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Understanding the molecular-level mechanisms involved in transmembrane ion selec-
tivity is essential for optimizing membrane separation performance. In this study, we
reveal our observations regarding the transmembrane behavior of Li* and Mg®* ions as
a response to the changing pore solvation abilities of the covalent-organic- framework
(COF) membranes. These abilities were manipulated by adjusting the lengths of the
oligoether segments attached to the pore channels. Through comparative experiments,
we were able to unravel the relationships between pore solvation ability and various ion
transport properties, such as partitioning, conduction, and selectwlty We also emphasize
the significance of the competition between Li* and Mg** with the solvating segments
in modulating selectivity. We found that increasing the length of the oligoether chain
facilitated ion transport; however, it was the COF membrane with oligoether chains
containing two ethylene oxide units that exhibited the most pronounced discrepancy in
transmembrane energy barrier between Li* and Mg, resulting in the highest separation
factor among all the evaluated membranes. Remarkably, under electro- dnven binary-salt
conditions, this specific COF membrane achieved an exceptional Li*/Mg** selectlv1ty ofup
to 1352, making it one of the most effective membranes available for Li*/Mg’* separation.
The insights gained from this study significantly contribute to advancing our understanding
of selective jon transport within confined nanospaces and provide valuable design principles
for developing highly selective COF membranes.

membrane separation | covalent organic framework | solvation ability | ion separation |
facilitated transport

Lithium has been recognized as “white gold” owing to its indispensable role in portable
electronic devices and electric vehicles (1). In a bid to ensure a consistent lithium supply,
there’s been substantial interest in extracting it from unconventional aqueous sources,
specifically salt lakes (2-5). One significant hurdle in this process, however, is the eflicient
separation of Li* from Mg”" given their closely related chemical properties (6). Nature
provides an inspirational glimpse into the structural and chemical features needed for
membranes in ion screening processes (7—11). The exceptional selectivity demonstrated
by biological ion channels is thought to result from the solvation/coordination interactions
between the target analyte and the membrane pore channel (12). As such, replicating this
level of selectivity in synthetic membranes necessitates meticulous control over the pore’s
solvation/coordination capabilities. While there has been research focusing on size sieving
and Donnan exclusion in synthetic membranes, the exploration of this selectivity mech-
anism remains relatively sparse. Therefore, a deepened understanding and application of
the solvation/coordination properties of membranes represent vital research directions for
future advancements in separating Li* and Mg”" ions.

In our recent study, we utilized the concept of polymer electrolytes, commonly employed
for Li" conduction, to customize the interactions between ions and membranes. Our
approach involved embedding lithiophilic oligoether groups into the pore channels of a
covalent-organic-framework (COF) membrane. This incorporation of oligoethers allowed
us to achieve selectivity between Li* and Mg™* with an impressive separation factor of up
to 64 (13). Primarily, the selectivity of the membrane is dependent on the cumulative
energy barrier, which is influenced by the partitioning and diffusion of ions through the
membrane pore channels (14-16). Considering that oligoethers with various numbers of
ethylene oxide (EO) units have different solvation capabilities (the EO unit can act as
substitutes for the water oxygen atoms that surround the ions) and flexibility, these oli-
goether chains can potentially impact the barriers to ion transport within the membrane
(17-21). Therefore, by adjusting the length of oligoether units within the pore channel,
we may be able to optimize the energy differences between ions crossing the membrane,
leading to enhanced separation performance (Fig. 1).
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Lithium plays a pivotal role in
clean energy. As demand soars,
there's a pressing need for
advanced isolation methods.
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achieving optimal Li* selectivity.
Tackling this problem, we present
a series of covalent-organic-
framework membranes
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chains. This incorporation
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finely tune the transmembrane
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separation capabilities.
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oligoether chains consisting

of two ethylene oxide units,

as it achieves an exceptional
Li*/Mg*" selectivity of 1352. This
advancement signifies a crucial
step in membrane-based ion
separation technology.
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Fig. 1.
the ion separation performance.

