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ABSTRACT: The strategic spatial positioning of ion affinity sites within biological ion
channels and their cooperative binding with the targeted ions are pivotal for enhancing
ion recognition and ensuring exceptional selectivity in high ionic competition
scenarios. However, the application of these principles to artificial ion channels
remains largely unexplored. Herein, we present a series of covalent organic framework
(COF) membranes, engineered with oxygen functional groups aligned along the rims
of oriented COF pore channels of varying sizes to achieve a precise spatial
arrangement of ion affinity sites. A notable COF membrane, featuring subnanometer
pores decorated alternately with carbonyl and amide groups, demonstrated out-
standing selectivity, achieving a Li/Mg selectivity ratio of 513 under equal mole and
electrodialysis conditions. Impressively, as the Mg/Li ratio in the source solution
increased to 16.6, the selectivity ratio rose to 833, significantly exceeding the
reductions typically seen in conventional selective electrodialysis and nanofiltration
methods. Both simulation and experimental analyses indicate that this exceptional
selectivity stems from the cooperative binding between the oxygen functional groups and Li+ ions within the confined
nanochannels, facilitating the preferential transport of Li+ ions. These findings provide a promising approach for designing
selective ion extraction systems that function effectively in highly competitive environments.
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INTRODUCTION
Lithium is indispensable for modern energy technologies, with
its demand projected to increase 18−20 times from 2020 to
2050, primarily driven by the expanding lithium battery
market.1−5 As lithium ore reserves dwindle, the urgency to
sustainably extract lithium from alternative sources, such as
salt-lake brines�which account for 60−80% of the world’s
accessible lithium reserves�intensifies.6−10 Efficient extraction
from these sources requires effective separation of Li+ from
chemically similar ions like Mg2+, which is essential for
producing high-purity lithium. This separation is commonly
achieved by modifying nanofiltration and selective electro-
dialysis membranes to carry a positive surface charge, thus
enhancing their ability to repel divalent cations such as Mg2+

via Donnan repulsion.11−21 However, these membranes often
face challenges in maintaining their selectivity at high Mg/Li
ratios. The decline in selectivity correlates with an increase in
anion concentration in the permeate as the Mg2+ levels rise,
leading to the simultaneous transport of Mg2+ with anions to
maintain charge balance during nanofiltration, thereby

reducing the efficiency of Li/Mg separation (Figure 1a).22 In
selective electrodialysis, where the migration of anions is less
problematic under an electric field, a high Mg2+ concentration
still leads to competitive adsorption issues between Mg2+ and
Li+.23 The cation-exchange membranes tend to prefer the
higher-charge Mg2+, which occupies more ion transport sites
and blocks the passage of Li+, significantly lowering separation
efficiency. Thus, producing high-purity lithium from low-grade
salt-lake brines typically requires multiple stages of membrane
separation, highlighting the urgent need for innovative
membrane materials that improve both the selectivity and
efficiency of Li+ transport.

Received: December 15, 2024
Revised: March 10, 2025
Accepted: March 12, 2025
Published: March 18, 2025

A
rtic

le

www.acsnano.org

© 2025 American Chemical Society
12080

https://doi.org/10.1021/acsnano.4c18135
ACS Nano 2025, 19, 12080−12089

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

O
R

T
H

 T
E

X
A

S 
on

 A
pr

il 
1,

 2
02

5 
at

 1
8:

09
:2

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing-Wei+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianguo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Xing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weipeng+Xian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuozhi+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhifeng+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengqian+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c18135&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18135?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18135?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18135?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18135?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18135?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/19/12?ref=pdf
https://pubs.acs.org/toc/ancac3/19/12?ref=pdf
https://pubs.acs.org/toc/ancac3/19/12?ref=pdf
https://pubs.acs.org/toc/ancac3/19/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


Biological systems, refined over millions of years, display
exceptional ion recognition and conductance capabil-
ities.22,24−27 The high efficiency of ion separation in these
systems largely stems from specialized functional motifs
located within their confined nanopores. For instance, the
potassium ion channel KcsA demonstrates extraordinary
selectivity for K+ over Na+ ions�with a selectivity ratio
exceeding 1,000:1�thanks to strategically placed carbonyl
group rings, even in environments dominated by Na+ ions.28

