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ABSTRACT: Covalent organic framework (COF) membranes
are viable to tackle intractable separations, thanks to their uniform
configurations and devisable functions. However, in stark contrast
to the intensively studied two-dimensional COF membranes,
three-dimensional (3D) COF membranes with unique merits
remain largely unexplored because of formidable synthetic
obstacles. Herein, we report a novel method to produce robust
3D COF membranes with interpenetrated nanochannels by
ripening presynthesized oligomers at the organic−water interface.
With the amphiphilicity and appropriate size, oligomers are prone
to be entrapped at the designed interface. The ripening of
interface-captured oligomers generates self-supporting crystalline
3D COF membranes with controllable thicknesses. The resulting membranes are provided with uniformly interpenetrated
nanochannels, of which the aperture sizes ranging from ∼0.8 to 1.5 nm can be tailor-made by monomer design. We further identify
the prominent competence of these 3D COF membranes in the high-precision fractionation of ions and molecules. Particularly, the
sub-nanometer channels of the 3D COF-1 membrane allow for the efficient sieving of mono- and multivalent ions, attaining a K+/
Al3+ selectivity of >800. This work reports a facile but efficient strategy to synthesize COF membranes and opens up the applications
of 3D COFs in the precise separation of ions and fine molecules.

■ INTRODUCTION

Covalent organic frameworks (COFs) are an emerging class of
perforated crystalline polymers with permanent porosities and
high-order nanochannels, whose topological structures and
physicochemical properties are predesignable.1,2 The synthesis
of COFs involves the coexistence of polymerization and
crystallization, in which the polymer chain growth and
structural ordering proceed concurrently. The growth of
polymer chains refers to the polycondensation between COF
monomers, which produces highly cross-linked frameworks
having polymer characteristics. The major difference between
polymer networks and COFs is the structural regularity,
corresponding to the amorphous and crystalline nature,
respectively. In spite of this, the conversion of amorphous
polymers into crystalline COFs can be realized by the exchange
of building blocks.3 Moreover, the design and synthesis of
COF materials still strongly rely on the polymer science.4 To
be specific, the monomer geometry primarily determines the
chain growth behavior of polymers, which affords the guidance
for the topologic design of COFs through the geometric
combination of monomers. As an emerging class of polymers,
the functionalization of COFs is also directed by polymer
science, following the presynthetic and postsynthetic method-
ologies. Thus, by taking advantage of the knowledge and

practices in the aspect of polymer design, polymerization,
functionalization, and characterizations accumulated in the
field of polymer science in the past half century, COFs have
made great progress and show tremendous potential in various
fields including electrochemistry, catalysis, energy and gas
storage, and separation.5 Since the first report of COFs by
Yaghi and co-workers in 2005,6 a wealth of COFs with
rationally designed linkages and topologies have been
synthesized, giving rise to an enriched structural diversity
and expanded applications. According to the spatial con-
nectivity of covalent bands, COFs can be classified as two-
dimensional (2D) and three-dimensional (3D) types, which
are constructed by planar and tri-dimensional building units,
respectively. Typically, 2D COFs present layered structures
with perpendicular channels, while 3D COFs feature inter-
penetrated and cage-like channels.7 The structural design of
3D COFs mainly focuses on the exploration of new topologies
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and building blocks. Inspired by the progress on 2D COFs, the
research interest of 3D COFs is continuously growing in recent
years.
Compared to the vast reports on the syntheses and

applications of 2D COFs, research efforts on 3D COFs are
sparse mostly because of the shortage of available monomers as
well as challenges in synthesis and structural identification.7

Especially, for size-discriminating separations, which strongly
depend on the pore uniformity,8 2D COFs have been
recognized as prospective materials for producing advanced
membranes.9 So far, dozens of 2D COF-based membranes
have been successfully synthesized by different methods,
yielding excellent performances in separation-related fields.10

However, existing 2D COF membranes often have relatively
large pore sizes in the range of 1−5 nm (Figure 1), which
allows them to be merely applicable for separating large targets
like dyes and nanoparticles.11−13 As a consequence, 2D COF
membranes are inevitably inferior in tackling the gaseous and
ionic targets.14 To cope with this limitation, complicated and
tedious modification procedures are usually required, for
example, shrinking the effective sieving sizes by postsynthetic
modification, or introducing charge exclusion by pore
engineering.15−17 Moreover, isolated 1D channels with no
interconnectivity are involved in 2D COF membranes,
potentially limiting the mass transfer efficiency.