In this study, we conducted research on the fabrication of
oligoether-functionalized COF membranes based on the isoretic-
ular principle. These COF membranes were designed to contain
oligoether segments with varying numbers of EO units, which
resulted in differing solvation abilities while maintaining the same
lattice structure. The core objective of our exploration was to gain
an understanding of how the oligoether chain length influences
energy barriers for ion partitioning into the pores and their sub-
sequent diffusion through pore channels. Our findings indicate
that the inclusion of oligoethers in COF membranes amplifies Li*
conductivity and boosts the separation efficiency between Li* and
Mg™* ions, in contrast to their oligoether-free counterparts.
Notably, of all the membrane variants tested, the COF membrane
with two EO units exhibited a pronounced energy disparigy
between Li* and Mg”". This translated to a remarkable Li*/Mg”*
selectivity, reaching up to 1352 under electro-driven binary-salt
conditions. This finding holds considerable importance, shedding
light on crafting highly selective COF membranes with superior
ion conduction capabilities.

Results

Design Principles of Li+/Mg2+-SeIective Membranes. To fabricate
membranes with varying numbers of EO units, triformylphloro-
glucinol (Tp) was used to pair hydrazide monomers with different
numbers of EO units on the linkers. These membranes were
designated as COF-EO,, where x represents the number of EO
units. COFs built from Tp are known for their chemical stability
and compatibility with a wide range of hydrazide derivatives. This
allowed us to focus on the relationship between the pore structure
and selectivity, ensuring highly accurate comparative studies
(22-26) (Fig. 2).

To investigate the transmembrane behavior of Li" and Mg2+
ions across COF layers containing oligoether moieties of varying
lengths, we performed molecular dynamics (MD) simulations.
These COF structures were based on the isostructural analog
COF-EQ,, constructed from Tp and terephthalohydrazide. To
calculate the potential of mean force (PMF) profiles, we simulated
the passage of ions through the COF-EO, layers along the [100]
direction (eclipsed stacking). Our results demonstrated that the
transmembrane free-energy barriers of Li* and Mg®" initially
decrease and then plateau as the number of EO units increases.
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Conceptual diagram of engineering the solvation ability of COF membranes by tuning the length of oligoether chains lined in pore channels to optimize

This observation indicates the significant role of the oligoether
chains in facilitating ion transport. Interestingly, the COF-EO;
membrane, which contains the longest oligoether chain, did not
exhibit the largest difference in transmembrane barriers between
Li" and Mg2+ ions. Conversely, the COF-EO, membrane dis-
played the highest transmembrane energy difference among all
the investigated membranes (Fig. 34 and S/ Appendix, Fig. S1).
These intriguing findings suggest that oligoethers can effectively
regulate the pore environments of COF membranes and optimize
their performance in separating Li" and Mg2+.

Membrane Preparation and Characterization. Encouraged by the
simulation results, we focused on experimentally determinating
the aforementioned correlations. To increase the operability,
we synthesized COF active layers on polyacrylonitrile (PAN)
ultrafiltration membranes with a molecular weight cut-off of
50,000 Da via liquid-liquid interfacial condensation. In this
process, an aqueous acetic acid solution of hydrazides and a
mesitylene-ethyl acetate-Tp solution were placed on either side
of the PAN (S Appendix, Fig. S2). We examined the formation of
the COFs using Fourier transform infrared (FT-IR) spectroscopy
and solid-state °C NMR spectroscopy. In the FT-IR spectrum,
the bands corresg)onding to the N-H (3,306 to 3,384 cm™') and
C=0 (1,640 cm™") stretching vibrations, which are characteristic of
hydrazide monomers and T'p, respectively, disappeared (ST Appendix,
Fig. S3). This was further confirmed by the concomitant appearance
of a B-ketoenamine carbonyl stretching band at 1,668 cm L,
Moreover, the solid-state °C NMR spectrum showed a signal at
191.1 ppm, which could be attributed to the transformation of
the enol form to the keto tautomer (22) (S Appendix, Fig. S4).
SEM (Scanning electron microscopy) images revealed continuous
COF layers on the PAN layer with thicknesses ranging from 142
to 156 nm for COF-EO,/PAN (SI Appendix, Figs. S5-S10). We
evaluated the crystallinity of all the COF-EO,/PAN membranes
using powder X-ray diffraction (PXRD). Although the active COF
layers were thin, their diffraction peaks could still be observed,
indicating high crystallinity (S7 Appendix, Fig. S11). Additionally,
grazing-incidence wide-angle X-ray scattering (GIWAXS) analysis
was conducted on the COF-EO,/PAN membrane, which confirmed
the crystallinity of the COF layer on the PAN support. However,
the GIWAXS pattern revealed no preferential orientation in
the in-plane direction, as evidenced by a circular pattern at
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Fig. 2. Chemical structures of COF-EO,.