To enhance the selectivity of Li+ over Mg2+ ions, particularly in
conditions where Mg2+ predominates, it is crucial to develop
membranes with affinity sites specifically engineered for low-
barrier Li+ ion transport.29−34 While oxygen species have
demonstrated substantial promise in facilitating Li+ ion
transport, optimizing the configuration of oxygen species
arrays to effectively select and transport Li+ over Mg2+ in
environments with high Mg/Li ratios poses significant
challenges. These challenges primarily stem from the complex-
ities involved in engineering synthetic channels that mimic the
precise pore structures and ion dimensions found in natural
systems. Covalent organic frameworks (COFs) offer precise
control over the arrangement and types of functional groups,
providing a versatile platform for exploring the complex
interplay between structure and function in these materials and
formulating design principles for achieving high ion
selectivity.35−52

Leveraging the versatility of COFs and the potential for
lithiation of oxygen species, we tailored the distances and
arrangements of oxygen-containing groups�namely carbonyl,
hydroxyl, and methoxy groups�within COF membranes by
pairing two monomers characterized by their distinct
asymmetry and functionality. This approach resulted in COF
membranes with significantly different transmembrane activa-
tion energies for Li+ and Mg2+ ions. One particular COF
membrane, featuring subnanometer pores patterned with
alternating carbonyl and amide groups, demonstrated a Li/
Mg selectivity of 513 under equal mole and electrodialysis
conditions (Figure 1b). Remarkably, the selectivity ratio for Li+

ions increased as the Mg/Li ratio in the source solution rose,
reaching 833 when the initial Mg/Li ratio was 16.6�a
competitiveness level comparable to that in environments like
the West Taijinar brine.53 This exceptional selectivity is
attributed to cooperative binding between the oxygen species
and Li+ ions within the confined nanochannels, which
effectively lower the transmembrane energy barrier and
enhance the diffusion speed for Li+ ions, while impeding the
transport of Mg2+ ions. This research not only advances our
understanding of ionic selectivity mechanisms in biological ion
channels and their potential applications in nanotechnology
and biotechnology but also presents a novel strategy for
selectively extracting target ions in environments densely
populated with competing ions.

RESULT AND DISCUSSION
Design and Fabrication of Membranes. To explore the

optimal arrangement of oxygen species within COF pore
channels for enhanced Li/Mg selectivity, we selected COFs
with hydrazone linkages for a proof-of-concept study. These
linkages are chosen for their known lithiophilicity, exceptional
chemical stability, and superior geometrical and functional
compatibility.54−61 We utilized benzene-1,3,5-tricarbohydra-
zide (Bth) as the core building block, pairing it with
triformylphloroglucinol (Tp), 2,4,6-trimethoxybenzene-1,3,5-
tricarbaldehyde (Tma), 2,5-dihydroxyterephthalaldehyde
(Dha), and 2,5-dimethoxyterephthalaldehyde (Dma) to
synthesize four distinct COF membranes: COF-BthTp,
COF-BthTma, COF-BthDha, and COF-BthDma. Each of
these COFs features hexagonal prism-shaped pores with
various densities and types of oxygen groups within their
one-dimensional nanochannels. Preliminary computational
analyses of the electrostatic potentials (ESP) within these
pores revealed substantial differences in ESP distribution and
intensity, indicating variations in ion-dipole interactions that
could significantly affect ion selectivity (Figure 2a).

For the synthesis of these membranes, we utilized a liquid−
solid−liquid interfacial polymerization technique on poly-

Figure 1. Comparison of membrane performance in Li+ and Mg2+ separation under different ionic competition conditions. (a) Structure of
cutting-edge selective electrodialysis membranes designed for Li+ and Mg2+ separation under electrodialysis conditions. (b) Conceptual
design of membrane materials featuring engineered affinity sites that facilitate low-barrier Li+ ion transport, enhancing Li+ selectivity in
environments with high ionic competition.
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acrylonitrile (PAN) ultrafiltration substrates, which have a
molecular weight cutoff of 50 000 Da and feature nanoscale,
relatively uniform pore sizes (20−40 nm). This uniformity is
crucial for the formation of defect-free COF layers. During the
synthesis process, an aqueous acetic acid solution containing
Bth was applied to one side of the PAN membrane, while an
organic solution containing one of the aldehydes (Tp, Tma,
Dha, or Dma) was applied to the opposite side. This interfacial
reaction not only resulted in visible color changes on the PAN
surface, indicative of successful COF layer formation (Figure
S1), but also varied the zeta potentials of the membranes,
further confirming the formation (Figure S2).

