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Covalent organic frameworks (COFs) have emerged as promising platforms
for membrane separations, while remaining challenging for separating ions in
a fast and selective way. Here, we propose a concept of COF membranes with
vertically aligned nanorods for efficient separation of rare metal ions. A qua-
ternary ammonium-functionalized monomer is rationally designed to syn-
thesize COF layers on porous substrates via interfacial synthesis. The COF
layers possess an asymmetric structure, in which the upper part displays ver-
tically aligned nanorods, while the lower part exhibits an ultrathin dense layer.
The vertically aligned nanorods enlarge contact areas to harvest water and
monovalent ions, and the ultrathin dense layer enables both high permeability
and selectivity. The resulting membranes exhibit exceptional separation per-
formances, for instance, a Cs* permeation rate of 0.33 mol mh’, close to the
value in porous substrates, and selectivities with Cs'/La*>" up to 75.9 and 69.8 in
single and binary systems, highlighting the great potentials in the separation of

rare metal ions.

Covalent organic frameworks (COFs) permit multifunctional plat-
forms for designing functional materials with well-defined archi-
tectures toward task-specific applications, including energy storage,
catalysis, separation, and purification'™. COFs are synthesized
through topology-guided reticulation processes, in which knots and
linkers are covalently linked with particular linkages to form
extended frameworks®”. These features allow COFs to have per-
manent porosity and to be architecturally robust, giving rise to
numerous merits, including uniform porosities, high surface area,
tailorable pore size, and chemistries, as well as excellent hydrolytic
stability®'°. Especially, the innate nanopores and adjustable wall
chemistries make COFs promising candidates as advanced mem-
branes for ion separations.

To construct COF membranes, an overarching challenge to over-
come is how to prepare them under mild conditions without sacrificing
porosity and crystallinity—the most essential characteristics”. Interfacial

synthesis is widely explored as a convenient and delicate protocol, with
which COFs are crystallized at a confined and stable oil-water interface
to afford continuous membranes under ambient conditions. Unlike
conventional ion separation membranes, for example, polyamide
membranes, synthesized by irreversible and instantaneous interfacial
polymerization®”, COFs are formed by reversible reactions that require
much longer periods of time for creating continuous membranes". The
extended synthesis duration allows COFs to accomplish the self-
repairing process to substantially improve the crystallinity and
porosity™, but meanwhile, the thickness of COF membranes would be
increased to a large extent. So far, thick COF membranes with thick-
nesses ranging from hundreds of nanometers to several microns have
been proven to have high crystallinity, large surface area, and
mechanically robust” ™. However, the large thickness inevitably increa-
ses mass transport resistance that results in impeded permeation®,
which is not favorable for ion separations.
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It is widely considered that ultrathin membranes can maximize
the permeation in a straightforward way”*. Additive-mediated
crystallization®*, nanosheet stacking”?®, and electrophoretic
deposition??® have been shown to create ultrathin COF membranes,
the thickness of which is usually less than 100 nm. Although the per-
meation can be significantly enhanced, ultrathin membranes are highly
susceptible to structural failure being exposed to larger stress*-°,
Other concerns regarding ultrathin COF membranes involve the diffi-
culty of avoiding defects and the ambiguity in crystallinity and porosity
control'®**2, Based on the above considerations, a better COF mem-
brane must have the following characteristics: (1) it should exhibit high
permeability and tight selectivity; and (2) it should be highly crystal-
line, porous, and mechanically robust.

Herein, we explore COF membranes featuring vertically aligned
nanorods for efficient separation of rare metal ions (Fig.1). A qua-
ternary ammonium-functionalized monomer with positive charges
was designed and synthesized to afford COF layers with vertically
aligned nanorods on porous substrates through interfacial synthesis.
The COF layers are asymmetrically structured, exhibiting vertically
aligned nanorods on the upper part and an ultrathin-dense layer on the
lower part. The vertically aligned nanorods of the upper part not only
enlarge contact areas to harvest water and smaller ions but also
eliminate defects. The ultrathin dense layer of the lower part enables
both high permeability and selectivity. Moreover, the substrate pro-
vides mechanical robustness to protect the lower part, as the ultrathin
dense layer was sandwiched between the substrate and the vertically
aligned nanorods. Importantly, this unique structure is distinct from
the previous work reporting randomly stacked COF nanorods®, as the
COF layer in the present work is composed of vertically aligned
nanorods that are connected with each other by a continuous film. The
resultant COF membranes show fast permeation of water molecules
and monovalent ions, along with an exceptional selectivity for rare
metal ions. This work not solely explores an engineering concept for
the construction of high-performance COF membranes but highlights
the great potential of COF membranes in the separation of rare
metal ions.

Results

Fabrication and characterization of COF membranes

A quaternary ammonium-functionalized aldehyde monomer with a
positive charge was rationally designed and synthesized by grafting an
ionic liquid compound, 2-bromoethyltrimethylammonium bromide
(AB), onto a Cs-symmetric 2-hydroxy-1,3,5-benzenetricarbaldehyde
(HB) building block via the Williamson ether synthesis. This monomer
was termed HBAB, and the chemical structure was verified by 'H

+ H,0 Cs*

nuclear magnetic resonance spectroscopy and high-resolution mass
spectrometry (Supplementary Fig. 1). COFs can be synthesized via a
Schiff-base reaction between the HBAB monomer and a C3-symmetric
2,4,6-tri(4-aminophenyl)-1,3,5-triazine (TAPA) building block, and the
product was named as HBAB-TAPA-COF (Fig. 2). Considering the
unique molecular structure of the HBAB monomer and the need for
charges being uniformly distributed, each pore in the HBAB-TAPA-COF
monolayer carried only one quaternary ammonium group. Thus, the
quaternary ammonium groups in the one-dimensional channel of the
HBAB-TAPA-COF would display a staggered alignment between adja-
cent monolayers.