Qz = 0 (8] Appendix, Fig. S12). To identify the COF structures,
we dissolved the PAN layer in dimethylformamide to highlight
the diffraction peaks of the COFs. Free-standing COF membranes
were synthesized using the same procedures as those for the
corresponding composite membranes. The resulting PXRD patterns
mirrored each other, indicating isostructural features (S/ Appendix,
Figs. S13 and S14). To elucidate the COF structures, we compared
them to the analogous COF-EO,, (SI Appendix, Fig. S15). The
experimental data were consistent with the simulated PXRD
pattern of COF-EO,, with an eclipsed structure, verifying that
the overall lattice structure was not perturbed by varying the length
of the oligoether chains on the linkers (57 Appendix, Table S1).
The crystallinity of the COF membranes was further verified by
transmission electron microscopy (TEM), which revealed clear

lattice fringes (S Appendix, Fig. S16).

Evaluation of Membrane Pore Size. Subsequently, we assessed the
compactness of the synthesized COF-EO,/PAN membranes by
measuring the transmembrane conductance of tetramethyl, tetracthyl,
tetrapropyl, tetrabutyl, and tetrapentylammonium chloride solutions.
Our measurements revealed that the transmembrane mobility of the
cations («,,) decreased compared to their corresponding bulk values
(@p,)> and their discrepancies in mobility increased as the size of
the cations increased (27, 28) (Fig. 3B). Using the hydrodynamic
equation, a,,/a,,;, = c(1—Dy/D)? where a,, and a,,, are
normalized using the mobilities of Cl as a reference, ¢ is a constant
coeflicient, and Dy; and D are the diameter of the hydrated cations
and membrane pore size, respectively, the pore sizes of the COF-
EO/PAN membranes were estimated to be 2.86, 2.51, 2.13,
1.98, and 1.82 nm, for COF-EO/PAN, COF-EO,/PAN, COEF-
EO,/PAN, COF-EO4/PAN, and COF-EO,/PAN, respectively
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Fig. 3. Investigation of transmembrane ion behavior. (A) Plots of transmembrane free-energy barriers for Li* and Mg?" ions across COF-EO,, derived from the
PMF profiles (S/ Appendix, Fig. S1), (B) plots of the relative mobility of tetraalkylammonium cations to CI” anion across the COF-EO,/PAN membranes and in bulk
versus the radius of tetraalkylammonium cations, (C) I-V plots for COF-EO,/PAN recorded under asymmetrical salt solutions with the cis and trans sides being