Scanning electron microscopy (SEM) images of both the
surface and cross-section of the membranes revealed the

formation of continuous, defect-free COF layers with a
thickness ranging from 114 to 128 nm (Figures S3−S7).
Notably, increasing the concentration of monomers did not
alter the membrane thickness, while decreasing the concen-
tration led to the formation of defects in the membrane, as
evidenced by the significantly increased ion flux (Figure S8).
Fourier transform infrared (FT-IR) spectra indicated the
disappearance of the N−H stretching band (3197−3298 cm−1)
and aldehydic C−H stretching bands (2875 and 2779 cm−1),
which are characteristic of the Bth and aldehyde monomers.62

Concurrently, the emergence of the − NHCO− stretch at
1660−1680 cm−1 suggested the formation of hydrazone
linkages within the COF membranes (Figure S9).63 This
finding was further supported by solid-state 13C nuclear

Figure 2. Membrane synthesis and characterization. (a) Depicts the chemical structures of monomers used in the synthesis of COF
membranes, alongside the ESP of a hexagonal COF pore. Inset: Molecular visualization of the COFs showing C in green, O in red, N in blue,
and H in white. The top portion of panels (b) COF-BthTp, (c) COF-BthTma, (d) COF-BthDha, and (e) COF-BthDma, features GIWAXS
patterns, with their corresponding one-dimensional representations shown below, whereby the simulated pattern was generated using the
eclipsed AA stacking structure.
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magnetic resonance (NMR) spectra, which displayed a peak
for the amide carbonyl carbon at 160.1−166.3 ppm, affirming
the chemical structure (Figure S10).62

Powder X-ray diffraction (PXRD) analysis of the COF
membranes, conducted after the PAN was dissolved, indicated
that the COF membranes align with simulations based on the
eclipsed AA stacking structure (Figures S11−S14). The pore
size distributions for these COF membranes, derived from N2
sorption isotherms, were centered at 0.79, 0.78, 1.76, and 1.58
nm for COF-BthTp, COF-BthTma, COF-BthDha, and COF-
BthDma, respectively (Figures S15 and S16). Transmission
electron microscopy (TEM) further confirmed the porosity
and crystallinity of the membranes by revealing distinct lattice
fringes that indicate one-dimensional (1D) straight porous
channels, corroborating the COF structure suggested by the
PXRD patterns (Figure S17). Additionally, grazing incidence
wide-angle X-ray scattering (GIWAXS) provided valuable
insights into the in-plane and out-of-plane structural
organization of the COF membranes. The variations in
scattering intensity, particularly along the vertical direction
(perpendicular to the film surface, Qz = 0), highlighted the in-
plane periodicity and ordering of the membrane. Projections
near Qz = 0 closely matched both the calculated and
experimental PXRD patterns (Figures 2b−2e), providing
direct evidence of high crystallinity. Furthermore, the changes
in scattering intensity along the vertical direction confirmed
the oriented growth of the membranes.64

Before exploring the ion separation capabilities of these
COF membranes, we first examined their compactness by
measuring their transmembrane permeability to a series of
neutral organic molecules, including ribose, glucose, sucrose,

raffinose, and cyclodextrin. These molecules have hydro-
dynamic diameters ranging from 0.74 to 1.4 nm (Figure
3a).65,66 The gray area in the results represents the detection
limit. We found that the membranes with smaller pores�
specifically COF-BthTp and COF-BthTma�effectively
blocked the permeation of sucrose molecules, which have a
hydrodynamic diameter of 1.04 nm. The concentration of
molecules that permeated these membranes remained below
the detection limits under dialysis conditions for at least 5 days.
Conversely, the COF-BthDha and COF-BthDma membranes
exhibited a size-exclusion cutoff at 1.2 nm in hydrodynamic
diameter, further affirming their structural integrity (Figure
3b).
Investigation of Li+ and Mg2+ Transmembrane

Permeability. To assess the relative permeabilities of Li+

and Mg2+ ions through COF membranes, we conducted
reversal potential (Vr) measurements (Figure 4a). Before
conducting these measurements, we ensured that the ion
transmembrane transport rates were identical from both sides
of the COF membrane. For this purpose, solutions of MgCl2 or
LiCl were introduced into the two chambers of an electro-
chemical cell, separated by the COF membrane. The resulting
current−voltage (I−V) curves, which nearly intersected at the
origin, indicative of identical ion transport rates on both sides
of the membrane. To further investigate the transport rates of
Li+ and Mg2+ ions, 0.05 M MgCl2 and 0.1 M LiCl were
respectively introduced to the cis side (facing the COF layer)
and trans side (against the PNA support), maintaining equal
chloride ion concentrations in both chambers to focus
exclusively on cation permeability. The values, determined
from the x-intercepts of the I−V curves, were 51.6 mV for