We synthesized HBAB-TAPA-COF layers on hydrolyzed poly-
acrylonitrile (HPAN) substrates via interfacial synthesis. Beforehand,
the solubility of monomers in water and n-butanol serving as the
aqueous and organic phase solvents was investigated. The HBAB
monomer was both soluble in water and in n-butanol, while the TAPA
monomer was soluble in n-butanol, insoluble in water (Supplementary
Fig. 2). Thus, the HBAB monomer dissolving in water was used as the
aqueous phase, while the TAPA monomer dissolving in n-butanol was
used as the organic phase. The two-phase solutions were filled in a
synthesis device, in which the HPAN substrate was mounted in the
middle with the upper surface toward the organic phase (Fig. 3a). After
72 h of the reaction, the color of the front of the substrate turned to
dark red, indicating a unidirectional diffusion of the HBAB monomer
from the aqueous phase to the organic phase (Fig. 3a and Supple-
mentary Fig. 3). From the scanning electron microscopy (SEM) and the
atomic force microscopy (AFM) images (Fig. 3b, ¢ and Supplementary
Fig. 4), the nanorods grown on the substrate were found to be verti-
cally aligned. Grazing incidence wide-angle X-ray scattering (GIWAXS)
measurement was further conducted to demonstrate the orientation
of the nanorods*. Figure 3d displays bright scattering rings, in which
the out-of-plane reflections were significantly stronger than the in-
plane reflections, indicating the HBAB-TAPA-COF nanorods were per-
pendicular to the substrate surface over a large area®. We used N,N-
dimethylformamide as the etching solvent to remove the HPAN sub-
strate, and a free-standing HBAB-TAPA-COF layer can be released and
floated on the liquid surface. The released layer was then attached to
an anodic aluminum oxide substrate to conduct an examination with
energy-dispersive X-ray (EDX) spectroscopy. The EDX element map-
ping demonstrated uniformly distributed carbon element traversing
the entire cross-section of the HBAB-TAPA-COF layer (Supplementary
Fig. 5). Furthermore, the cross-sectional SEM image and the trans-
mission electron microscopy (TEM) image (Fig. 3e, f) also verified the
vertically aligned nanorods of the HBAB-TAPA-COF exclusively formed
on the HPAN substrate, and the thickness was measured to be ~1 um.

Upper part: vertically aligned COF nanorods
M Enlarged contact areas

M Harvesting water and smaller ions

M Eliminating defects in the lower part

Lower part: ultrathin dense COF layer
M High permeability & Tight selectivity

Substrate
M Mechanical robustness
M Protecting the lower part

La3*
Transport paths

Fig. 1| Schematic diagram of the asymmetric structure of the COF membrane ensuring fast and selective ion separations. COF layers are formed on a porous
substrate via interfacial synthesis. The COF layer is composed of the upper part with vertically aligned COF nanorods and the lower part with an ultrathin-dense COF layer.
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Fig. 2 | Schematic diagram of the synthetic route of the HBAB-TAPA-COF. The HBAB-TAPA-COF is synthesized through a Schiff-base reaction between the aldehyde

monomer (HBAB) and the amine monomer (TAPA).
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Fig. 3 | Microstructures of HBAB-TAPA-COF layers. a Schematic diagram of the
interfacial synthesis. The insert shows digital images of the pristine (upper right)
and the HBAB-TAPA-COF layer grown on the HPAN substrate (bottom right).

b Surface SEM and ¢ AFM images. d GIWAXS patterns. The insert shows the sche-
matic diagram of GIWAXS measurement. e Cross-sectional SEM image. f Cross-
sectional TEM image.

Notably, after removing the substrate, the rear surface morphology of
the HBAB-TAPA-COF layer was somewhat similar to that of the top
surface, but the nanorods were densely packed without any gaps or
voids (Supplementary Fig. 6). Therefore, The HBAB-TAPA-COF layer
possessed an asymmetric structure, in which the upper part displayed
the vertically aligned nanorods, while the lower part exhibited an
ultrathin dense layer with a thickness of -29 nm (Fig. 3f and Supple-
mentary Fig. 7). The HBAB-TAPA-COF layer tightly adhered on the
substrate which showed good mechanical stability, as no cracking or
peeling occurred after being bent and folded (Supplementary Fig. 8).

The chemical structure of the HBAB-TAPA-COF layer was con-
firmed by the Fourier transform infrared (FTIR) spectroscopy (Fig. 4a).
The vibrational bands at 1677cm™ (C=0) and 3323cm™ (N-H)
belonging to the monomers were absent in the spectrum of the HBAB-
TAPA-COF, while the vibrational bands at 1627 cm™ assigned to C=N of
the imine linkage emerged, indicating the complete conversion from
the monomers to the final product. The chemical structure of the
HBAB-TAPA-COF layer was further verified by X-ray photoelectron
spectroscopy (XPS) (Fig. 4b). The result indicated that the nitrogen
elements of C=N, C-N, and N* followed a ratio of 2:1:1, which is con-
sistent with the theoretical structure of the HBAB-TAPA-COF**. For
comparison of the crystallinity and porosity, we also synthesized
HBAB-TAPA-COF powders under solvothermal conditions. From X-ray
diffraction (XRD) pattern (Fig. 4c), HBAB-TAPA-COF membranes dis-
played XRD peaks at 5.5°, 9.8°, 11.3°, and 26.4°, which can be assigned
to (100), (110), (200) and (001) planes, respectively. This result was in
accordance with that of the powders (Supplementary Fig. 9). Note that