3D COFs are provided with three-dimensionally intercon-
nected pathways and possess more void spaces that contribute
a higher porosity (Figure 1), ideally suitable for mass
transport.7,18 The interlaced skeletons of 3D COFs narrow
down the aperture sizes into the range of ∼0.5−1.5 nm,7 which
promise the ultimate separation of ions and gases. By virtue of
the pore-connected backbone, 3D COFs have more open sites
that are accessible for accurate functionalization, thus offering
the membrane designability for specific separation applications.
For example, Jiang and co-workers have demonstrated the
superiority of 3D COF membranes for efficient proton
conduction.19 In our very recent study, the polyimide-
supported 3D COF membranes exhibited great potential for
robust molecular separations.20 Therefore, the benefits in
structures and functions make 3D COFs ideal candidates for
constructing membranes for ion separation. Excitingly, this has
been confirmed by simulation works.21 Unfortunately, the
experimental exploration of 3D COFs in ion separations still
lacks profound studies. It is undoubted that additional criteria,
such as water resistance and mechanical stability, should be
seriously considered when applying 3D COFs in liquid
separations. Nevertheless, only a few chemical reactions and
Schiff base reactions, for example, are so far developed to
produce 3D COFs with sufficient stability in water.10 A
membrane synthetic strategy is another obstacle that impedes

Figure 1. Comparison between layered eclipsed 2D and diamond-like 3D COFs.

Figure 2. Synthesis of 3D COF-1 membranes by oligomer interfacial ripening. (a) Illustration of the synthesis procedure; (b) structure of 3D COF-
1; photograph (c) and surface SEM images (d,e) of the 3D COF-1 membrane with a synthesis duration of 1 h transferred on a macroporous PVDF
substrate; (f) FTIR spectra; and (g) PXRD patterns. Inset in (e) is the cross-sectional SEM image of the 3D COF-1 membrane.
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the use of 3D COFs in this field. Numerous strategies
including solvothermal synthesis, interfacial crystallization, and
the assembly of COF nanosheets have been developed to
prepare 2D COF membranes,9 but producing 3D COF
membranes through a facile and effective strategy remains a
synthetic challenge. Heretofore, due to the absence of a facile
strategy, harsh synthetic conditions are usually requisite to
ensure the integrity of 3D COF membranes.22,23

Herein, we propose a general and facile approach to
synthesize imine-linked 3D COF membranes by ripening
preformed oligomers at the organic−water interface under
room temperature. Based on this strategy, a series of 3D COF
membranes are synthesized with elaborately designed aperture
sizes by reacting a tetrahedral aldehyde with size-varied amine
linkers. Interestingly, the obtained 3D COF membranes with a
thickness of ∼15 nm exhibit excellent robustness and moderate
crystallinity. Owning to the uniform, interconnected micro-
porous channels, the membranes display sharp selectivities in
discriminating monovalent ions over multivalent ions and in
the sieving of targeted small molecules from their similarly
sized mixtures.

