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ABSTRACT: Metal−organic framework (MOF) membranes with
high ion selectivity are highly desirable for direct lithium-ion (Li+)
separation from industrial brines. However, very few MOF
membranes can efficiently separate Li+ from brines of high
Mg2+/Li+ concentration ratios and keep stable in ultrahigh Mg2+-
concentrated brines. This work reports a type of MOF-channel
membranes (MOFCMs) by growing UiO-66-(SH)2 into the
nanochannels of polymer substrates to improve the efficiency of
MOF membranes for challenging Li+ extraction. The resulting
membranes demonstrate excellent monovalent metal ion selectivity
over divalent metal ions, with Li+/Mg2+ selectivity up to 103 since
Mg2+ should overcome a higher energy barrier than Li+ when
transported through the MOF pores, as confirmed by molecular
dynamics simulations. Under dual-ion diffusion, as the Mg2+/Li+ mole ratio of the feed solution increases from 0.2 to 30, the
membrane Li+/Mg2+ selectivity decreases from 1516 to 19, corresponding to the purity of lithium products between 99.9 and 95.0%.
Further research on multi-ion diffusion that involves Mg2+ and three monovalent metal ions (K+, Na+, and Li+, referred to as M+) in
the feed solutions shows a significant improvement in Li+/Mg2+ separation efficiency. The Li+/Mg2+ selectivity can go up to 1114
when the Mg2+/M+ molar concentration ratio is 1:1, and it remains at 19 when the ratio is 30:1. The membrane selectivity is also
stable for 30 days in a highly concentrated solution with a high Mg2+/Li+ concentration ratio. These results indicate the feasibility of
the MOFCMs for direct lithium extraction from brines with Mg2+ concentrations up to 3.5 M. This study provides an alternative
strategy for designing efficient MOF membranes in extracting valuable minerals in the future.

■ INTRODUCTION
Ion-selective nanofluidic membranes are excellent candidates
for extracting and recovering valuable lithium ions (Li+) from
salt-lake brines and other Li+-rich resources.1,2 Recent
developments in membranes with pore sizes <1 nm have
attracted intensive research interest due to their enhanced ion
sieving properties.3−8 Among the available options, angstrom-
porous metal−organic framework (MOF) membranes have
emerged as competitive candidates for ion separation due to
their well-defined pore sizes and tunable pore structures and
chemistries,9−15 especially for addressing Li+/Mg2+ separation
during lithium extraction processes. Polycrystalline MOF thin
film membranes (MOFTFMs), consisting of an intergrown
MOF (e.g., UiO-66,16 UiO-66-NH2,

17 UiO-66-(COONa)2,
18

UiO-66-(COOH)2/UiO-66-NH2,
19 UiO-67,20 ZIF-8,21

HKUST-122) crystal layer or deposited/cross-linked MOF
(e.g., ZIF-7,23 UiO-66-NH2

24) particles directly covering the
top surface of nanoporous substrates, have shown impressive
separation performance with high Li+/Mg2+ selectivity ranging
between 101 and 103. As only a few MOFs could be

synthesized into defect-free MOFTFMs, MOF-based mixed
matrix membranes (MOFMMMs) and MOF-channel mem-
branes (MOFCMs) that allow a wide selection of MOFs for
membrane fabrication have emerged as alternative candidates
for ion separation. MOFMMMs were composed of MOF
particles (e.g., UiO-66,25 UiO-66-SO3H,

25,26 MOF-808,25 ZIF-
8,25 and Zn-TCPP27) as fillers and polymers as matrixes, while
MOFCMs were fabricated by growing MOF crystals (e.g.,
UiO-66-(COOH)2