the characteristic diffraction peaks of the ionic liquid compound did
not appear in the XRD pattern of the HBAB-TAPA-COF (Supplementary
Fig. 10). We further used Materials Studio to find out the possible
structure of the HBAB-TAPA-COF (Supplementary Table. 1). Pawley
refinement regenerated the XRD pattern with small residue (Rwp =
5.44%, Rp=3.43%), and thus the HBAB-TAPA-COF exhibited an
eclipsed AA model that contained a space group of P¢/mmc (a=b=
18.7121A, c=3.4416 A, = =90°, and y = 120°). This is well in line with
the experimental pattern, indicating the highly crystalline nature of the
HBAB-TAPA-COF. Nitrogen adsorption-desorption measurement was
used to investigate the porosity of the HBAB-TAPA-COF layer (Fig. 4d).
Since the HBAB-TAPA-COF layer on the substrate was very difficult to
be isolated for testing, its free-standing counterpart was prepared
from a free oil-water interface using the same protocol. The n-butanol
and water served as the organic and aqueous phases, respectively, so
that a continuous membrane could be crystallized at the confined
interface (Supplementary Fig. 11a). The surface of such membrane
exhibited similar morphology, in which nanorods were formed but
were not vertically aligned (Supplementary Fig. 11b). As shown in
Fig. 4d, e, at the low relative pressure, the HBAB-TAPA-COF exhibited
rapid uptake of nitrogen, which was consistent with the type I iso-
therm, indicating abundant microporous structures of the HBAB-
TAPA-COF. The results also showed that the Brunauer-Emmett-Teller
(BET) surface area of the HBAB-TAPA-COF membrane was as high as
812m?g’, and the pore size was centered at 1.2 nm calculated from
nonlocal density functional theory (NLDFT) model®’. Moreover, HBAB-
TAPA-COF powders exhibited a slightly higher surface area of
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Fig. 4 | Physicochemical properties of HBAB-TAPA-COF layers. a FTIR spectra. b XPS spectra. ¢ XRD patterns. The insert shows the structural modes of the HBAB-TAPA-
COF. d Nitrogen adsorption-desorption isotherms and e corresponding pore size distribution curve. f Water contact angle images.

869 m? g with a same pore size of 1.2 nm, demonstrating the highly
porous properties of the HBAB-TAPA-COF (Supplementary Fig. 12).
Due to the vertically aligned nanorods with enlarged contact areas,
abundant microporous structures and hydrophilic quaternary
ammonium groups, the HBAB-TAPA-COF layer exhibited excellent
wettability, as water molecules can penetrate through the layer within
merely 1s (Fig. 4f). In addition, because the quaternary ammonium
group was positively charged, the HBAB-TAPA-COF layer showed
stronger positive charge than that of the HPAN substrate (Supple-
mentary Fig. 13). The thermogravimetry analysis revealed that the
HBAB-TAPA-COF was stable up to 400 °C under nitrogen atmosphere,
while a slight weight loss at ~100 °C can be ascribed to the water loss
stemming from the highly hydrophilic nature (Supplementary Fig. 14).
It should note that although the ionic liquid compound was very dif-
ficult to be thoroughly removed, no significant residue of ionic liquid
compound existed, and the crystallinity and the porosity were not
compromised.

Dissecting the formation mechanism of vertically aligned
nanorods

To illustrate the underlying mechanism of the formation of the verti-
cally aligned nanorods of the HBAB-TAPA-COF, we investigated the
morphological variations under different synthesis duration using SEM
and TEM imaging (Fig. 5 and Supplementary Fig. 15). At the synthesis
duration of 6h, small and discretely distributed nanorods with a
thickness of 192 nm appeared on the HPAN substrate, but they did not
form a continuous layer as the substrate pores still can be seen. When
the synthesis duration was prolonged to 12, 24, 48, and 72 h, respec-
tively, their surfaces all exhibited a very similar morphology with ver-
tically aligned nanorods. Moreover, the thicknesses increased from

219 nm to 292, 500, and 992 nm, respectively, with prolonging the
synthesis duration. From SEM images of the rear surfaces, gaps, and
voids can be clearly seen at the synthesis duration of 6,12, 24, and 48 h.
However, with the duration prolonging, those defects began to dis-
appear, and a continuous and defect-free layer was obtained at the
duration of 72 h, as mentioned previously. Therefore, the thickness of
the HBAB-TAPA-COF layer continued to increase with prolonging the
synthesis duration, while the diameter of the nanorods did not change
markedly (Supplementary Fig. 16). This phenomenon can be explained
by the reversible reactions of COFs typically required longer durations
to create defect-free membranes, and the self-limiting effect would
occur at the end of the synthesis. In addition to the synthesis duration,
the effects of various concentrations of HBAB monomers on the
morphology were also investigated (Supplementary Fig. 17). The
HBAB-TAPA-COF prepared under different concentrations have a
similar morphology compared with that under a synthesis duration of
72 h. With increasing the concentrations from 0.29 to 0.44, 1.74, and
2.61mM, the HBAB-TAPA-COF gradually became thicker, while the
increase in thicknesses was not very pronounced compared to the
scenario of synthesis duration. We also tried to prepare HBAB-TAPA-
COF layers using different substrates, including PAN, AAO, and poly-
imide (Supplementary Fig. 18), however, none of them showed con-
sistent morphology with HAPN, suggesting that the HPAN substrate
played an important role in the formation of vertically aligned nanor-
ods of the HBAB-TAPA-COF. Furthermore, other amine monomers
with an analogous molecular structure to the TAPA monomer,
including 1,3,5-tris(4-aminophenyl) benzene, tris(4-aminophenyl)
amine, and tris(4-aminophenyl) methane were also used to synthesize
COF membranes using the same protocol. Similarly, those amine
monomers were soluble in n-butanol but insoluble or partially soluble
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diagram depicting the interaction energy between the HBAB monomer and dif-
ferent substrates. e Variation of interaction energies with time. f Variation of the
MSD with time.

in water (Supplementary Fig. 19). After interfacial synthesis, COFs were
successfully grown on HPAN substrates, which exhibited vertically
aligned nanorods, even though the nanorods were slightly short
(Supplementary Fig. 20). Above findings indicated that the HBAB
monomer and the HPAN substrate may play a vital role on the for-
mation of the vertically aligned nanorods.

