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Two-Dimensional Cationic Covalent Organic Framework Membrane for
Selective Molecular Sieving

Wenxiang Zhang,” Liming Zhang,’ Haifeng Zhao,” Bin Li** and Heping Ma*‘

The search of new-type membrane materials with ideal molecular sieving caused widely interest in both academia and
industry. Covalent organic frameworks (COFs) are excellent candidates for efficient molecular separation because of their
well-defined pore structure and fine-tuning pore size. However, existing synthetic approaches of COFs mainly result in
insoluble and unprocessable powder, which severely restrict their widespread applicability. In this work, a facile bottom-
up interfacial crystallization approach to obtain a two-dimensional (2D) cationic COF, EB-COF:Br nanosheets is reported.
Then a layer-by-layer restacking process is performed to fabricate continuous and dense 2D ionic COF membrane with
tunable thickness by simple vacuum filtration. The 2D COF membrane shows much higher solvent permeability than
graphene-oxide membranes and commercial nanofiltration membranes because of their high porosity. Moreover, due to
there are abundant positive charge sites in pore walls, the EB-COF:Br membrane demonstrates highly selective sieving
performance for dye molecules/ions with different charges and sizes. The EB-COF:Br membrane can efficiently reject
~>98% of anionic dye molecules/ions, while maintaining high solvent permeability. The cationic 2D COF membrane far
outperform other nanofiltration membranes in terms of excellent selective molecular/ionic sieving and superior solvent

permeability. The result suggested that ionic COFs membrane can offer a new avenue for separation technology.

Introduction

Porous membranes with controllable pore size in nanometer are

of interest for efficient and energy-saving separation
processes.l‘6 Recently, the observation of precise molecular
sieving and fast solvent permeation through graphene-oxide
membranes (GOMs) has aroused intense interest due to their
potential application in water filtration, molecular separation
and desalination.”"" The laminar GOMs can be readily obtained
through vacuum filtration, spin coating or a layer-by-layer self-
assembly approach.'”'® The selective molecular sieving of
laminar GOMs is primarily dependent on size cut-off effect.'®'®
However, the pores of laminar GOMs—that is the interstitial
space between graphene oxide laminates—are difficult to
maintain when immersing laminar GOMs in aqueous solution
due to the swell of interlayer channels (As schematically
elucidated Fig. 1a).'”?' The mass transport across the laminar
GOMs in vertical direction is usually in low permeability
because of the intricate transport path (Fig. 1a).*** These
challenges hinder the potential applications of laminar GOMs

in real separation process.
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Two-dimensional covalent organic frameworks (2D COFs)
are emerging crystalline porous materials with precisely
controlled pore size, functionalized pore surface and nano
channel toward their vertical direction (Fig. 1b).>*3° Most of
the conventional COFs synthetic approaches offer poor control
of their morphology and result in insoluble and unprocessable
microcrystalline powder.*'* Although some COFs powder can
be transformed into covalently organic nanosheets (CONs) via
further exfoliated under mechanical grinding, ultra-sonication

. 35-.
or chemical process,’*?

the resulting CONs lead to tiny size
and vast internal structural defects due to the rough operation
procedure, which impedes CONSs further assemble into integral
and large-scale COFs membrane for separation.”’ Recently,
Banerjee et.al reported the preparation of COFs thin films in
virtue of interface crystallization process.* This strategy allows
simultaneous control over crystallization and morphology of
COF films. However, these COFs films still rely on neutral
framework structures. Integration of ionic modules into porous
membranes would induce novel functions distinct from those of
neutral membranes, especially when the pores size of the
membrane is below 100 nm.* In extremely limited space, the
remarkable electrostatic interaction is superimposed with
confinement of the nano channels; the mass transport in the
charged channel will be double-controlled by size and
charge.***’ In this sense, lots of unexpected and exciting
phenomena of nano confined transports such as highly selective
ion permeation and ultrafast solvent permeation are predictable
in the charged COFs membrane.* Accordingly, we prepared a
2D cationic COF membrane with accessible ionic units and
uniform nanosize channels for selective molecular sieving.
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We introduced a salt-mediated technique to fabricate cationic
COF, EB-COF:Br as large-scale membranes by combining a
cationic monomer, ethidium bromide (EB) (3,8-diamino-5-
ethyl-6-phenylphenanthridinium  bromide),  with  1,3,5-
triformylphloroglucinol (TFP) through a Schiff base reaction
under 350 (Fig. 1¢).>'** The highly crystalline porous 2D
cationic COF nanosheets were definitely retained at the liquid-
liquid interface and were easily transferable to various
substrates (Fig. 1d and Fig. S1, ESIt).* Then a layer-by-layer
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restacking process was performed to assemble continuous and
dense EB-COF:Br membrane with tunable thickness by handy
vacuum filtration of different amounts of nanosheets dispersion
liquid on the nylon 66 support (Fig. 1¢).*>*® The cationic EB-
COF:Br membrane exhibited excellent selective sieving for
ionic pollutants of different molecular sizes and charges, along
with high solvent permeability. To the best of our knowledge,
this is the first positively charged 2D COFs membrane with
excellent selective sieving performance.