28 and HKUST-129) inside the nano-
channels of membrane substrates. Because of the existence of
defects between MOFs and substrates, Li+/Mg2+ selectivity of
these MOFMMMs and MOFCMs were between 5 and 50,
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which was one to two orders of magnitude less than that of
their single-channel devices28 and MOFTFMs.21,22 Therefore,
it is of great significance to explore new MOFs for synthesizing
high-quality, MOF-based membranes for efficient ion separa-
tion.
Most current membranes for the Li+/Mg2+ separation have

been evaluated under conditions with equal concentrations of
Li+ and Mg2+ in dual-ion separation experiments, which is used
as a facile and straightforward standard for evaluating the ion
separation performance and mechanism of different mem-
branes. Since the concentration ratio between Mg2+ and Li+ in
global salt-lake brines is variable between 10−1 and 102,30,31

and some brines are of high ion salinity with Mg2+
concentrations up to 3 M,31 membrane-based Li+/Mg2+
separation is more challenging and demands a more
comprehensive evaluation regarding the ion species concen-
tration and composition. To effectively address this critical
challenge, MOF membranes must be durable and stable
enough to block concentrated Mg2+ ions while still allowing for
the transport of limited Li+ ions. To further improve the Li+/
Mg2+ selectivity of UiO-66 MOFCMs for real applications, one
strategy is to manipulate the surface chemistry of the MOF
crystals to increase the divalent ion blockage capability. Thiol-
functionalized UiO-66 MOF, UiO-66-(SH)2, with angstrom-
scale pore sizes and strong binding capability to divalent metal
ions, such as Hg2+ and Pb2+ in wastewater,32,33 would be an
excellent platform to fabricate a lithium-selective membrane.
Herein, UiO-66-(SH)2 MOFCMs are fabricated using a

contra-diffusion method. The cation transport properties (K+,
Na+, Li+, Ca2+, and Mg2+) of the membranes were first
investigated in single-electrolyte solutions with different ion
concentrations and pH values. The membrane shows excellent
ideal K+/Mg2+ and Li+/Mg2+ selectivities of 2241 and 447,
respectively, at 0.1 M and pH 6. Additionally, in the dual-ion
permeation experiments with different synthetic brines, the
membrane Li+/Mg2+ selectivity increases from 19 to 1516 as

the Mg2+/Li+ mole ratios in brine decrease from 30 to 0.2.
Also, in the multi-ion diffusion system containing Mg2+ and
three monovalent metal ions (i.e., K+, Na+, and Li+, noted by
M+) in the feed solutions, the Li+/Mg2+ selectivity reaches
1114 at a Mg2+/M+ molar concentration ratio of 1:1 and
maintains 19 at a Mg2+/M+ mole ratio of 30:1. Thus, the
membranes possess a decent capability for Li+/Mg2+ separation
from brines with high Mg2+ concentrations and Mg2+/Li+
concentration ratios. Molecular dynamics (MD) simulations
were also performed to elucidate the ion sieving mechanisms in
UiO-66-(SH)2. This study opens an alternative avenue to
develop MOF membranes for efficient lithium recovery.

■ RESULTS AND DISCUSSION
Fabrication of the UiO-66-(SH)2 Membrane. The

bullet-shaped polyethylene terephthalate (PET) multichannel
membrane was prepared by chemical etching of the ion-
tracked PET films with a certain pore density (e.g., 106
channels cm−2).34 This resulted in a PET substrate with
small pores (29.7 ± 6.0 nm) at the tip side and large pores
(192 ± 23.2 nm) at the base side (Figure S1A,B). To
investigate the effect of the substrate’s pore structure, growth
method, and functional groups on ion separation property,
UiO-66-(SH)2 membranes were also fabricated by adopting a
cylindrical PET substrate or in situ growth method; UiO-66
membranes and amine- and sulfonic-group-modified (UiO-66-
NH2 and UiO-66-SO3H) membranes were also fabricated. As
illustrated in Figure 1A, the UiO-66-(SH)2 membranes were
fabricated by contra-diffusion of zirconium ions (Zr4+) and 2,5-
dimercaptoterephthalic acid (BDC-(SH)2) through the etched
PET substrate by solvothermal reaction. This contra-diffusion
method targets an asymmetric growth of the MOF particles
mainly near the tip side of the membrane (Figure 1B). Figure
1C,D exhibits the enlarged MOF cell unit structure and
window structure that are anchored with double −SH groups.
The surfaces (tip and base sides) and cross-sectional