We further examined the interplays between HBAB monomers
and the HPAN substrate. Since HBAB-TAPA-COF layers were exclu-
sively formed on the upper surface of the HPAN substrate after the

reaction, HBAB monomers are expected to experience a unidirectional
transport diffusing from the aqueous phase to the organic phase.
Quartz crystal microbalance with dissipation (QCM-D) technique was
conducted to analyze the adsorption and desorption of the HBAB
monomer by HPAN and PAN layers coated on quartz crystal sensors®®*’
(Fig. 6a). The HPAN showed a significantly enhanced adsorption of the
HBAB monomer (Fig. 6b), which was roughly doubled compared to
that of the PAN (660.9 ng cm™ for the PAN, and 1223.6 ng cm™ for the
HPAN), demonstrating the key role in the uptake of the HBAB
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monomer. This can be mainly attributed to the electrostatic interac-
tion between the positively charged HBAB monomer and the HPAN
having abundant carboxyl groups. For desorption, the HPAN showed
rapid release of the HBAB monomer within 10 s (Fig. 6¢), while the PAN
exhibited a much lower rate. It seems counterintuitive that a substrate
having the ability to adsorb more monomers could release it rapidly.
This can be explained by the unique molecular structure of HBAB
bearing only one quaternary ammonium group, as mentioned pre-
viously. Although the HPAN substrate with negative charges was cap-
able of binding the HBAB monomer via electrostatic interaction, only
one quaternary ammonium group did not possess enough positive
charge and thus could not be firmly bonded with the HPAN substrate.
As a result, the HBAB monomer can be adsorbed by the HPAN sub-
strate first, while would be released rapidly, leading to continuous
diffusion from the aqueous solution to the organic solution.

A molecular dynamic (MD) simulation was performed to reveal
the relationship between HBAB monomers and the HPAN substrate.
We calculated the interaction energies of HBAB monomers with two
kinds of substrates (Fig. 6d, e). Higher interaction energy was evidently
observed for the HPAN substrate rather than the PAN substrate
(-363.8 kcal mol™ for the PAN, and -767.4 kcal mol™ for the HPAN).
Such higher interaction between HBAB and HPAN indicated that HBAB
monomers adsorbed to HPAN substrate in larger amounts, which
agreed with the result from the QCM-D measurement. Once the HBAB
monomer unidirectionally diffused into the organic solution, that s, n-
butanol, the diffusion of the HBAB monomers inside n-butanol is of
vital significance to the formation of HBAB-TAPA-COF layers. Thus, the
diffusion coefficients of HBAB and TAPA monomers in n-butanol were
calculated based on the analysis of mean-squared displacement (MSD)
(Fig. 6f). The diffusion coefficient of the HBAB monomer in n-butanol
was 1.7 x10°m?s7, three times higher than that of the TAPA mono-
mer (4.4 x10™" m?s™), demonstrating the fast diffusion of the HBAB
monomer in the organic phase.

On the basis of the microscopic studies and simulations presented
above, the formation of the vertically aligned nanorods of the HBAB-
TAPA-COF can be illustrated in four steps (Fig. 7). First, since HBAB
monomers can diffuse unidirectionally from the aqueous phase to the
organic phase, they would be anchored on the surface of the HPAN
substrate via the electrostatic attraction between the quaternary
ammonium groups and carboxyl groups. Then, the anchored HBAB
monomer reacted with the TAPA monomer in the organic phase to
form discretely distributed microcrystals, which can serve as the
seeding layer for the subsequent growth of the HBAB-TAPA-COF, as
confirmed by SEM imaging previously. Notably, given the fact that
HBAB monomers can be captured and then be rapidly released by
carboxyl groups, HBAB monomers diffused continuously within the
HPAN substrate from the bottom to the top surface, so as to continue
the growth of the HBAB-TAPA-COF.

With the progress of the growth, HBAB monomers continuously
diffused into the organic phase to react with the TAPA monomer near
the substrate surface. Such a local consumption of TAPA monomers
would produce a concentration gradient, in which the concentration
of TAPA monomers near the substrate surface was lower than the
region far from the substrate. Furthermore, due to the HBAB monomer
possessing a much higher diffusion coefficient than that of the TAPA
monomer in n-butanol, as confirmed by MD simulations, the HBAB
monomer diffused faster than that of the TAPA monomer in the
organic phase. Influenced by the above mentioned facts, HBAB
monomers are favorable to diffuse into the deeper region far from the
substrate surface to react with those TAPA monomers with relatively
high concentrations. As a result, the growth of the HBAB-TAPA-COF in
the vertical direction would be largely enhanced compared with thatin
the planar direction, leading to the formation of vertically aligned
nanorods. This is well in line with the results from the microscopic
observation (Supplementary Fig. 16), as the thickness/length of the

nanorods continued to increase while the diameter did not change
markedly, prolonging the synthesis duration.

At the end of the growth, defects on the rear surface were com-
pletely repaired to afford ultrathin-dense layers due to the extended
synthesis duration, as proven by the previous SEM imaging. The
extended synthesis duration also allowed the improvement of the
crystallinity and porosity of the HBAB-TAPA-COF. In addition, the
dense and defect-free layer would trigger the self-limiting effect to
terminate the growth of the HBAB-TAPA-COF. Overall, the concentra-
tion gradient of TAPA monomers near the substrate surface and the
fast diffusion of HBAB monomers in n-butanol are the two critical
factors. The former originated from the unique molecular structure of
HBAB monomers and the mediating effect of the HPAN substrate. The
latter stemmed from the unique molecular structure of HBAB mono-
mers. Therefore, the formation of the vertically aligned nanorods of
HBAB-TAPA-COF layers was governed by a synergistic effect of the
unique molecular structure of HBAB monomers and the mediating
effect of the HPAN substrate.