Figure 3. Assessment of membrane compactness. (a) Chemical structures and hydrodynamic diameters of various neutral organic molecules.
(b) Concentration of various molecules on the permeate side across different COF membranes under dialysis conditions, with an initial
concentration of 0.1 M on the feed side. The gray area indicates the detection limit for high-performance liquid chromatography (HPLC).

Figure 4. Investigation of transmembrane ion transport. (a) Electrochemical testing setup. (b) I−V curves collected in the presence of
various COF membranes. Solid lines represent conditions with MgCl2 (0.05 M) on the cis side and LiCl (0.1 M) on the trans side; dashed
line represents both sides filled with MgCl2 (0.05 M). (c) Comparative analysis of transmembrane activation energies for Li+ and Mg2+ across
various COF membranes.
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COF-BthTp, 30.4 mV for COF-BthDha, 9.6 mV for COF-
BthTma, and 12.2 mV for COF-BthDma (Figure 4b). These
findings indicate a preferential transport of Li+ over Mg2+, with
a decreasing trend in relative Li+ permeability from COF-
BthTp to COF-BthTma, as evidenced by the declining Vr
values.

We conducted further quantitative evaluations of the
transmembrane permeability differences between Li+ and
Mg2+ by determining their activation energies (Ea) across
various COF membranes. The temperature-dependent Ar-
rhenius behavior of ion conductivity suggested that the
transport process is thermally activated. The activation
energies for Li+ transport were found to be 5.51 kJ mol−1 for
COF-BthTp, 5.12 kJ mol−1 for COF-BthTma, 7.55 kJ mol−1

for COF-BthDha, and 6.50 kJ mol−1 for COF-BthDma. In
contrast, Mg2+ exhibited activation energies of 12.41 kJ mol−1,
6.94 kJ mol−1, 13.60 kJ mol−1, and 8.64 mol−1, respectively.
Notably, COF-BthTp displayed the largest differential in
activation energies between Mg2+ and Li+, suggesting its
potential for superior selectivity (Figure 4c and Figure S18).
Indeed, under single-salt conditions of 0.1 M, COF-BthTp
exhibited the highest Li/Mg separation factor among the COF
membranes evaluated (Figures S19 and S20). Additionally,
despite its smaller pore size compared to COF-BthDha, COF-
BthTp demonstrated significantly higher Li+ permeability,
more than 2 orders of magnitude greater (4.7 vs 0.039 mmol
m2 h−1), emphasizing the crucial role of the type and density of
oxygen species in enhancing Li+ transport.
Investigation of Li/Mg Separation Performance. To

evaluate the separation performance of membranes under
conditions that mirror real operational environments, we
investigated the cation transport properties of these COF
membranes in a laboratory-scale electrodialysis (ED) cell
(Figure S21). We tested single-salt solutions of 0.1 M LiCl and
0.1 M MgCl2, as well as a binary aqueous solution containing
equal concentrations of these salts. The order of Li+ flux across
different COF membranes in single-salt solutions was as
follows: COF-BthTp ≈ COF-BthTma > COF-BthDma >
COF-BthDha. This ranking indicates that, despite their smaller
pore sizes, the COF-BthTp and COF-BthTma membranes
facilitated higher Li+ permeation rates. This can likely be
attributed to the higher density of oxygen species on these
membranes, which plays a more significant role in enhancing
Li+ ion transport than pore size. Specifically, the smaller pores
increase the local concentration of oxygen species, thereby
improving ion transport. Notably, the COF-BthTp membrane
also showed the lowest Mg2+ flux among the tested
membranes, achieving the highest single-salt ion selectivity
for Li/Mg at a ratio of 209 (Figure 5a).