filled with 0.05 M MgCl, and 0.1 M LiCl agueous solutions, respectively (Inset: summary of V, values for COF-EO,/PAN).
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(81 Appendix, Fig. S17). Interestingly, the experimentally determined
channel sizes for the COF membranes embedded with oligoethers
were found to be much bigger than those calculated using Zeo++
software, which provided values of 2.25, 1.57, 1.23, 1.20, and 0.71
nm for COF-EO,, COF-EO,, COF-EO,, COF-EO;, and COEF-
EO, respectively (S Appendix, Table S2). Moreover, the discrepancy
between the experimental and calculated values increased with the
length of the oligoether chain. This trend suggests that oligoether
chains have high flexibility in the presence of solvent, particularly
water, leading to an increase in the effective pore size of the COF
membranes. To delve deeper into the dynamics of oligoether chains,
ab initio MD simulations were conducted. These simulations
revealed that the oligoether chains oscillate within the membrane
channels, a motion likely driven by hydrogen bonding interactions
between the water molecules and oligoether chains, along with
the motion of the water molecules themselves. This hypothesis is
reinforced by FT-IR spectroscopy, where we observed a blue shift in
the C-O stretching frequency following the addition of water (29)
(81 Appendix, Figs. S18 and S19 and Movie S1).

Investigation of Li* and Mg2+ Transmembrane Permeability.
After confirming the successful fabrication of the COF membranes,
we measured their reversal potentials to investigate the influence
of the number of EO units on ion permeability. For this purpose,
a membrane was assembled between two conductive cells, with
the side facing the COF active layer referred to as the cis side and
the other side as the zrans side (S Appendix, Fig. $20). To assess the
relative permeability of Li* and Mg™, the concentration of anions
was maintained the same, with 0.05 M MgCl, solution on the cis
side and 0.1 M LiCl solution on the #rans side. Current—voltage
(I-V) curves were recorded using a pair of Ag/AgCl electrodes.
Significant variations in the reversal potentials (V,, x-intercepts
of the I-V curves) were detected for the COF-EO, membranes,

confirming that the number of EO units has an impact on ion
permeability (30) (Fig. 3C). Notably, a distinct volcano- hke curve
was observed for the relative permeabilities of Li* and Mg™* as a
function of the number of EO units (Fig. 3 C, Insez). The COF-
EO,/PAN membrane, with a moderate length of oligoether
chams, exhibited the largest discrepancy in the relative transport
rates of Li" and Mg ions. This finding aligns well with the results
obtained from MD simulations.

Given these differences, we hypothesized that COF-EO /PAN
membranes would lead to distinct separation outcomes for Li*
and Mg**. To quantify the i impact of the oligoether chains on the
self-diffusion of Li* and Mg ions, we initially measured the ion
permeability of COF-EO,/PAN under single-salt conditions and
compared the data with those obtained for COF-EO,/PAN,
which lacked explicit solid-ion solvation arms. Our findings clearly
indicate that increasing the length of the oligoether chains
enhances ion transport, as the permeability increases with an
increasing number of EO units (Fig. 44 and S/ Appendix,
Figs. §21-825). Notably, COF-EO,/PAN, containing four EO
umts, exhibited the highest ionic permeability for both Li* and
Mg’ ions, surpassing the permeability of COF-EO,/PAN by
more than two orders of magnitude. It is worth noting that while
the pore sizes of these membranes slightly decreased with increas-
ing oligoether length, these results provide confirmatory evidence
regarding the facilitative role of the embedded oligoether chains
in promoting ion transport.

To rationalize these experimental observations, we conducted
an analysis of the concentrations of Li* and Mg ions within
COEF-EO,/PAN by measuring their transmembrane conductances
under symmetric salt conditions at concentrations ranging from
107 to 1 M. We found that the normalized ion conductivities
deviated from the bulk values for both Li* and Mg2+ ions, with a
more pronounced deviation as the length of the oligoether
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Fig. 4. (A) Permeance of LiCl and MgCl, across COF-EO,/PAN tested under 1 M single-salt conditions, and binding energy of Li* and Mg?" with the COF-EO,
derived from the DFT calculations, (B) conductivity versus LiCl concentration for COF-EO,/PAN, (C) PMF profiles for Li* (dashed line) and Mgz* (solid line) across
COF-EO, derived from MD calculations (gray background represents the region for ion entrance the COF pore channels and the complete PMF profiles please
refers S/ Appendix, Fig. 1), (D) LiCl and MgCl, transmembrane activation energies across the COF-EO,/PAN membranes and the corresponding Li*/Mg?" selectivity
tested under 1 M single-salt conditions, and (£) schematic of ion partitioning, conduction, and the Li* over Mg®* selectivity across COF-EQ,/PAN. For clarity, only