Ion separation performances of HBAB-TAPA-COF membranes
The relationship between the HBAB-TAPA-COF layers and separation
performances was revealed by a series of permeation tests*’. We first
examined the integrity of the HBAB-TAPA-COF layers via permeation
tests of small organics with a diffusion cell. Different small organics,
including anionic organics (Congo red and acid fuchsin), neutral
organics (tetracycline and vitamin B12), cationic organics (Rhodamine
B and crystal violet) were used as the feed””*'. The permeation was
driven by the concentration gradient, and the ultraviolet-visible (UV-
vis) spectrophotometer was used to record the absorbance of the
permeate under different operation times. After the permeation of 3
and 6 h, the appearance of the permeate side showed colorless (Sup-
plementary Fig. 21), and the corresponding UV-vis spectra indicated
that small organics did not penetrate through the HBAB-TAPA-COF
layers (Supplementary Fig. 22), regardless of their molecular size and
charging properties. Thus, the HBAB-TAPA-COF layers were proven to
be continuous and defect-free. We then examined the water transport
through the HBAB-TAPA-COF layers driven by the osmotic pressure
using the same diffusion cell (Supplementary Fig. 23), in which water
was used as the feed solution and the 0.5 M sucrose aqueous solution
as the draw solution. The HBAB-TAPA-COF layer delivered a superior
water flux of 2254 molm™ h, even though the thickness was large
(Supplementary Table 2). The vertically aligned nanorods of the upper
part possess enlarged areas to contact with the liquids effectively, and
thus water molecules can be adsorbed by the nanopores of the
nanorods. The nanorods serve as the harvesters for preferential
enriching water molecules, which would further diffuse along the
continuous channels within the nanorods to reach the lower part for
fast permeation*’. Meanwhile, water molecules can directly diffuse
between the gaps of nanorods to reach the lower part.

We further evaluated the ion sieving capability of the membrane
driven by the concentration gradient using the 0.1 M salt solution
as the feed (Fig. 8a). A series of chloride salts comprising cations
with different hydration diameters, including RbCI, CsCl, KCI, NaCl,
LiCl, CoCl,, CuCl,, SrCl,, MgCl,, LaCls, CeCl; were examined, and
their ionic conductivities on the permeate side linearly increased with
the operation time (Supplementary Fig. 24). The permeation rates
were then calculated by those linear relations, and were further cor-
related with the hydration diameter of various cations (Fig. 8b, Sup-
plementary Fig. 25, 26). Cations with higher valences exhibited very
low permeation rates, while monovalent cations showed ultrafast
permeation rates, and it was as high as 0.36 molm™ h™ for Rb*. The
permeation rate of various cations followed an order of
Rb*>Cs'>K">Na'>Li*>Sr* > Cu* > Co* > Mg* > La** > Ce*, indicat-
ing a sharp cutoff size of 8.2 A, smaller than the pore size of HBAB-
TAPA-COF of 1.2 nm. A simulated mixed-ion system comprising Cs*,
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Sr**, and La*" was used to evaluate the ion-sieving capability of HBAB-
TAPA-COF layers, which is typically involved in the recovery of rare
metal ions from aqueous solutions, and is considered a grand
challenge*™*. For single-ion systems, the HBAB-TAPA-COF layer
exhibited high selectivities (S): Scsi/iaz+=75.9, Scs/sr2+=14.0, and

Ssra+/1a3+ = 5.4, and maintained an ultrafast permeation rate for Cs* of
0.33 mol mh™ (Fig. 8c). For binary-ion systems, the permeation rate
of Cs* decreased, while the selectivities were slightly dropped to 69.8,
13.3, and 2.1 for Cs*/La*, Cs"/Sr*, and Sr?*/La*, respectively (Fig. 8d).
Importantly, the selectivity obtained from the binary-ion system did
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not drop significantly compared to that of the single-ion system
(Supplementary Table 3), which is better than other membranes, as the
selectivity in binary-ion systems is usually much smaller than that in
single-ion systems (Supplementary Table 4). Moreover, the HBAB-

TAPA-COF layer exhibited excellent reusability in terms of water flux
and Cs'/La* selectivity after five cycles (Supplementary Table 5).

We further conducted experiments to reveal the relationship
between membrane structures and ion-sieving performances. The
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mixed-ion system of Cs', Sr*', and La** was used to evaluate the ion
sieving capability of the HBAB-TAPA-COF layers prepared under the
synthesis duration of 6, 12, 24, 48, and 72 h, as well as the HPAN sub-
strate (Supplementary Fig. 27). The HPAN substrate showed almost the
same permeation rate of ions, along with very poor selectivities:
Scs+/Laz+ = 2.0, Scs+/sr2+=1.8, and Sspo4/1a3+ =1.1, because of the pore
size of the substrate was much larger than the hydrated diameter of
ions. When the synthesis duration increased from 6 to 48 h, the per-
meation rates of ions continued to decrease, but the selectivities were
still poor and were close to that of the substrate. These results are well
in line with the morphologies observed on the rear surface of the
HBAB-TAPA-COF layers, because the defects still existed during these
synthesis durations. When the synthesis duration reached 72h,
the permeation rate of ions significantly decreased, and the COF
membrane exhibited sharply increased selectivities: Scs+/La3+=75.9,
Scs+/sra+ = 14.0, and Ssy2+/1 23+ = 5.4 (Supplementary Fig. 28, 29). This is
because the dense layer was completely formed, and selective
separation can be achieved. Furthermore, we also compared the dif-
ference in the ion permeation rate (permeation rate difference)
between the substrate and the HBAB-TAPA-COF layers prepared under
the different synthesis durations (Supplementary Fig. 30). Surpris-
ingly, the permeation rate of Cs* obtained from the HBAB-TAPA-COF
layers prepared under 72 h was very close to that of the substrate. On
the contrary, the permeation of La*" obtained from the HBAB-TAPA-
COF layers prepared under 72 h was -42 times slower than that of the
substrate. This result proved that the ultrathin dense layer of the lower
part in the HBAB-TAPA-COF layers enabled fast permeation and high
selectivity simultaneously. Above findings revealed a good relation-
ship between membrane structures and ion-sieving performances.