Figure 1. Fabrication and characterizations of the UiO-66-(SH)2/PET membrane. (A, B) Contra-diffusion growth of MOF crystals within the PET
membrane. (C, D) Schematics of the UiO-66-(SH)2 MOF unit cell and triangular window structure. (E−G) SEM images of the membrane tip side,
base side, and cross section with Zr mapping. (H) XPS survey patterns of the membrane. (I) Pore size distribution of the UiO-66-(SH)2 particles.
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morphology of the UiO-66-(SH)2 membranes were charac-
terized by scanning electron microscopy (SEM). Compared
with the smooth surfaces and channels of bare PET
membranes (Figure S1C−E), MOF particles are mainly
observed at the tip side rather than the base side of the
MOF membrane (Figure 1E,F) and the channel areas near the
tip side (Figure 1G, indicated by yellow dashed rectangles).
Elemental mapping by energy-dispersive X-ray spectroscopy
(EDS) on the cross section of the membrane confirms the
growth of the MOF within PET nanochannels and the
preferential distribution of the MOF near the tip side of the
membrane (Figure 1G and Figure S2). Elemental character-
ization to the membrane tip side by X-ray photoelectron
spectroscopy (XPS) detects the elements of zirconium (Zr 3d)
at 182.6 eV and sulfur (S 2s and S 2p) at 227.7 and 163.3 eV
(Figure 1H) and the Zr−O coordination at 530.6 eV by high-
resolution XPS analysis (Figure S3). UiO-66-(SH)2 powders
were prepared for characterizing the MOF crystals formed in
the membranes, including powder X-ray diffraction (PXRD),
SEM, Fourier transform infrared spectroscopy (FTIR), and gas
adsorption/desorption. The crystalline structure of MOF
particles grown on the membrane tip side was verified by
PXRD. They demonstrate the same characteristic peaks as the
synthesized UiO-66-(SH)2 powder sample (Figure S4A, B).
The synthesized MOF powders are round particles (Figure
S4C) that are like the ones formed on the surface of the MOF
membrane tip side (Figure S4D). They show a characteristic
peak of thiol groups at 2550 cm−1 in the FTIR spectrum
(Figure S4E) and possess a specific surface area of 276.5 m2/g
(Figure S4F) as well as a 3D pore size distribution in the UiO-
66-(SH)2 cell unit: a small window size of ∼4.7 Å and two
cavity sizes of about 8 and 11.7 Å, respectively (Figure 1I),
which are consistent with a literature report.33

Basic Ion Transport Properties. To investigate the ion
transport property of the UiO-66-(SH)2 membrane, ion
current−voltage (I−V) curves were measured from −1 to +1
V using 0.1 M metal chloride solutions. The I−V curves
(Figure 2A) reveal that the membrane exhibits an ion current
rectification (ICR) property, resulting from the enhanced
charge density provided by MOF crystals at the tip side of the

membrane. The ion current values also demonstrate that the
membrane transports monovalent cations (K+, Na+, and Li+)
much faster than divalent cations (Mg2+, Ca2+). The
membrane’s mono/divalent ion selectivity for K+/Mg2+, Na+/
Mg2+, and Li+/Mg2+ could reach 2241, 1215, and 477,
respectively (Figure 2B). Further increasing the testing voltage
(e.g., 2−4 V) will increase the ion conductance but will also
enhance Mg2+ transport and ultimately decrease the ion
selectivity (Figure S5).
The selective ion transport properties can be explained by

two aspects. First, the pores of UiO-66-(SH)2 (4.7 Å) are
smaller than the diameters of hydrated ions35 (Table S1), so
the ions must overcome the energy barriers to pass through the
MOF pores. A detailed discussion of this aspect is provided in
MD simulation section. Second, according to our previous
studies of MOF subnanofluidic channels,36−38 the interactions
between MOF functional groups and ions, such as binding due
to the electrostatic interaction, can regulate the selectivity of
ion transport. To investigate the interactions of ions with −SH
groups in this work, the surface charge of UiO-66-(SH)2
particles was analyzed by measuring their zeta potentials.
This MOF carries a highly negative charge in water (−75 mV)
due to deprotonation of the −SH groups, while the surface
charges of the MOF particles decrease when dispersed in salt
solutions (Table S2). Notably, the reduction is more
significant for divalent cations (e.g., dropping to −9.5 mV
for Mg2+ and reversing to +3.9 mV for Ca2+) than for
monovalent cations (e.g., −57 mV for K+, −59 mV for Na+,
and −61 mV for Li+). This indicates that −SH groups in the
MOF exhibit a stronger binding capability with divalent cations
than monovalent cations. To confirm these different binding
interactions, XPS analysis of MOF particles dispersed in
different salt solutions was conducted and the atomic ratios of
cations bound to the MOF were calculated. As shown in Table
S3, the divalent cations display a higher percentage value
(∼1.8% for Mg2+ and ∼2.1% for Ca2+) than that of the
monovalent cations (∼0.6% for K+ and Na+) in MOF particles,
consistent with the stronger binding results of −SH groups
with divalent cations.
The ion transport and separation performance of other