© ’. )

transport

EB-COF:Br
membrane

Filtration EB-COF:Br

Fig. 1 (a) The model of lamellar film with massive arrays of 2D graphene oxide (GO) sheets, the mass transfer can be achieved in both along
the sheets (horizontal transport) and across GO sheets at defects (vertical transport). (b) The mass transport across the COFs membrane
along the 1D nano channels toward vertical direction. (c) Chemical structures schematic of the synthesis of EB-COF:Br via the condensation
of EB and TFP under 35°C. (d) Schematic representation of the interfacial crystallization process used to synthesize the EB-COF:Br
nanosheets, the bottom faint-yellow layer corresponds to aldehyde in dichloromethane solution, and the top orange-red layer is EB amine-
PTSA aqueous solution. (e) Schematic representation of the preparation process of EB-COF:Br membrane via layer-by-layer restacking of

EB-COF:Br nanosheets.

Results and discussion

The interfacial crystallization approach was used to synthesize
stable keto-enol tautomerism-based EB-COF:Br nanosheets by
a Schiff base reaction (Fig. 1¢).***'3 The Fourier transform
infrared (FT-IR) spectra of initial monomers and EB-COF:Br
had been measured and shown in Fig. S2a (ESI¥). The aldehyde
group stretching bands of TFP (-C=0 at 1642 cm™, O=C-H at
2890 c¢m™") and the N-H stretching bands of EB are disappeared
(3196 cm™, 3303 cm™), which provides a direct evidence for
the completion of co-condensation reaction. Meanwhile, the
lack of -OH and imine (C=N) stretches and the rise of the C=C
stretching peak at 1594 cm™ (Fig. S2b, ESIt) demonstrate that
EB-COF:Br exists in the keto form.>* One of the advantages of
interfacial crystallization is we can transfer the film onto
different substrates. Fig. 2a is the digital image of a large-scale
film we transferred on porous glass. We further use atomic
force microscopy (AFM), transmission electron microscope
(TEM) and scanning electron microscopy (SEM) to gain insight
into the internal structure of the COF nansheets and membrane.
The AFM was used to estimate the thickness of the EB-COF:Br
nanosheets. The nanosheets were dispersed into ethanol by
sonication and then drop-casted on silicon wafer for AFM
measurement. AFM analysis results indicates that the heights of
EB-COF:Br nanosheets are in the range of ~155-165nm (Fig.

2 | J. Name., 20**, ** *._%

2d, e). These nanosheets were then loaded on carbon-coated
copper grid for TEM analysis. As shown in Fig. 2g, the TEM
image of EB-COF:Br nanosheets reveals a high degree of
crystallinity, as demonstrated by the clear lattice fringes.
Ordered straight channels with a spacing of 1.65 nm were
observed. The 1.65 nm channel is closed to the pore size of
simulated EB-COF:Br structure (1.7 nm). After a restacking
process, the nanosheets can be assembled in an integrated
membrane. The SEM images reveal that EB-COF:Br membrane
is continuous and free of defects on the surface (Fig. 2b), which
is critical for efficient separation. The cross-sectional SEM
view of EB-COF:Br membrane show a stacked structure similar
with laminar GOMs (Fig. 2¢).'**