Additionally, we prepared HBAB-TAPA-COF membranes without
nanorods to further verify the benefits of our membranes. As shown in
Supplementary Fig. 31a, the membrane without nanorods exhibited
flat surface composed of nanoparticles, and no significant cracks or
pinholes can be observed. From the cross-sectional image (Supple-
mentary Fig. 31b), the membrane was continuous and tightly adhered
to the substrate with a thickness of ~23 nm, which is comparable to that
of the lower part of the HBAB-TAPA-COF membrane (-29 nm). The
membrane without nanorods showed a comparable water flux of
2122molm2h™ to that of the membrane with nanorods of
225.4molm™? h? (Supplementary Fig. 31c). Considering the almost
same thickness of the two membranes, this result proved that the
lower part of the HBAB-TAPA-COF membrane mainly accounts for the
transport of water across membranes. From Supplementary Fig. 31d,
the membrane without nanorods exhibited a selectivity with Cs*/La**
of 15.8, which is lower than the value of the membrane with nanorods
(75.9), but higher than that of the substrate (2.0). Although the
membrane without nanorods was continuous to show certain selec-
tivity, the tiny gaps among those nanoparticles on the membrane
surface may result in nonselective defects, thus compromising the Cs*/
La* selectivity to some extent. This result evidenced that the lower
part governs the selective separation of ions, and the nanorods of the
upper part are necessary to eliminate defects in the lower part.

To gain mechanistic insights into the ion transport through the
HBAB-TAPA-COF layers, we performed temperature-dependent ion
permeation tests (Fig. 8e). The activation energy (E,) of Cs*, Sr**, La*
was obtained by fitting the data with the Arrhenius equation. The
transport of La* through the HBAB-TAPA-COF layers exhibited a
greater £, (43.24kJmol™) than that of Cs" (24.24 kJ mol™) and Sr**
(38.54 k) mol™), implying that La*" needs to overcome a much higher
energy barrier to across the HBAB-TAPA-COF layers. When cations
entered the intrinsic pore channels of the HBAB-TAPA-COF layers,
electrostatic repulsion stemming from the positively charged qua-
ternary ammonium group occurred so that the high-valence cations
were subjected to strong repulsion. Therefore, the monovalent cation,
Cs', could easily enter the pore compared to that of Sr** and La*". This

result can be confirmed by an ionic conductance test with KCI as the
electrolyte (Supplementary Fig. 32). The deviation of ion conductance
appeared under low ion concentrations compared to the bulk value,
indicating an ion transport behavior governed by surface charges*.

We further performed MD simulations to reveal the interaction
between the quaternary ammonium group and hydrated cations inside
the pore channels. The radial distribution function was used to
describe the atomic density change with the distance from a certain
atom®. For water molecules, its oxygen atom showed a closer align-
ment distance than that of hydrogen atoms (Fig. 8f), indicating that the
oxygen atom with electronegativity could strongly bind N* in the
quaternary ammonium to form a hydration shell with a thickness of
4.3 A (Fig. 8g). Therefore, the formed hydration shells narrowed the
size of the pore channels down to -8 A (Fig. 8h, i), which was very closer
to that of the aforementioned cutoff size (8.2 A). Importantly, since the
backbone of the HBAB-TAPA-COF is rigid, swelling caused by water
molecules inside the pore channel would be strictly restricted***, and
the formed nanoconfinement within the one-dimensional channels
was favorable for the cation transport (Fig. 8j). The narrowed pore size
could effectively exclude La*, of which the hydrated diameter was
9.0A, while Cs* (hydrated diameter of 6.6A) would pass through.
Furthermore, Cs* possessed weakly bonded hydration shells, while the
hydration shells of Sr** were tightly bonded due to a stronger elec-
trostatic force of bivalence. When they entered the pore channels, Cs*
could strip the hydration shell more readily than Sr** did, allowing itself
to fast transport through the pore channels®. Notably, these transport
behaviors were in accordance with the energy barrier results, as dis-
cussed previously. On the basis of the above findings, the vertically
aligned nanorods of the HBAB-TAPA-COF layers conferred the ultrafast
transport of water and Cs’, while the nanoconfinement formed inside
the pore channels accounted for the excellent selectivity of Cs*
over La*.

Discussion

In summary, we reported an engineering concept to synthesize COF
membranes with vertically aligned nanorods used for the efficient
separation of rare metal ions. A quaternary ammonium-functionalized
monomer, HBAB, was first designed and synthesized. Using it as the
monomer, the HBAB-TAPA-COF was successfully grown on HPAN
substrates to permit vertically aligned nanorods. The HBAB-TAPA-COF
nanorods were proven to be porous, crystalline, and mechanically
robust. which possessed an asymmetric structure. The upper part
displayed vertically aligned nanorods that enlarged contact areas to
harvest water and Cs’, and eliminated the defects. While the lower part
exhibited a ~29-nm-thick ultrathin dense layer that ensured both high
permeability and selectivity. Moreover, the lower part was sandwiched
between the HPAN substrate and vertically aligned nanorods, pro-
tecting it from being damaged. The formation of vertically aligned
nanorods stemmed from the synergistic effect of monomer structures
and porous substrates, as proven by QCM-D measurements and MD
simulations. Benefitting from the well-defined structures, the resultant
membranes exhibited a high water flux of 225.4 molm™ h™, coupled
with an ultrafast permeation for Cs* of 0.33 mol m2h™. Importantly,
for the separation of rare metal ions, our membranes showed an
exceptional selectivity with Cs*/La** of up to 75.9 in a single-ion system,
and slightly reduced to 69.8 in a binary-ion system, better than other
membranes. This work may inspire a paradigm shift that COF mem-
branes with vertically aligned nanorods are capable of exhibiting
extraordinary separation performances, which is of great significance
to precise ion separations.

Methods

Materials

Unless otherwise indicated, all chemicals were used without further
purification. 2-Hydroxy-1,3,5-benzenetricarbaldehyde (HB, 98%) was
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provided by Jilin Chinese Academy of Sciences-Yanshen Technology
Co., Ltd. AB (99%) was obtained from Macklin. 2,4,6-Tri(4-aminophe-
nyl)-1,3,5-triazine (TAPA, 98%) was purchased from Heowns. N,N-
Dimethylformamide (DMF, 99%, anhydrous), potassium carbonate
(K5CO3, 99%), sodium hydroxide (NaOH, 99%), ethyl acetate, n-buta-
nol, acetic acid, tetrahydrofuran (THF, 99%), ethanol, various inorganic
salts, and small organics were supplied by local suppliers. Poly-
acrylonitrile (PAN, Mw =150 kg mol™) was used to prepare porous
substrates, following the principle of nonsolvent-induced phase
separation. The permeance was ~1500-2000 L m™h™ bar™. Deionized
water was purchased from Wahaha Group Co., Ltd., and used
throughout this work.