a portion of the outer layer of coordinated water molecules is depicte.
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moieties increased (Fig. 4B and SI Appendix, Fig. $26). This sug-
gests that membrane channels with longer ohgoether chains con-
centrate a higher number of Li" and Mg ions. Furthermore,
within a specific COF membrane, the conductivity of Li* ions
exceeded that of Mg”" ions. We envisioned that by increasing the
length of the polar oligoether chains leads to an elevation in the
dielectric constant of the pore channel. This, in turn, enhances
the ability of the pore channels to coordinate with ions, resulting
in reduced resistance during ion partitioning. This behavior is
analogous to ion-exchange membranes, where electrostatic inter-
actions between ions and oppositely charged sites on the mem-
brane compensate for the loss of the hydration shell and facilitate
ion transport (31).

To qualitatively assess the process of ion dehydration, we cal-
culated the radial distribution function (RDF) between the ions
and water. By analyzing the number of peaks in the RDE we
determined that hydrated ions consist of two layers, with dehy-
dration primarily occurring in the outer layer. The integral peak
area of the RDF confirmed that Li" ions lose 1.5, 2.4, 2.6, 2.7,
and 2.7 coordinated water molecules when passing through
COF-EO,/PAN membranes (where x = 1,2,3,4), whereas negli-
gible water loss was observed for the COF-EO/PAN membrane
(81 Appendix, Fig. S27 and Table S3). Based on these observations,
we proposed that the oxygen atoms within the EO unit can act
as substitutes for the water oxygen atoms that surround the ions,
thereby fac1htat1ng ion transport across the membranes. However,
for Mg ions, less than one water molecule was substituted in all
COF membranes (SI Appendix, Fig. S28). This can be attributed
to the fact that ions with higher valences, such as Mg*", hold their
hydration shell more tightly, resulting in greater energy resistance
during partitioning from the bulk solution into the COE
Consequently, solvation i mteractlons with oligoether moieties are
less energetically favorable for Mg ions (32).

To verify this assumption, we examined the PMF profiles,
which demonstrated that the partitioning of Mg”" ions into the
membrane required more energy compared to Li" ions (Fig. 4C
and ST Appendix, Fig. S1). Notably, for COF-EO,, both Li" and
Mg”* ions exhibited smaller partitioning energies compared to
COF- EO (x = 1,2,3,4). We believe that this is because when Li*
and Mg™" ions approached COF-EQ,, no significant dehydration
was observed (33). However, the overall ion transmembrane bar-
rier is influenced by both ion partitioning into membrane pores
and dlffusmn across the membrane. The free energy barriers for
Li* and Mg™* ions throughout the transmembrane process showed
a trend of COF-EQ, > COF-EO, > COF-EO, > COF-EO,
COF-EO; (Fig. 34 and SI Appendz’x, Fig. S1). This suggests that
the length of the oligoether chains in COF membranes influenced
ion transport, with longer chains providing greater facilitation. To
gain a molecular-level understanding of how the length of the
oligoether chains impacts ion transport, we employed density
functional theory (DFT) calculations. The results mdlcated that
the binding energies of COF-EQ, with Li* and Mg>* ions
increased as the length of the ohgoether chains increased (Fig. 44
and S7 Appendix, Fig. $29). This implies that COF membranes
with longer oligoether moieties oﬁered a more significant com-
pensatory effect for both Li* and Mg ions. To further verify this
trend experimentally, we synthesized COF-EO4/PAN, a COF
membrane with five EO units on the oligoether chains (see details
in 87 Appena’zx, Figs. $30-S33) and examined its permeability to
Li* and Mg™" ions. As anticipated, in line with the trend described
in our manuscript, the ion fluxes of COF-EO/PAN appeared to
surpass those of COF-EO,/PAN (8] Appendix, Figs. S25 and S34).