■ RESULTS AND DISCUSSION
Figure 2a represents the oligomer structure and preparation of
3D COF-1 membranes through the oligomer interfacial
ripening at the organic−water interface. The formation of
3D COF membranes is distinctive from previously reported
studies involving an in situ nucleation or crystallization from
molecular monomers.24−26 Here, the preparation process can
be mainly divided into two steps, oligomerization of monomers
and interfacial ripening of oligomers. By introducing acetic acid
as the catalyst, we first triggered the mild condensation
between the two monomers, producing oligomers which form
highly stable dispersions in o-xylene (Figure S5). Notably, the
mixture produced by simply mixing the monomer solutions
was clear and transparent, but immediately became yellowish
upon the addition of acetic acid (Figure S6a). The color
change implies the formation of oligomers, which is confirmed
by an intense Tyndall effect (Figure S6b). The oligomerization
induced by acetic acid was analyzed by an UV−vis
spectrophotometer. The mixture without acetic acid only
displays the characteristic peaks of monomers, while new peaks
emerge upon the addition of acetic acid (Figure S7). The
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry also confirms the oligomerization between
monomer pairs (Figure S8). The 3D COF-1 membrane was
then synthesized by spreading the oligomer dispersion onto the
surface of water followed by ripening at the interface. In the
membrane formation, the interfacial entrapment of oligomers
is crucial for the ripening to generate continuous membranes,
which mainly depends on the size and amphiphilicity of
oligomers.27 It can be seen from Figure S9 that the smallest
oligomers have a lateral size of ∼2.4 nm. The size obviously
exceeds the smallest particle size (∼1.6 nm) required for the
stable residence at organic−aqueous interfaces.28 We also
checked the water contact angle of the synthesized 3D COF-1
membrane, and they present a contact angle of ∼78° (Figure
S10a), stating a relatively neutral affinity of 3D COF-1 to both
o-xylene and water. Accordingly, when the 3D COF-1
oligomers diffuse to the interface, they prefer to stably reside
there without escaping due to their surface wettability being
similar to water and o-xylene, as illustrated in Figure S10b.29

After the entrapment of these oligomers at the interface, the

catalysis of acetic acid facilitates the ripening of oligomers to
form a continuous membrane. In the light of the reversibility of
Schiff base reaction between amines and aldehydes, self-
correction of defective areas happens during the growth of 3D
COF-1 membranes, thus giving an ordered, crystalline
extended framework (Figure 2b).2 We can clearly observe a
membrane confined at the organic−water interface within 1 h.
The resulting membrane with a diameter >4 cm is free of any
breakages (Figure 2c), which can be enlarged by using
synthesis vessels with bigger interface areas (Figure S11).
Surprisingly, the integrity of the membrane is well maintained
after being repeatedly squeezed through a dropper (Movie S1),
indicative of its robustness. Moreover, the membrane is strong
enough to self-support as it can be easily transferred to and
covered on a lasso (inset in Figure 2c). After transferring and
compositing with a macroporous poly (vinylidene fluoride)
(PVDF) substrate, the 3D COF-1 membrane presents a
smooth surface without any pinholes, cracks, or other defects
(Figure 2d). The scanning electron microscopy (SEM) image
in Figure 1e reveals a low thickness of ∼15 nm for the
produced 3D-COF-1 membrane. In contrast, the traditional
interfacial crystallization by polymerizing molecular monomers
at the interface leads to weak 3D COF-1 membranes that
exhibit poor mechanical strength (Figure S12).
Fourier transform infrared (FTIR) spectroscopy was

employed to survey the detailed structure of the resultant
membranes and solvothermally synthesized powders. As shown
in Figure 2f, the spectra display CN stretching vibrations
around 1619 cm−1 for 3D COF-1 membranes and 1620 cm−1