Synthesis of the HBAB monomer

The quaternary ammonium-functionalized monomer HBAB was syn-
thesized by the Williamson ether reaction. To a Schlenk flask (50 mL),
HB (178 mg, 1mmol), AB (222 mg, 0.9 mmol), and K,CO; (133 mg,
0.9 mmol) were added in succession, and then 20 mL of DMF was
charged under nitrogen atmosphere. The mixture was magnetically
stirred and was kept at 80 °C for 48 h. After being cooled to room
temperature, the insoluble K,CO; was first filtered out, and 20 mL
water was added to quench the reaction. Then, ethyl acetate was added
into the solution to better dissolve residual HB monomer and was
extracted with water three times. The water was removed under
reduced pressure at 85°C using a rotary evaporator, and the solid
product was dried under vacuum at 60 °C. Note that it is very difficult
to completely remove AB monomer from the product due to their
similar polarity, and nevertheless, the residual trace AB monomer does
not influence the subsequent synthesis. '"H NMR (400 MHz, DMSO-d6)
610.22 (s, 2H), 9.53 (s, 1H), 7.97 (d, /=1.0 Hz, 2H), 3.32 (s, 13H). High-
resolution mass spectrometry (HRMS) (m/z): calcd. for Cy4H,;sNO4Br,
344.20; found, 264.12 [M-Br]".

Preparation of HBAB-TAPA-COF membranes

The HBAB-TAPA-COF membranes were prepared by interfacial synth-
esis using HPAN membranes as the substrates. HPAN was prepared by
soaking PAN substrates in a NaOH aqueous solution (1.5molL™) at
50 °C for 1h. After that, the substrates were washed with water thor-
oughly and stored in water.

Beforehand, two monomer solutions were prepared. HBAB (3 mg,
0.0087 mmol) dissolving in 10 mL water worked as the aqueous phase,
and TAPA (3mg, 0.0085 mmol) dissolving in 10 mL n-butanol and
acetic acid (50 pL) served as the organic phase. The HPAN substrate
was fixed on a homemade synthesis cell, and the upper surface was set
to the organic phase side. Subsequently, the two-phase solutions were
added simultaneously to both sides of the synthesis cell. After the
designated reaction duration, the HBAB-TAPA-COF membranes were
obtained. For comparison, the control membrane without nanorods
was prepared by changing the solvent from n-butanol to a mixture of o-
dichlorobenzene and dioxane (8 mL: 0.1 mL).

Synthesis of HBAB-TAPA-COF powders

HBAB-TAPA-COF powders were synthesized under solvothermal con-
ditions. Specifically, HBAB (17mg, 0.05mmol) and TAPA (18 mg,
0.05 mmol) were added into a glass tube, followed by charging with n-
butanol (2 mL) and acetic acid aqueous solution (100 pL). The glass
tube was frozen in liquid nitrogen, and then subjected to three freeze-
pump-thaw cycles. The tube was sealed off under vacuum and was kept
at 120 °C for 72 h. After the reaction, the as-obtained dark red powder
was collected by filtration and was washed with THF. The final product
was obtained after drying under vacuum at 80 °C for 12 h.

Characterizations
The chemical structure of HBAB was examined by the 'H nuclear
magnetic resonance spectroscopy (‘H NMR, JNM-ECZ400S, JEOL)

using deuterated dimethyl sulfoxide (DMSO-d6) as the solvent with the
tetramethylsilane internal standard. HRMS data were obtained by
Q-Exactive Orbitrap (Thermo Fisher Scientific) in positive mode. FTIR
(Nicolet 8700, Thermo Fisher Scientific) was employed to examine the
chemical structures of monomers and HBAB-TAPA-COF membranes.
The membrane sample was measured in the attenuated total reflec-
tance mode. An XPS (SHIMADZU, AXIS SUPRA) was also employed to
examine the chemical structure of HBAB-TAPA-COF membranes. The
XRD pattern of samples was recorded on an X-ray diffractometer
(Rigaku SmartLab). Field-emission SEM (S-4800, Hitachi) was adopted
to observe the morphologies of HBAB-TAPA-COF membranes. The
observation was operated at 3 kV, and the samples were sputtered with
a thin layer of gold beforehand. N, adsorption isotherms of HBAB-
TAPA-COF samples were measured on a BELSORP MAX instrument at
77 K. The pore size distribution was calculated using NLDFT model.
High-resolution transmission electron microscopy observation was
conducted on a JEOL JEM F200 microscope. The surface morphology
of the membrane was characterized by AFM. The zeta potentials of
membranes were measured under a streaming model using an elec-
trokinetic analyzer (SurPASS, Anton Paar GmbH). The water contact
angle was measured on a DSA25S Drop Shape Analyzer (KRUSS Sci-
entific). GIWAXS measurement was conducted on a Xenocs instrument
(Xeuss 3.0). The thermal stability of the membrane was measured on a
thermal analyzer (STA449F3, NETZSCH) from room temperature to
800 °C with a ramp rate of 10 °C min™ under a nitrogen atmosphere.

Separation performance tests

All measurements were conducted in an H-shaped diffusion cell con-
sisting of the feed and the permeate compartments, respectively. The
membranes were vertically mounted between two compartments and
sealed by the spacer rings. The effective membrane area was 0.79 cm?.
For ion permeation tests, 40 mL of inorganic salt solutions (0.1 M) were
charged on the feed side, while 40 mL of water was charged on the
permeate side, respectively. The ion conductivity of the permeate side
was recorded in real-time using an electrical conductivity meter (S230-
K, Mettler-Toledo), and the salt concentrations can be derived from
their calibration curves. The pH value of salt solutions was controlled
at ~6 to prevent any possible hydrolytic precipitation, and the com-
partments were magnetically stirred to relieve concentration
polarization.