Generally, a higher ion affinity for the membrane promotes
interaction but may hinder translocation. However, in our study,
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the greater compensating attraction between the ions and pores
resulted in a higher transmembrane ion flux, deviating from con-
ventional assumptions. To resolve this discrepancy, we conducted
detailed analyses of MD trajectories, revealing that the oligoether
chains exhibited flexibility, and their conformations changed dur-
ing ion migration (Movie S2). While individual ions may be
tightly bound to the oligoethers, the flexibility and closely spaced
arrangement of the chains result in mutual repulsion. The attrac-
tive forces between the ions and the membrane pull the ions into
the membrane, while the repulsive forces between the ions facil-
itate fast ion conduction, known as the knock-on effect. Therefore,
the observed mechanisms of ion selectivity resemble those observed
in biological K" channels (34). We assumed that although the
replacement of coordinated water with the EO unit may require
some energy, this coordination is beneficial for ion transport and
decreases the overall transmembrane energy barriers across the
entire process.

To quantitatively evaluate the transmembrane energy barriers
across the COF-EO,/PAN membranes, ion transmembrane acti-
vation energies were measured. The results revealed that trans-
membrane activation energies of various ions indicated that the
ion transport barriers depended significantly on the length of the
oligoether chains and decreased as the number of EO units
increased (SI Appendix, Fig. S35). These results indicate that
increasing the length of the oligoether chains improves the ion
permeability. However, the dlscrepancy in the transmembrane
activation energy between Li* and Mg was highest for COF-EO,,
which is consistent with the MD simulations and electrochemical
experimental results (Fig. 4D). Considering that a small energy
difference alters the permeability, and thus the accompanying
selectivity, we plotted these data together to establish correlations
between the Li'/Mg”* separation factors and their discrepancies
in the transmembrane energy barriers. A positive correlation was
observed, and COF-EQO,/PAN, which exhibited the hlghest dis-
crepancy in transmembrane energy barriers between Mg and
Li", afforded the highest Li* /Mg separation factor of 60 under
1 M single-salt conditions (Fig. 4D and S/ Appendix, Fig. $23).
‘These results emphasize that the observed selectivities are not char-
acteristic of COF membranes (35-49). However, ion recognition
based on coordination chemistry, which occurs via a facilitated
transport mechanism, can be used to rationalize the selective sep-
arations (Fig. 4E). More importantly, the COF-EO,/PAN mem-
brane also shows excellent selectivity of Li over Na, Ca, or B,
elements commonly found in salt lakes, with respective values of

1.1, 56, and 512, respectively (SI Appendix, Fig. S36).

Investigation of the Impact of the Density of Oligether Chains
on lon Transport and Selectivity. We proceeded to examine how
the density of oligoether chains influences ion transport and
selectivity. Our focus was on the COF-EO,/PAN membrane,
selected due to its superior separation capabilities. To investigate
this, we employed a multivariate strategy, altering the molar
ratio of Tph-EO, and Tph-EO,, which are precursors for
synthesizing COF-EO, and COF-EQ,, respectively. This led to
the production of a range of membranes, termed COF-mEO,/
PAN, where “m” denotes the molar ratio of Tph-EO, to the sum
of the two monomers used in the synthesis. The hneup included
COF-0EO,/PAN (or COF-EO,/PAN), COF-0.33EO,/PAN, COF-
0.5EO,/PAN, COF-0.66EO,/PAN, COF-0.83EO,/PAN, COF-
0.92EO,/PAN, and COF- EO ,/PAN.In 1 M single- salt condmons,
we assessed the transmembrane permeability of Li* and Mg** ions
through these membranes. A distinct pattern emerged As the
density of ohgoether chains rose, there was an lncrease in Li* flux
and a decrease in Mg™* flux, thereby enhancing Li/Mg”* selectivity.
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For instance, the Li" ﬂux in COF-EO,/PAN was markedly
hlgher at 41.0 mmol m™ h™', compared to 3.0 mmol m™ h™'
in COF-EO,/PAN. The Li*/Mg”" separation factors emphasized
this observatlon, accentuating the pivotal role of ohgoether
chains in boosting Li* transport while impeding Mg** transport
(SI Appendix, Fig. S37).