In binary salt ED tests, the selectivity increased significantly,
demonstrating the potential of these COF membranes for Li+

extraction. Specifically, the selectivity of the COF-BthTp
membrane reached 513, while COF-BthTma, COF-BthDha,
and COF-BthDma improved their selectivities from 13, 34, and
16 in single-salt conditions to 17, 178, and 24, respectively, in
binary-salt conditions. These performances were benchmarked
against a state-of-the-art commercial monovalent selective
cation exchange membrane, CIMS (ASTOM, Japan). Here,
the COF-BthTp not only recorded slightly higher monovalent
ion fluxes (65 vs 58 mmol m−2 h−1) but also demonstrated
significantly enhanced selectivity (513 vs 86), underscoring its
superior performance (Figure 5b). Moreover, after 10 ED
cycles, no changes were observed in the XRD pattern and SEM

morphology of the COF-BthTp membrane, confirming its
durability during the ED process (Figures S22−S24).

It is important to note that under binary salt conditions, the
COF membranes exhibited higher selectivity compared to
single-salt systems, although the ion fluxes were lower. This
increased selectivity can be attributed to the competitive
adsorption and transport mechanisms. The membranes bind
both Li+ and Mg2+ ions, with a stronger affinity for Li+. In
binary solutions, this preferential binding enhances the
selectivity for Li+ over Mg2+, as the competition between the
ions enables the membrane to differentiate them based on their
respective binding affinities. The significant decrease in flux
under binary salt conditions can be explained by two main
factors: (1) The presence of divalent Mg2+ ions, combined
with the higher overall ion concentration in the mixed salt
system, results in a substantially higher osmotic pressure
compared to single-salt conditions. This increased osmotic
pressure reduces the effective driving force for ion transport,
thereby lowering the flux. (2) Multivalent ions such as Mg2+

diffuse more slowly than monovalent ions, causing them to
accumulate on the membrane surface. This accumulation
creates a high-concentration boundary layer, which exacerbates
concentration polarization. The resulting increase in osmotic
pressure near the membrane surface further reduces the flux.
The observed reduction in flux in binary solutions, relative to
single-salt conditions, is consistent with findings from other
membrane separation systems.39,47

In the context of salt-lake environments, where Mg2+

concentrations substantially exceed those of Li+, we assessed
the selectivity of various membranes with Mg2+ concentrations
10-fold higher than Li+ (1 M vs 0.1 M) under ED conditions.
Remarkably the COF-BthTp membrane exhibited enhanced
selectivity in these high Mg2+-to-Li+ conditions, increasing
from a selectivity value of 513 (under equimolar conditions of
0.1 M each) to 603. Conversely, other membranes, including

Figure 5. Comparative analysis of Li/Mg selectivity across different
membranes under ED conditions. (a) Under single-salt conditions
using 0.1 M LiCl and 0.1 M MgCl2. (b) Under binary-salt
conditions with equal concentrations of 0.1 M LiCl and 0.1 M
MgCl2. (c) Under binary-salt conditions with 0.1 M LiCl and 1.0 M
MgCl2. (d) Under binary-salt conditions utilizing artificial brine
sourced from the West Taijinar (China) and Atacama (Chile) salt
lakes. The ED cell operated at a consistent current density of 0.5
mA cm−2. Error bars indicate standard deviations from three
independent experiments.
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COF-BthTma, COF-BthDha, COF-BthDma, and the commer-
cial ASTOM membrane, showed significant decreases in
selectivity, with values declining from 17, 178, 24, and 86 to
8, 146, 11, and 15, respectively (Figure 5c). Furthermore, the
COF-BthTp membrane demonstrated long-term stability
under high Mg2+ concentration conditions, maintaining
consistent performance in both ion flux and selectivity over
at least 10 cycles (Figure S25).

In light of the superior separation performance of the COF-
BthTp membrane, we broadened our study to examine its
ability to separate Li+ and Mg2+ using synthetic salt-lake brines
designed to emulate the ion concentrations typical of natural
salt lakes. We prepared artificial brines mimicking those from
the Atacama (Chile) and West Taijinar (China) salt lakes, with
initial Mg2+-to-Li+ mole ratios of 1.6 (0.72 mol L−1 Mg2+ vs
0.44 mol L−1 Li+) and 16.6 (0.63 mol L−1 Mg2+ vs 0.038 mol
L−1 Li+), respectively (Table S1). Utilizing the COF-BthTp
membrane under ED conditions, the Mg2+ to Li+ mole ratios
significantly decreased from 1.6 and 16.6 to 0.0024 and 0.02,
respectively. These results translate to Li/Mg mole selectivities
of 653 and 833, indicating a notable increase in selectivity at
higher initial Mg2+ to Li+ ratios, thus underscoring the
potential of COF-BthTp for efficient Li+ extraction from
low-grade brines (Figure 5d and Table S2).
Molecular Dynamics (MD) Simulations. To explore the