forms of UiO-66-(SH)2 membranes, i.e., cylindrical PET-UiO-
66-(SH)2 and in situ growth UiO-66-(SH)2, were also
investigated (Figure S6). Both membranes could not achieve
comparable high selectivity (Li+/Mg2+ selectivity <20) and the
ion current values drop a lot, because both methods tend to
grow MOF crystals in the whole PET channels and block the
transport of monovalent cations.
The UiO-66, UiO-66-NH2, and UiO-66-SO3H membranes

prepared by the contra-diffusion method do not demonstrate
comparable ion separation capability (Li+/Mg2+ selectivity <5)
as well (Figure S7). The UiO-66 and UiO-66-NH2 particles
show positive charge in water,39 which is not favorable for
conducting cations. Although UiO-66-SO3H possesses a
negative charge for driving cation transport, its growth in
PET nanochannels is challenging, which brings empty voids
and defects that deteriorate the ion selectivity.
Concentration-Dependent Ion Transport Property.

The ion conductance for monovalent cations increases
significantly with the increasing ion concentration, while that
of divalent cations is maintained at low levels (Figure 2C).
Figure 2D exhibits a similar increasing trend of ion selectivity
with the increase of ion concentrations from 10−3 to 10−1 M.
At the highest ion salinity (e.g., 1 M), although a decrease of

Figure 2. Ion transport, conductance, and selectivity performance of
the UiO-66-(SH)2 membrane at (A, B) 0.1 M salt solutions and (C,
D) varying concentrations of salt solutions.
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ion selectivity appears, the selectivities of K+/Mg2+, Na+/Mg2+,
and Li+/Mg2+ are maintained at 1348, 857, and 325,
respectively, which are encouraging outcomes for practical
high-salinity ion separations. When the ions passing through
MOF pores are at low concentrations, the conduction of
monovalent ions and the binding of divalent ions are both
achievable. With the increase of ion numbers inside of MOFs,
ion binding sites become saturated, allowing more divalent
cations to transport through the MOF channels (as shown in
the increasing ion current values in Figure S8), resulting in a
drop in ion selectivity.
pH-Dependent Ion Transport Property. The charging

states of MOF particles are pH-dependent, showing an
increasing negative charge from pH 2 to 8 (Figure 3A). Figure

3B shows that ion selectivity could be tuned over this pH
range, with neutral to basic conditions favoring higher ion
selectivity (up to 4042 for K+/Mg2+, 2556 for Na+/Mg2+, and
1199 for Li+/Mg2+ at pH 8.0) compared to acidic conditions.
Corresponding I−V curves are shown in Figure S9, which
exhibited that the ion current values at +1 V increase with the
rise of pH from 6.0 to 8.0. Therefore, the increase in ion
selectivity at higher pH results from the enhanced surface
charge density and ion conductance capability of the
membrane. The UiO-66-(SH)2 membrane also demonstrates
proton ion (H+) conductance when pH drops to 2.0, as shown
from the same ion current values at +1 V (Figure S9A). As pH
2.0 is close to the isoelectric point of the −SH groups in MOF
particles (Figure 3A), the conductance for H+ may be
attributed to weak hydrogen bonds40,41 formed by thiol groups
in the membrane. The PXRD patterns of MOF particles
treated with different pH of solutions were also conducted,
indicating good stability of the materials from pH 2.0 to 8.0
(Figure S10).
MD Simulations on Selective Ion Transport. MD