The X-ray diffraction (XRD) was performed to confirm the
structure of EB-COF:Br membrane. The XRD of the membrane
shows two main peaks which were assigned to the 100 and 001
planes, respectively. As shown in Fig. 2j, the observed XRD
matches well with the simulated XRD pattern of the reversed

slipped AA-stacking model.*®

We can see clearly that the first
peak in the XRD corresponds to the 100 plane which appears at
3.3 A. And the peak at 27° in the XRD pattern is assigned to the
001 plane that corresponds to the n—m stacking of EB-COF:Br
layers. We notice that the peak at 27° is broad and blunt, which
is due to the reversed slipped AA-stacking model and the
defects in the m—m stacking between successive 2D COF

layers.*>*® Subsequently, structural resolution based on X-ray

This journal is © The Royal Society of Chemistry 20xx
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diffraction pattern in conjunction with simulated structure
indicates that the as-synthesized EB-COF:Br is a typical 2D
layered hexagonal network (Fig. 2f, h and Fig. S3, ESIY).*®

In order to investigate the porosity and pore size of EB-
COF:Br the
experiment of the membrane were performed at 77 K. As

membrane, nitrogen adsorption-desorption
shown in Fig. 2i, a sharp increase was observed in gas uptake at
low pressure, which means that these are micropores in the
membrane. The surface area calculated on the basis of the
Brunauer—Emmett—Teller (BET) model is 554 m? g”' for EB-

COF:Br. We also observe hysteresis curve in desorption, which

may be caused by the stack of EB-COF:Br nanosheets. Because
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it is very difficult to ensure every piece of nanosheets are
completely tiled during the process of layer-by-layer restacking.
A fraction of nanosheets may be folded or crimped, which will
result in interstices between the nanosheets within the
membrane (shown in Fig. 2c). The pore size distribution of EB-
COF:Br membrane was evaluated by the nonlocal density
functional theory method based on the model N, at 77 K on
carbon. EB-COF:Br exhibits mainly pore size at 16.8 A (Fig.
S4, ESIt). The above results support that EB-COF:Br
membrane is porous 2D crystallized COFs membrane with
uniform 1D channels.
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Fig. 2 Characterization of EB-COF:Br nanosheets and EB-COF:Br membrane: (a) Photograph of EB-COF:Br membrane; (b) Surface SEM
image of EB-COF:Br membrane; (c) Cross-sectional SEM image fo EB-COF:Br membrane; (d) and (e) AFM images of EB-COF:Br nanosheet
showing the surface roughness and thickness recorded on the top of a silicon wafer, respectively; (f) Schematic monolayer extended
structure of EB-COF:Br; (g) TEM image of the of EB-COF:Br nanosheets; (h) Side view of the reversed slipped AA-stacking mode structure
of EB-COF:Br; (i) Nitrogen sorption isotherm for EB-COF:Br; (j) XRD pattern of EB-COF:Br.

Considering EB-COF:Br membrane has nanosize channels
and positive charges on pore walls, which can be utilized for
selective sieving for molecules/ions. Initially, the molecular
weight cut-off (MWCO) analysis was performed from the
rejection of polyethylene glycol (PEG) with different average
molecular weights (200, 400, 600, 800, 1000 and 1500 Da).
The results show that the EB-COF:Br membrane has 90%
rejection of PEG at 882 Da (Fig. 3a). According to the result of
MWCO analysis, we can conclude that the porosity of EB-
COF:Br membrane is within the nanofltration range. Further,
we investigated the permeability of EB-COF:Br membrane to
pure solvent. Exhilaratingly, EB-COF:Br membrane exhibits
excellent permeance towards protic solvent, including
deionized water (546 L m™ h™' bar), methanol (1272 L m™? h’!
bar™), ethanol (564 L m? h™! bar"), n-propanol (477 L m™ h’'
bar™), n-butanol (378 L m? h™' bar™), n-pentanol (248 L m™? h!
bar') and n-hexanol (166 L m-2 h-1 bar'). Meanwhile, the
permeability is decreased along with the increasing molecular
size of the permeant solvents (Fig. 3b and Table S1, ESIt). To
our surprise, the membrane shows higher permeance towards
organic aprotic solvents, such as acetone (2640 L m™ h™' bar™),
followed by acetonitrile (2095 L m? h™' bar™), tetrahydrofuran
(1532 L m™ h™' bar"), 1,4-dioxane (973 L m? h! bar") and
N,N’-dimethylacetamide (565 L m> h™' bar') (Fig. 3¢ and
Table S2, ESIf). The high permeance of organic aprotic
solvents can be attributed to the weak dipole interaction