for 3D COF-1 powders, illustrating the occurrence of
condensation to form imine-linked frameworks.30 Together
with the absence of amine N−H and aldehyde CO
stretching bands at 3300−3100 cm−1 and 1700 cm−1,
respectively, the sufficient consumption of starting monomers
in the 3D COF powder is confirmed. The emergence and
disappearance of the aforesaid peaks in the membrane are in
good agreement with the results reported in literature.30 The
high-order structures of 3D COF-1 membranes and powders
were ascertained by powder X-ray diffraction (PXRD)
characterizations (Figure 2g). The peak at ∼7.2° for the
powder and membrane corresponds to the (200) crystal facet,
which is consistent with the simulation result and previous
studies,30 implying an interpenetrated diamond-like network.
The peak at ∼8.65° in the membrane PXRD pattern may arise
from a collapse of the (200) plane, resulting in a slightly
reduced aperture size.31 Taking the mild synthesis conditions
into consideration, it is reasonable for the membrane to show
moderate crystallinity. In addition, the low thickness and
random stacking of membranes in PXRD tests could
potentially compromise the peak intensity as well.32 N2
adsorption−desorption measurements were conducted at 77
K to analyze the porous structure of 3D COF-1. Figure S13a
depicts that the 3D COF-1 powder has a sharp gas uptake at a
relatively low pressure, indicating a prominent microporous
porosity. Its Brunauer−Emmett−Teller (BET) surface area is
as high as ∼486 m2 g−1. By fitting nonlocal density functional
theory, we identify a sub-nanometer pore size of ∼8.3 Å
(Figure S13b). As a comparison, the 3D COF-1 synthesized by
direct interfacial polymerization exhibits a low BET surface
area < 10 m2 g−1 (Figure S14). In addition, Young’s modulus
of the oligomerization-enabled 3D COF-1 membrane largely
exceeds that of the membrane produced by direct interfacial
polymerization (Figure S15). These complementary results
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Figure 3. Structural characterizations of 3D COF-1 membranes transferred on silicon wafers. SEM (a) and AFM (b) images of the membrane after
synthesizing for 12 h; (c) size distributions of COF spheres obtained from the DLS and SEM image; AFM image (d) of the membrane after
synthesizing for 24 h and the corresponding height profile (e); (f) thicknesses of the membranes synthesized with various durations. Inset in (c) is
the photograph of the synthesis solution with a 12 h reaction duration.

Figure 4. Synthesis of other 3D COF membranes by oligomer interfacial ripening.
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confirm the validity of our oligomer interfacial ripening
method.
The structural features of 3D COF-1 membranes were then

systematically investigated by observing the morphology of
membranes synthesized under diverse durations (Figure S16).
Interestingly, the surface of these membranes changes from the
smooth morphology to a massif-like one with the synthesis
duration extended from 1 to 12 h (Figures 3a,b, and S17 and
S18). Similar rugged structures are frequently observed from
imine-linked COF membranes prepared by solvothermal
growth;14,33 however, the formation mechanism is unexposed.
We speculate that the oligomers account for the formation of
initial smooth membranes given their small sizes. Prolonging
the ripening duration facilitates the polymerization of
oligomers in the bulk organic solution to generate COF
spheres, evidenced by the dynamic laser scattering (DLS)
(Figure 3c). The COF spheres will inevitably deposit onto the
surface of the smooth membranes due to gravity. Subsequently,

the breaking and re-bonding of imine bonds based on the
reversible reaction induce a coalescence of the smooth
membranes and COF spheres, which integrates these two
objects together to present a massif-like topography. The
consistency of the size distribution obtained from the DLS and
SEM images manifestly validates this coalescing process
(Figure 3c), which is considered to be triggered by the
mechanism of Ostwald ripening.34 Because the crystallites in
the COF sphere deliver much higher curvature, they possess
higher surface energy compared with those in the sheet-like
membrane. Therefore, upon contact, the outer crystallites of
COF spheres tend to de-assemble and re-assemble with the
terminal groups (i.e., amine and aldehyde) of membranes to
minimize the surface energy, and this is the time that the
integration occurs. In our work, adjusting the ripening duration
may offer the viability of managing the membrane thickness.
According to the atomic force microscopy (AFM) character-
ization, the membrane synthesized with a duration of 24 h has