superior ion-screening properties of the COF-BthTp mem-
brane, MD simulations were conducted to assess the transport

behaviors of Li+ and Mg2+ ions. These simulations utilized
binary systems with 0.5 M solutions of LiCl and MgCl2. The
potential of mean force (PMF) profiles was first calculated to
capture the energy changes as ions approach, traverse, and exit
the COF membrane. To reduce computational cost while
maintaining essential energy trends, a simplified three-layer
COF membrane was used for the PMF profile calculations.
The PMF profiles exhibited a gradual increase in energy as
both Mg2+ and Li+ ions approached the membrane pores,
followed by a plateau as they passed through the membrane,
and a decrease after exiting. This indicated that Mg2+ ions
encountered higher energy barriers during transmembrane
migration compared to Li+ ions (Figure 6a). Encouraged by
these results, a six-layer COF membrane was employed to
enhance the role of membrane in the MD simulation (Figure
S26). Number density distributions along the z-axis revealed a
significant accumulation of Li+ ions within and on the
permeate side of the membrane, indicating a more rapid
translocation of Li+ ions (Figure 6b). Ion trajectory analysis
confirmed faster transmembrane transport rates for Li+ over
Mg2+ (Figure 6c). Spatial distribution analysis in the xy plane
within the pore channels revealed clustering of Li+ ions at the
edges of the COF channels, in contrast to the sparser
distribution of Mg2+ ions (Figure 6d). Radial distribution
function (RDF) analysis between the oxygen atoms in the
COF and the ions showed a higher peak for Li+ compared to
Mg2+, indicating that Li+ ions are more likely to occupy well-

Figure 6. Detailed molecular-level analysis of high Li+ conductance across the COF-BthTp membrane. (a) PMF profiles for Li+ and Mg2+
ions across the COF-BthTp membrane, with gray dashed lines marking the membrane boundaries. (b) Ion density profiles along the z-axis
within the COF, with gray dashed lines marking the membrane boundaries. (c) Simulation snapshots showing the transmembrane transport
of Li+ and Mg2+ ions (colored bule and orange, respectively). (d) A 2D density map illustrating the distribution of Li+ and Mg2+ ions across
the xy plane of the membrane. (e) RDF between the ions and the oxygen atoms on the COF-BthTp membrane. (f) Binding interactions
between Li+, Mg2+, and the COF-BthTp structure. (g) Comparison of the diffusion coefficients of Li+ and Mg2+ ions across the COF-BthTp
membrane and in bulk solution, with emphasis on mean square displacement (MSD). (h) Transmembrane ion permeation kinetics
characterized by MD simulations under binary conditions. (i) Schematic representation of ion partitioning, conduction, and the enhanced
selectivity of Li+ over Mg2+ across the COF-BthTp membrane.
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defined coordination sites near the oxygen atoms (Figure 6e).
Additionally, density functional theory (DFT) calculations
confirmed that two adjacent oxygen atoms in COF-BthTp
could cooperatively bind to Li+ ions, unlike the interactions
with Mg2+ ions, which predominantly involved oxygen atoms
from hydrazone linkages (Figure 6f). This disparity in
interaction led to a distinct preference for Li+ ion passage
through the COF-BthTp channels. This is supported by
significantly higher transmembrane diffusion coefficients for
Li+ (4.0 × 10−5 cm2 s−1) compared to Mg2+ (2.5 × 10−7 cm2

s−1). In the solution, the diffusion coefficients were 1.0 × 10−5

cm2 s−1 for Li+ and 0.7 × 10−5 cm2 s−1 for Mg2+, indicating that
the COF-BthTp channels specifically enhance Li+ transport
while impeding Mg2+ movement (Figure 6g). Additionally,
monitoring the normalized number of permeated ions (N’)
over time consistently showed higher values for N’Li compared
to N’Mg, with Li/Mg selectivity ratios around 2.9. When the
Mg/Li ratio in the feed solution increased to 0.77 M MgCl2
and 0.1 M LiCl, MD simulations continued to show a
preference for Li+ ion transport, even in the presence of a high
Mg2+ concentration.