This journal is © The Royal Society of Chemistry 20xx

between these aprotic solvents and charged interface aligned in
channel in EB-COF:Br membrane. It is worth to mentioning
that the solvent permeability of EB-COF:Br membrane is much
higher than those of GOMs and other reported nanofltration
(See Table S3 for detailed
ESIT).31937%  Further, we also evaluate the impact of

membranes comparisons,
membrane thickness to the permeability of pure solvent. The
filtration experiment for deionized water is conducted using
several membranes with different thickness (146 pm, 195 pm,
241 pm, respectively). As shown in Fig. 3b inset and Table S4
(ESIY}), the permeance value of deionized water decreases as
the increase of membrane thickness in turn.

Graphene-oxide membranes (GOMs) with interlayer space
between GO flakes have been reported to be potential applied in
small molecules separation and desalination. However, severe
reduction of water permeability was observed in GOMs under
pressure-driven permeation test due to the compaction of their
loosely packed microstructure. The water flux could drop
continuously after more than ten hours as a result of the
efficient transport channels were reduced over time.**®' One
advantage of 2D COF membrane is that they have straight
channel along with the solvent transport path (Fig. 1b). We
make a comparison of water permeation performance between
the EB-COF:Br membrane and GOMs. As shown in Fig. 3d
and Fig. S5 and S6 (ESIY), the water permeability of GOMs is
2.5 L m? h'!' bar! after 30 hours test (Fig. 3d inset, Fig. S5,

J. Name., 2013, 00, 1-3 | 3
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ESIf). Although the water permeability of EB-COF:Br
membrane is also drastically reduce in the beginning of the
permeation test, the steady state water flux of EB-COF:Br
membrane is 48 L m™ h™' bar™ after 30 hours continuous testing
(Fig. S6, ESIY). This water flux is about 20 times higher than
the permeability of GOMs.
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EB-COF:Br membrane has 90% rejection of PEG at 882 Da; (b) Pure

solvent permeance versus molecular diameter of different protic (water, methanol, ethanol, n-propanol, n-butanol, 1-Pentanol, n-Hexyl
alcohol) and (c) aprotic (acetonitrile, acetone, tetrahydrofuran, 1,4-dioxane, N,N-Dimethylacetamide) solvents; (d) Water permeation flux
of EB-COF:Br membrane and GO membrane as a function of time. The membranes were prepared using filtration with thickness about 308

um for the EB-COF:Br membrane and 3.6 um for the GO membrane.

The significant advantages of high flux and outstanding
chemical stability of EB-COF:Br membrane motivate us to
further investigate the rejection performance toward a series of
pollutants with environmental and industrial concern. We
choose several water-soluble target dyes molecules/ions with
different properties of charge, including anionic dyes: Methyl
Orange (MO), Fluorescein Sodium salt (FSs) and Potassium
Permanganate (PP); Neutral dyes: Nile Red (NR), Calcein (CA)

4| J. Name., 20*%, ** *_*

and p-Nitroaniline (NA) and cationic dyes: Rhodamine B (RB),
Methylene Blue (MB) and N,N-Dimethyl-p-phenylenediamin
dihydrochloride (DMPD). Most of these dyes are mutagenic
and carcinogenic in nature, which can cause serious health
problems. The sizes of these molecules are assumed by a long-
axis dimension of an ellipsoid, as shown in Fig. S7 (ESIY).
Their corresponding chemical structures and properties are
shown in Fig. 4 and Table S5 (ESIt).

This journal is © The Royal Society of Chemistry 20xx
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N,N-Dimethyl-p-phenylene-
diamin dihydrochloride

Fig. 4 Chemical structures of dye molecules/ions. (a) MO (methyl orange); (b) FSs (fluorescein sodium salt); (c) PP (potassium
permanganate); (d) NR (nile red); (e) CA (calcein); (f) NA (p-nitroaniline); (g) RB (rhodamine B); (h) MB (methylene blue) and (i) DMPD (n,n-

dimethyl-p-phenylenediamin dihydrochloride).

