
expect that the TpPa membranes presented here may be
competent for this challenging separation task. To confirm this,
the rejections to three typical inorganic salts (Na2SO4, MgSO4,
and NaCl) with a concentration of 1000 ppm were tested.
Figure S22 shows that all of these TpPa membranes exhibit
low rejections to salts (<15%). The negligible salt removal
efficiency can be ascribed to the passage of ions through the
microporous TpPa layer, whose effective sieving size is far
larger than the hydrated diameters of these salt ions but
smaller than those of dye molecules. To verify the feasibility of
practical applications, the performance durability of the TpPa
membrane for dye/salt separation was accordingly investigated
(Figure 4h). During the long-term filtration, the TpPa
membrane presents a relatively stable dye rejection (>93%)
and low salt rejection (<10%). Meanwhile, a moderate drop in
water permeance occurs as the stacked nanosheets tend to be
compacted under applied pressures, and the permeance
remains stable after continuous filtration for ∼17 h (Figure
S23). The slightly reduced rejection to CR is mainly caused by
the concentration polarization in the continuous dead-end
operation. In general, the TpPa membranes show durable
separation performances, demonstrating their great potential in
highly efficient separation of dyes and salts.

4. CONCLUSIONS
In summary, we have developed a glycerol-mediated strategy
to massively synthesize high-quality CONs with uniform
thicknesses. The CONs are synthesized by simply mixing
monomers predispersed in glycerol, followed by thermal
treatment to initiate the condensation of intermediates.
Owing to the strong hydrogen bonding interactions and high
viscosity of glycerol, the π−π stacking interactions between
COF layers are effectively suppressed, leading to the direct
formation of well-dispersed thin CONs with a high yield of
>70%. The CON membranes are prepared on porous AAO
substrates through vacuum filtration and exhibit uniform
separation layers with tunable thicknesses. The prepared
membranes show high water permeances and high dye
rejections by virtue of ordered and charged pores in these
CONs. Moreover, the membranes allow the penetration of
salts, making them promising for the desalinization of dye
wastewater. This work develops an unprecedented solvent-
mediated strategy for the facile, efficient, and potentially up-
scalable production of CONs and increases the understanding
of the formation of 2D structures in the diffusion-controlled
milieu.
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