After considering the initial concentrations of Li+ and Mg2+,
the Li/Mg selectivity ratio increased to 3.9, indicating
enhanced Li+ selectivity at higher Mg/Li ratios, which aligns
with our experimental findings (Figure 6h). These findings
suggest that Li+ ions are more readily coordinated with the
oxygen species and once coordinated with the membrane
binding sites, are driven toward the next relay moiety�
subsequent COF layers�by the ion gradient across the
membrane. The eclipsed AA stacking structure of COF-BthTp
facilitates efficient site-to-site hopping, similar to the knock-on
mechanisms observed in biological ion channels (Figure
6i).24,28 This mechanism explains the enhanced selectivity at
higher Mg2+/Li+ ratios. Although the absolute flux of Mg2+

may increase with its higher concentration, the relative increase
in Mg2+ transport is smaller compared to the increase in its
concentration. This discrepancy further amplifies the Li+/Mg2+

selectivity.

CONCLUSION
In summary, we have successfully synthesized a series of COF
membranes with oriented pore structures, strategically
positioning various oxygen species along the channel walls to
modulate the transmembrane activation energy for Li+ and
Mg2+ ions. The optimized COF membrane, featuring
alternating amide and carbonyl oxygen groups within
subnanoscale pore channels, exhibited exceptional Li/Mg
selectivity and permeability. This design significantly out-
performed leading commercial membranes in lithium recovery,
achieving a selectivity more than 40fold greater, particularly
under conditions with a high Mg/Li ratio. Theoretical
calculations suggest that the cooperative binding between
adjacent amide and carbonyl oxygen groups, aligned within the
oriented eclipsed AA stacking pore structure, plays a critical
role in facilitating site-to-site hopping along the pore channel.
This feature is crucial for enhancing Li+ over Mg2+ selectivity
under competitive conditions. Such a characteristic is
especially advantageous for extracting lithium from low-grade
salt-lake brines, offering a highly effective solution in
challenging extraction environments. Overall, this study
establishes foundational design principles for ion-separating
membranes and proves invaluable for selective ion extraction
in competitive scenarios.

EXPERIMENTAL SECTION
Fabrication of the COF Membranes. COF-BthTp. The COF

membrane was synthesized through interfacial polymerization on the
surface of a PAN ultrafiltration membrane, which has a molecular
weight cutoff of 50 000 Da. The PAN support was positioned
vertically in the center of a custom-built diffusion cell, each chamber
holding a volume of 7 cm3. An aqueous solution containing Bth (18
mg, 0.07 mmol) in 3 M acetic acid (7 mL) was introduced on one
side of the diffusion cell, while the organic phase containing Tp (15
mg, 0.07 mmol) in a mixture of ethyl acetate and mesitylene (V/V =
1/5, 7 mL) was introduced on the opposite side. The reaction was
allowed to proceed at 35 °C for 6 days. After completion, the
membrane was sequentially washed with ethanol, methanol, and water
to eliminate any residual monomers, catalysts, and organic solvents
before it was subjected to performance testing.

COF-BthTma. The COF-BthTma membrane was synthesized
following the same procedure used for the COF-BthTp membrane,
except that Tma (17.7 mg, 0.07 mmol) dissolved in a mixture of ethyl
acetate and mesitylene (V/V = 1/5, 7 mL) was used as the organic
phase.

COF-BthDha. The COF-BthTma membrane was synthesized
following the same precudure used for the COF-BthTp membrane,
except that Dha (17.8 mg, 0.11 mmol) dissolved in a mixture of ethyl
acetate and mesitylene (V/V = 1/5, 7 mL) was used as the organic
phase.

COF-BthDma. The COF-BthDma membrane was synthesized
following the same precudure used for the COF-BthTp membrane,
except that Dma (21.4 mg, 0.11 mmol) dissolved in the mixture of
ethyl acetate and mesitylene (V/V = 1/5, 7 mL) was used as the
organic phase.
Ion Separation Performance Evaluation. Selective electro-

dialysis tests were performed at a current density of 0.5 mA cm−2

using the setup shown as below (Figure S21). The COF active layer
was set to face the anode. A 400 mL solution of 0.3 M Na2SO4 was
used to circulate in the electrodes compartments. The feed side
contained 400 mL of 0.1 M LiCl/MgCl2 solution and the permeate
side was filled with 400 mL of 0.01 M KCl solution. All solutions were
circulated by peristaltic pumps at a flow rate of 80 mL min−1. The
concentrations of Li+ and Mg2+ in the permeate side were analyzed by
ion chromatography.
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