To uncover the reasons behind the observed phenomena, we
focused on the connection between the molar ratio of Tph-EO,
to Tph-EQ, and the resulting properties of the membranes. SEM
characterization uniformly showed that all membranes maintained
a consistent thickness range of 140 to 149 nm, confirming that
the effects we observed were not influenced by variations in mem-
brane thickness or compactness (SI Appendix, Figs. S38-S43). Our
analysis further extended to IR, where we gathered semi-quantitative
data on the composition of the COF-xEO,/PAN membranes. The
analysis highlighted a notable correlation between the increasing
Tph-EO, feed ratio and the characteristic peak area of the C-O
bond (1,149t0 1,120 cm™ ) Interestingly, we found that the actual
density of oligoether chains in the membranes was significantly
lower than their respective feed ratios, illustrating a complex
dynamic in the synthesis process. For instance, the oligoether chain
density in COF-0.92EO,/PAN was only 68% of what the feed
ratio suggested (SI Appendix, Fig. S44). This underlines a propen-
sity for Tph-EQO,, which has less steric hindrance, to more readily
undergo polymerization with Tp. To further examine the impact
of oligoether chain proximity, we synthesized COF-0.96EO,/PAN.
Thls membrane demonstrated a higher Li* flux of 28.5 mmol m™
h™" and an improved Li*/Mg”" separation ratio of 40.3, underscor-
ing the significance of the spatial arrangement of oligoether chains
in facilitating efficient Li*-ion transport.

Investigation of LiJ'/Mg2+ Separation Performance under
Binary Salt Conditions. To evaluate the separation performance
of the COF-EO,/PAN membranes under practical conditions,
diffusion experiments were performed using binary feed solutions
containing equal Li" and Mg ion concentrations (0.025 to 1
M). The peak binary salt selectivity for Li* over Mg™* ions ranged
from 15 to 331 (Fig. 54 and SI Appendix, Figs. S45-548). The
higher Li*/Mg** selectivity of COF-EO,/PAN tested under binary
conditions, compared to single-salt condltlons, can be attributed
to the considerably reduced fluxes of Mg** ions under binary
conditions owing to competitive binding. To quantitatively
analyze this phenomenon, the ion fluxes in the binary systems
were normalized to those observed in smgle salt solutions. This
analysis revealed that the flux of Li* and Mg** ions under binary

conditions decreased by 0.34 to 0.60 and 0.06 to 0.19, respectively.
Consequently, the increased L1+/Mg selectivity can be inferred

(Fig. 5B). The permeability of Mg** ions decreased more under
binary-salt conditions because the energy was unfavorable for
its partitioning. The decreased permeability of Li* ions can be
rationalized by the dielectric effect, as evidenced by the fact that
the reduced flux of Li" ions persisted even without MgCl, in the
feed solution as long as the membrane was pretreated with Mg**
ions (50) (SI Appendix, Fig. S49). This was because the adsorbed
Mg”* ions established a membrane potential that reduced the
cation flux.

Investigation of LiJ'lMg2+ Separation Performance under Electro-
Driven Binary-Salt Conditions. To investigate the practical appli-
cations of COF-EO_/PAN, we assessed its performance under
electro-driven condmons using a setup similar to that of an
industrial electrodialysis cell, with a current density of 5 mA cm™

(SI Appendix, Fig. S50). A binary aqueous solution containing
0.1 M LiCl/0.1 M MgCl, was utilized for the experiments. For
comparison, we also evaluated the ion separation capability of
a state-of-the-art commercial ion-exchange membrane, known
as ASTOM. The COF membranes exhibited an anomalous Li*/
Mg** separation factor that varied with the number of EO units
on the oligoether chains. Despite the significantly increased
ion permeability observed under electro-driven conditions, we
achieved a remarkable Li*/Mg’* separation factor of 1352. This
value significantly exceeded those obtained under optimized
dialysis conditions for COF-EO,/PAN, positioning it among the
top-performing systems reported to date (14, 51-63) (Fig. 5C
and S/ Appendix, Fig. S51 and Table S4). It is important to note
that the separation factor after 3 h was calculated because the
concentration of Mg™* fell below the detection limit of the ion
chromatography after 2 h. The significantly improved selectivity of
COF-EO,/PAN under electro-driven conditions can be attrlbuted
to the helghtened competmve interaction between Li* and Mg™".