Figure 5. Separation performances of 3D COF membranes. (a) Water evaporation through the 3D COF-1 membrane; (b) ion diffusion of various
inorganic salts; (c) diffusion rate of various ions; (d) ion selectivity of different ion pairs; (e) UV−vis spectra for the diffusion of dyes in the 3D
COF-4 membrane; and (f) schematic diagram of 3D COF membranes with varied pore sizes toward molecular and ionic sieving. Inset in (e) is the
photograph of the dye diffusion after 12 h.
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a thickness of ∼120.8 nm (Figure 3d,e). The membrane
thickness versus the synthesis duration was then studied by
spectroscopic ellipsometry (Figure 3f). It is noteworthy that
the thickness value obtained by ellipsometry coincides with the
AFM result. The membrane thickness is highly tunable in the
range of ∼12−120 nm by prolonging the duration from 1 to 24
h. The thickness increase in turn leads to the color change
from buff to blue (Figure S19). Notably, the thickness growth
rate gradually decreases with the synthesis duration, finally
achieving a relatively constant thickness after 24 h. This can be
attributed to the self-limiting nature of the interface-enabled
synthesis.35 After removing the initially formed membranes
from the interface, reactions between unconsumed oligomers
could resume, forming new membranes with similar
morphologies (Figures S20 and S21).
To demonstrate the universality of the proposed synthesis

strategy, we thereby prepared a series of 3D COF membranes
by interfacially ripening presynthesized COF oligomers at the
organic−water interface (Figure 4). The resultant membranes
that have a large size of ∼3 × 3 cm2 are visually transparent
(Figure S22), stating their low thicknesses. These membranes
display surface morphologies analogous to that of 3D COF-1
membranes, showing a relatively smooth surface with scattered
particles. The structural feature supports the membrane
formation mechanism stated before. A synthesis duration of
12 h produces membranes with a similar thickness of ∼100 nm
for these 3D COFs (Figure S23). Thus, the interfacial ripening
of oligomers is generally applicable to synthesize imine-linked
3D COF membranes, whose structures can be molecularly
tailored by monomer design.
Encouraged by the prominent porosity and regular sub-

nanometer channels of 3D COF-1, we expect that the resultant
membrane could work as a promising platform for precise ion
sieving. No penetration of small-sized dyes validates the
membrane integrity (Figures S24 and S25). To confirm the
inherently high and accessible porosity of 3D COF-1
membranes, the permeation of water vapor across the
membrane supported by a porous anodic aluminum oxide
(AAO) substrate was assessed (Figure S26). Figure 5a shows
that the evaporation rate of the membrane-sealed container is
similar with the open container, which evidently manifests the
prominent porosity that allows for unimpeded flow of vapor.36

Also importantly, the synthesized membranes are highly stable
in water for weeks without any breakages (Figure S27),
suggesting their ability for use in aqueous milieu. To evaluate
the ion sieving performance of the 3D COF-1 membrane, the
ion diffusion measurements were then performed using a
home-made cell, where the 0.1 M ionic solution and water
served as the draw and feed solution, respectively. Figure S28
gives the conductivities of all the salt solutions with a
concentration of 0.1 M, and the conductivities are in the
range of 8.5−25 mS cm−1. Obviously, the diffusion of Na2SO4
in 20 nm AAO membranes is extremely faster (∼100 times
higher) than that of the 3D COF-1 membrane (Figure S29).
The result indicates the feasibility of sub-nanometer channels
to regulate the diffusion of ions. Within 3 h continuous
diffusion, the conductivities of all the permeates are
consistently in the order of μS cm−1 (Figure S30), implying
their low concentration. We further find that the salt
concentration remarkably affects the permeation behavior of
ions (Figure S31), and this should originate from the different
concentration gradient. As can be seen from the initial
diffusion results, KCl penetrates much slower than NaCl