We conducted a series of filtration experiments with
solutions of dye molecules and ions through EB-COF:Br
membrane to verify its rejection performance. The rejection
ability of the membrane toward different target dyes was
evaluated by monitoring the ultraviolet absorbance intensity of
filtrates. As shown in Fig. 5, for anionic dyes (MO, FS and PP),
the intensity of absorption spectra of different anionic dyes
displays a sharp decrease, as observed in Fig. Sa-c. The
characteristics absorption bands of MO, FSs and PP are
completely disappeared after filtration through EB-COF:Br
membrane. For the three neutral dyes, they present a smaller
decline in the intensity of characteristics absorption spectra,
especially for NR and NA (Fig. 5d-f). For cationic dyes (RB,

This journal is © The Royal Society of Chemistry 20xx

MB and DMPD), the characteristic absorption intensity of these
dyes is also decreased very significantly (Fig. 5g-i), however,
the decreasing amplitude is less than that of the anionic dyes. A
more intuitive evidence of the high selective sieving
performance of EB-COF:Br membrane is also shown in the Fig.
5, we can observe clearly the color change of different dye
solutions before sieving and after sieving via naked eyes under
visible light. Remarkably, for anionic dyes, several colorless
filtrates are obtained after the EB-COF:Br membrane filtration
(Fig. 5j(a-c)). However, other filtrates, from neutral dyes (NR,
CA, NA) (Fig. 5k(d-f)) and cationic dyes (RB, MB, DMPD)
(Fig. 51(g-1)) solutions, still retain partial color, which indicates
that some dye molecules/ions have permeated the membrane.

J. Name., 2013, 00, 1-3 | 5§
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Fig. 5 Charge- and size-selective sieving experiments. (a-i) UV-vis absorption spectra of different dye solutions of (a) MO (methyl orange),
(b) FSs (fluorescein sodium salt), (c) PP (potassium permanganate), (d) NR (nile red), (e) CA (calcein), (f) NA (p-nitroaniline), (g) RB
(rhodamine B), (h) MB (methylene blue) and (i) DMPD (n, n-dimethyl-p-phenylenediamin dihydrochloride) before sieving and after sieving
through EB-COF:Br membrane, respectively. Photographs of different dye solutions color change of before and after sieving are shown in

(), (k), (1), respectively.

In order to more accurately determine the rejection efficiency
of EB-COF:Br membrane for different target dyes. A
qualitative calculation in terms of Beer-Lambert law is
performed. The result shows that the membrane can reject
anionic dyes MO, FSs and PP upto 99.6%, 99.2% and 98.1%,
respectively. The rejection values of cationic dyes RB, MB and
DMPD are 91.2%, 87.2% and 84.9%, respectively. Whereas for
neutral dyes of CA, NR and NA, the rejection values are 74.4%,
22.3% and 15.7%, respectively (Fig. 6). The interception
efficiency of this 2D cationic membrane for neutral dyes is
positive correlation with the molecular size. The rejection
efficiency of EB-COF:Br membrane for charged dyes can
compete with other high performance membranes. (Table S6,
ESIY).

This journal is © The Royal Society of Chemistry 20xx
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The above experimental results confirm EB-COF:Br
membrane with excellent selective sieving performance for
different dye molecules/ions, which is mainly attributed to the
following reasons: primarily, plenty of positively charged sites
are distributed on the pore walls of EB-COF:Br membrane,
which endows the membrane with cationic nature. Moreover,
EB-COF:Br has the reversed slipped AA-stacking structure
with 16.8 A pore size. Such spatial alignment vastly enhances
the accessibility of cationic sites for guest molecules/ions.
Additionally, molecular rejection for the COF membrane not
only involves charge-driven separation, but also includes a
physical size sieving effect. Based on the structural property of
EB-COF:Br membrane, its selective molecular/ionic sieving
performance can be explained as follows.

For anionic dyes sieving: in the beginning, the negatively
charged molecules can replace the counter-ions Br to fit in the
channels. Owing to the strong electrostatic interaction between
the positively charged pore walls of membrane and anionic dye
molecules,*® the dye molecules will be immobilized into the
pores of membrane, preventing them from being moved down
along the channels. Moreover, duo to the size limitation of
nanoscale channels, only one dye molecule enters EB-COF:Br
channel each time. So the subsequent molecule can not across
the membrane. Although the channels of EB-COF:Br

membrane are blocked by early entered dye molecules, there’s
still enough space for solvent molecules to pass through the
membrane. So the excellent anionic molecules rejection of the
membrane is double-controlled by the electrostatic interaction
and the limitation of pore size.