Moreover, the Li'/Mg”™* selectivity of COF-EO,/PAN surpasses
that of ASTOM by over two orders of magmtude Consequently,
the mole ratio of Li'/Mg”* increased substantially from 0.06 to
10.9 in the simulated West Taijinar (China) and from 0.61 to 230
in the Atacama Salar Brine (Chile) following electrodialysis using
COF-EO,/PAN (64). This demonstrates the promising potential
of COF-EO,/PAN in practical Li-extraction applications.
Furthermore, COF-EO,/PAN exhibited excellent long-term
stability. Its permeability and selectivity were maintained during
continuous operation under electrodialysis conditions for 4 h.
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Fig.5. (A) Permeance of LiCl and MgCl, and the corresponding selectivity of LiCl over MgCl, across COF-EO,/PAN tested under binary salt conditions (1 M each,

error bars represent the SDs of three different measurements), (B) normalized permeance of LiCl and MgCl, tested under binary conditions to those tested
under single salt conditions (1 M each), and (C) comparison of Li*/Mg?* selectivity and permeance of LiCl for COF-EO,/PAN with other benchmark membrane
materials of COFs (refs. 14, 51, and 52), MOFs (ref. 53), 2D materials (refs. 54-56), polymers (refs. 57-61), PIMs (ref. 62), and cages (ref. 63). The membrane
testing area for all cases exceeds 0.5 cm?. The driving forces used in the experiments are represented by blue, green, and yellow backgrounds, corresponding
to concentration, pressure, and electricity, respectively.
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Although there was a slight decrease in selectivity over time, it fully
recovered after the membrane was washed with deionized water
for at least 10 cycles (ST Appendix, Fig. $52). We detected a similar
trend in the Li*/Mg™* selectivity during operation for ASTOM,
with the selectivity decreasing from 11.6 to 6.7 within the initial
2 to 10 h (SI Appendix, Fig. S53). The comprehensive stability
and outstanding selectivity of COF-EO,/PAN under various
conditions position it as a promising candidate for practical Li-
extraction applications. Furthermore, we observed no significant
changes in the crystallinity or morphology of COF-EO,/PAN
during the recycling process, confirming its long-term operational

stability (S Appendix, Figs. S54-556).

Discussion

In this study, we conducted a systematic investigation to under-
stand how the solvating segments of oligoether chains influence
the ion partitioning, diffusion, and selectivity of COF membranes.
These membranes act as catalysts, facilitating ion transport through
low-energy barrier pathways. We found that the replacement of
hydrated water molecules with solvating segments is more ener-
getically favorable for Li* compared to Mg™". As a result, the energy
penalty for Li* during this process is smaller, leading to the
observed selectivity. Furthermore, the association of Li* and Mg**
with the densely populated oligoether chains leads to an enrich-
ment of ions in the membrane pore channels, effectively parti-
tioning them from the bulk solution. This enrichment promotes
ion conduction through the membrane, facilitated by electrostatic
repulsion. The overall selectivity of the membranes was deter-
mined by analyzing the discrepancy between the transmembrane

activation energies of Li* and Mg”*. The molecular mechanisms
underlying the observed ion selectivity suggest that tailoring the
ion-membrane binding energies holds promise for enhancing ion
selectivity while maintaining high ion conduction. This under-
standing opens up avenues for optimizing COF membranes and
designing materials with improved ion separation properties for
various practical applications.
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