(Figure S32), although K+ is smaller than Na+. Besides, the
diffusion rates of KCl, NaCl, and Na2SO4 in the first 60 min
are all relatively lower than that of the following duration,
which presents a turning point at the diffusion time of 1 h
(Figure 5b, the standard curve of salt solution is given Figure
S33). This nonlinear diffusion can be ascribed to the massive
adsorption of ions in highly porous sub-nanometer channels, as
verified by the static adsorption results (Figure S34).37 The
adsorption of ions in sub-nanometer pores, thus forming a
continuous ionic transporting route to deliver ions and water,
could promote the diffusion of these small ions.38 Stable
diffusion rates for various ions were then calculated based on
the ionic conductivities of the final 2 h. As shown in Figure 5c,
the permeation rate of various ions scales inversely with their
hydrated diameters, that is, K+ > Na+−> > Cu2+ > Al3+. As a
result, the 3D COF-1 membrane exhibits a sharp cutoff at ∼8.3
Å, matching well with its effective pore diameter.30

Significantly, our 3D COF-1 membrane achieves a pronounced
K+/Na+ selectivity of ∼2.4, which is comparable or higher than
that of the metal−organic framework and graphene-based
synthetic membranes specially engineered for recovering alkali
metal ions.39−41 The ion selectivities for monovalent/multi-
valent ions, K+/Cu2+, K+/Al3+, Na+/Cu2+, and Na+/Al3+, are as
high as 84.3, 823.5, 35.3, and 345.3, respectively (Figure 5d).
After a decade-long study, membranes with sub-nanometer
channels have been developed to separate ions.42−44

Particularly, the aperture size, structural regularity, and pore
wall functions of those membranes are vital for precise ion
sieving.45,46 Here, thanks to the uniform configuration with
sub-nanometer pathways, 3D COF-1 membranes are available
for efficient ion sieving.
The channel size of 3D COF membranes is molecularly

contrivable by adopting suitable monomers to satisfy the
requirement for separating fine targets, free of any complicated
or tedious modification procedures. As a proof of concept, the
3D COF-4 membrane with intrinsic 14 Å channels30 was used
to fractionate small organic molecules from their mixtures. As
can be seen from the UV−vis spectra in Figure 5e, methyl
orange (MO) (Mw = 327.3 Da, size = 0.6 nm × 1.1 nm) can
freely pass through the 3D COF-4 membrane, while Evans
blue (EB) (Mw = 960.8 Da, size = 1.2 nm × 3.1 nm) is largely
repelled without noticeable penetration. The appearance
change of the permeate from initially colorless to orange
further substantiates the exclusive penetration of MO as the
dark blue EB is not involved (Figure S35).12 Thus,
synthesizing 3D COF membranes with long linkers provides
a facile route to generate nanoscale channels suited for
molecular sieving. Significantly, the adjustability of pore sizes
ranging from <1 to ∼1.5 nm benefits the design of membranes
for both ion sieving and molecular separation (Figure 5f),
obviously outperforming the conventional materials.

■ CONCLUSIONS
In summary, we have demonstrated an oligomer interfacial
ripening strategy to produce pore-tailored 3D COF mem-
branes with interpenetrated channels for efficient ionic and
molecular sieving. Organized interlacement of building units in
the three dimension endows these membranes with narrow
and uniform aperture sizes as well as additional mass transfer
pathways, thus offering a largely improved separation precision
and efficiency. The design concept from the oligomer level
strategically provides accurate control over the membrane
structure and shows an excellent universality to prepare imine-
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linked 3D COF membranes. By altering the linker sizes, we
thereby obtain several kinds of 3D COF membranes featuring
nanochannels with the size in the range of ∼0.8−1.5 nm. On
account of the synergy between fine aperture pores and
interpenetrated structures, the 3D COF membranes demon-
strate prominent ion selectivities between monovalent and
multivalent ions up to several hundred and a precise
fractionation of molecular mixtures. Therefore, this work
develops a new avenue toward engineering robust COF
membranes and may advance the development and potential
application of 3D framework materials.
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