In comparison, the rejection values of cationic dyes are lower
than those of anionic dyes. Because of there is strong
electrostatic repulsion interaction between positive charged
pore surface and cationic dye molecules, it will hinder the
molecules entered into the pore channels of EB-COF:Br
membrane. In spite of this, small cationic dye molecules such
as DMPD still be able to diffuse into the channels slowly. Due
to there is repulsive force in the positive charged pore, the
cationic dye molecules can not be fixed in the channels and
they will cross the membrane. So the discrepancy of separation
efficiency between cationic dye molecules is mainly originated
from their molecular sizes (Fig. S7g-i, ESI).

As for neutral dye molecules, the electrostatic interaction
between dye and EB-COF:Br is very weak. Hence, the rejection
efficiency is mainly attributed to molecular size sieving effect.
As showed in Fig. 6, the rejection values for neutral dye are in
good agreement with their molecular size: NA < NR < CA (Fig.
5d-f, Fig. 6 and Fig. S7d-f, ESIY).
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Fig. 7 (a) Photograph schematic of the selective molecular separation of nitroaniline (NA) from a mixture of NA and Fluorescein Sodium
salt (FSs); (b) UV-vis absorption spectra of selective sieving of NA from the mixed solution of NA and FSs; (c) Cycle performance of MO

rejection through EB-COF:Br membrane.

To evaluate the mixed dyes solution separation ability of the
membrane, a mixed solution of FSs (Fluorescein Sodium salt)
and NA (Nitroaniline) is filtered via EB-COF:Br membrane. As
shown in Fig. 7, a greenish yellow mixed solution [derived
from yellow (FSs) and reseda (NA)] is filtered through EB-
COF:Br membrane, resulting in a light yellow NA filtrate (Fig.
7a). This result is further confirmed by comparing the UV-vis
absorption spectra of mixed solution before and after separation,
respectively. The concentration of FSs in the filtrate is
decreased by 98%, whereas NA does not show any notable
changes (Fig. 7b), which consequently confirms that FSs and
NA can be effectively separated. In addition, another mixed
dyes solution (including anionic, neutral and cationic dyes) had
also been filtered via EB-COF:Br membrane. As shown in Fig.
S8 and S9 (ESIY), the absorbance spectrum of solution before-

This journal is © The Royal Society of Chemistry 20xx

and after-filtration further demonstrated EB-COF:Br membrane
could thoroughly intercept the anionic dye molecules, which
manifesting its potential application towards complex
wastewater treatment in textile/dye industries.

As a promising separation membrane, the recyclability is
very important. Here, a cycling study of EB-COF:Br membrane
for MO interception is carried out. The result demonstrates that
the cationic nanochannels of EB-COF:Br membrane can be
easily rinsed thoroughly and regenerated by treating the
membrane with aqueous NaBr solution (2.0 mol L). As shown
in Fig. 7c and Fig. S10 (ESI{), the rejection efficiency of the
recycled EB-COF:Br membrane for MO is above 99.1% even
after six cycles. Further, the time course of rejection efficiency
of EB-COF:Br membrane for anionic dye (MO) was also
performed to investigate the durability of the membrane. As
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seen in Fig. S11 (ESIY), the membrane still exhibits >99%

rejection efficiency for MO after 10-hours continuous operation.

All the above results indicate that the cationic COFs membrane
combines selectivity, efficiency and recyclability in rejection
anionic dyes, which manifesting its potential application
towards wastewater treatment in textile/dye industries and
environmental protection.

Conclusions

In summary, a 2D cationic crystallized COFs membrane,
namely EB-COF:Br membrane, was fabricated by a facile
bottom-up interfacial crystallization approach and layer-by-
layer restacking process. We demonstrated that the 2D EB-
COF:Br offered an excellent scaffold for creating ionic
interfaces in pore walls along the channels in the membrane.
The resulting EB-COF:Br membrane exhibited remarkable
selective molecular sieving performance based on their
different sizes and charges. Given the unique structure of EB-
COF:Br membrane, physical size sieving and electrostatic
interactions are considered as the vital role in the process of
separation. The reported cationic 2D COFs membrane exhibits
extraordinary  separation property with high solvent
permeability. With the ultrafast solvent transport and selective
molecular sieving property, ionic COFs membrane can be
presented as an interesting platform for separation and filtration
technologies.
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Two-dimensional cationic covalent organic framework membrane with extraordinary
separation property and high permeability.
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