The permeation rate /g (mol m™h™) was calculated as follows:

cv
Js= AAE @
where C (mol L™) is the salt concentration of the permeate. V (L) is the
volume of the permeate. A (m?) is the effective area of the membrane.
At (h) is the permeation duration.

For binary mixtures, the selectivity (S) of monovalent cation/di- or
trivalent cations was calculated by the following equation:

Jg
3 J gn- @
where jS* and J sn- (molm™2h™) are the permeation rates of mono-
valent, di- or trivalent cations, respectively. The concentration of dif-
ferent cations was determined by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7800).

Water transport through the membrane was driven by the
osmotic pressure difference under a forward osmosis model, in which
water (40 mL) and sucrose aqueous solution (40 mL, 0.5 mol L™) were
used as the feed and the draw solutions, respectively. Specifically, both
compartments were equipped with a capillary glass tube to record the
volume change. The water flux Jyy (mol m~h™) was calculated from the
volume change AV (mL), duration At (h), and the effective area of the

Nature Communications | (2024)15:9221

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53625-3

membrane A (m?), based on the following equation:

AV
= p 3
T MAAt &

where p (g mL™) is the water density, and M is the molar mass of water.

Reusability tests were performed by successively measuring the
water flux and the Cs*/La* selectivity for five cycles, respectively.

Permeation tests using various small organics were conducted in
the same H-shaped diffusion cell as described above. Positively
charged (rhodamine B, crystal violet), neutral (tetracycline, vitamin
B12), and negatively charged (Congo red, acid fuchsin) small organics
(40 mL, 25 mg L™) were filled in the feed side, and 40 mL of water was
filled in the permeate side, respectively. Their concentrations after
designated durations were determined by a UV-vis spectrophotometer
(Nanodrop 2000c, Thermo Fisher Scientific).

lon current was measured on a Keithley 6487 picoammeter
(Keithley Instruments) with a pair of Ag/AgCl electrodes used to apply
transmembrane potentials. The scanning voltage ranging from -1 to
+1V was used. The pH value of different electrolyte solutions was
maintained at ~6.

QCM-D analysis

Quartz crystal microbalance with dissipation (QCM-D, QSense
Explorer, Biolin Scientific) was used to monitor the adsorption and
release of HBAB monomer. Prior to testing, samples were prepared by
coating PAN onto sensors having gold-coated AT-cut quartz crystals.
To prepare the PAN-coated sensor, PAN powders were dissolved in
N,N-dimethylformamide to form a homogenous solution with a con-
centration of 12 wt%. A 100 pL of PAN solution was dropped onto the
sensor, followed by spin-coating (3000 rpm, 15 s). The sensor was then
soaked in water to trigger phase inversion, and the PAN sample can be
obtained. For HPAN sample, as-prepared PAN-coated senor was
immersed in a NaOH aqueous solution (1.5 mol L™) at 50 °C for 30 min,
followed by water washing.

To implement the tests, sensors were mounted into the flow
module of QCM-D, followed by flowing water for at least 1h to
establish the baseline. All measurements were conducted at a flow
rate of 80 uL min™ with a temperature of 25°C. A HBAB aqueous
solution (100 mg L™) was first injected into the module to conduct
the adsorption test. After reaching the adsorption equilibrium,
water was then injected so as to conduct the release test. Frequency
changes throughout the measurement were recorded in real-time,
and were derived into the mass variation of HBAB by the Sauerbrey
equation:

23

A\/Palq

where Af (Hz) is the frequency, fo (Hz) is the resonant frequency of the
sensor, A (m?) is the piezoelectrically active crystal area, pq (kg m™) is
the density of quartz, 4 (Pa) is the shear modulus of the quartz, and
Am (kg) changes in mass adsorbed on the sensor.

Note that, although the membrane structure of samples may not
be the same as that in the preparation of HBAB-TAPA-COF membranes,
it still offers a means to quantify the adsorption and release of HBAB
monomer.

Af= — x Am 4)

MD simulation

All MD simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package®. The unit
cell of HBAB-TAPA-COF was optimized using the generalized gradient
approximation exchange-correlation function defined by Perdew,
Burke, and Ernzerhof. The Dreiding force field (DREIDING: a generic
force field for molecular simulations) was used for HBAB-TAPA-COF to

simulate the interaction among atoms. Restrained electrostatic
potential (RESP) charges were used to describe the atomic partial
charges of HBAB-TAPA-COF. The RESP charges were calculated under
the implicit solvent environment of water using B3LYP exchange-
correlation functional in conjunction with 6-311 G (d,p) basis set and
analyzed by the Multiwfn software**. Water molecules were modeled
using the SPC/E potential®, and the bonds and angles of water were
constrained by the SHAKE algorithm. For all dynamics runs, the tem-
perature was controlled using the Nosé-Hoover thermostat, and the
pressure was controlled with the Berendsen barostat. The LJ and
Coulombic parameters of ions and other molecules were described by
the optimized potentials for liquid simulations-all atoms®. The
Lorentz-Berthelot mixing rule was used to calculate pair-wise LJ para-
meters. Cutoff distances for LJ and Coulomb interactions were set to
1.0 and 1.2 nm, respectively. Particle-particle-mesh solver with a root-
mean-square error of 10 was used to calculate long-range electro-
static interactions. Initially, energy minimization was utilized to elim-
inate atom overlaps. Following that, each simulation process began
with a 5 ns pre-equilibration process. Each simulation system ran for at
least 10 ns with a time step of 1fs. The results were visualized using the
VMDY, and the simulation trajectories were saved every 1 ps for further
analysis.

Data availability

The authors declare all data supporting the findings of this study are
available within the article and supplementary Information file, and
additional data are available from the corresponding author upon
request. Source data are provided with this paper.
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