simulations were performed to investigate the energy barrier of

ions, one critical factor determining ion sieving performance
within MOF channels.42 The potential of mean force (PMF)
profiles was calculated for K+, Li+, and Mg2+ ions migrating
along the [111] direction, which connects the small [S] and
large [L] cavities by crossing the MOF windows [W] for the
MD simulation system (Figure 4A, Figure S11, and Tables S4
and S5 in Supporting Information). Figure 4B shows that the
highest energy barrier for Mg2+ passing through the window
[W] was significantly higher (68.8 kJ mol−1) compared to
those for K+ (9.2 kJ mol−1) or Li+ (10.2 kJ mol−1). K+
encounters a lower energy barrier near the small cavity [S],
while Li+ experiences a lower energy barrier at the location of
[W]. The energy barrier for Mg2+ is higher in regions between
[W] and [S] but starts to drop when Mg2+ migrates toward the
large cavity [L]. Therefore, different cations exhibit varied
preferences for stay locations: K+ chooses [S], Li+ favors [W],
and Mg2+ prefers [L]. The energy profiles are influenced by the
dehydration processes of metal ions and specific ion−MOF
interactions in the nano- and subnano-confined spaces.
The radial distribution functions (RDFs) between cations

and sulfur at different locations, shown as g(r)ion‑S, are
illustrated in Figure 4C to reveal the microstructural
arrangement43 of −SH groups around metal ions. The values
of the x-axis and y-axis evaluate the probability of finding an S
atom at a distance r around a metal ion located at the three
specific locations: [L], [W], and [S]. For Mg2+ ions, they
exhibit closer proximity and more pronounced distribution of S
atoms when they stay at location [L], compared with those at
locations [W] and [S]. Li+ is closer to S in the location of [W],
and the S distribution around Li+ is similar at [L] and [W],
which is slightly higher than at [S]. The proximity of S atoms
to K+ ions at locations [W] and [L] becomes closer than that
at location [S]. However, the distribution of S atoms around
them is lower compared to those of Mg2+ and Li+ ions at [W]
and [L] locations. The RDF results reveal the difference in ion-
S distance and S distributions when ions move freely within
MOF channels. Mg2+ displays a distinct increase in S atom
distributions during migration from small to large cavities,
exhibiting the most pronounced S distributions at location [L].
This aligns with their most preferred positioning in the larger
cavity, consistent with experimental evidence of a higher
binding interaction between Mg2+ and thiol groups.
The hydration number of water molecules surrounding the

cations was further compared to find out the dehydration
difference37 of K+, Li+, and Mg2+ ions in MOF channels
(Figure 4D). When K+ ions migrate from the large cavity to
the small cavity via the window, some water molecules in the
first hydration shell are displaced (from ∼8 to ∼5) to the
second hydration shell (from ∼3 to ∼6), with −SH groups
occupying their previous positions. This can be observed in
Figure 4C, showing −SH groups getting closer to K+ ions at
locations [W] and [L], and in Figure S12, where −SH directly
contacts K+ ions at those locations. The rearrangements
correspond to the slight increase in energy barriers for K+ ions
migrating from small to large cavities. For both Li+ and Mg2+,
however, their first hydration shells remain intact throughout
the migration (the hydration number is 4 for Li+ and 6 for
Mg2+). For the second hydration shell, Mg2+ experiences
dehydration (the hydration number changes from ∼10 to ∼8)
when migrating from [L] to [S], which aligns with the increase
of energy barriers when they migrate from large to small cavity,
while the change in the second hydration number for Li+ is
small, slightly fluctuating between ∼5 and ∼6.5. Simulated

Figure 3. Zeta potentials of UiO-66-(SH)2 particles in water of
different pH values (A) and ion selectivity changes as a function of
solution pH (B).
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images in Figure S12 depict ions after partial dehydration at
different locations, including the ions in the center, the
surrounding water molecules from two hydration shells, and
the ligands with −SH groups. These results indicate that a
strong binding interaction between Mg2+ and −SH groups of
MOFs and associated dehydration effects are critical in
realizing high K+/Mg2+ and Li+/Mg2+ selectivity.
Separation of Li+ from Mixed Salt Solutions. The ion

separation performance of the UiO-66-(SH)2 membrane is
based on the I−V measurement of single salt solutions. To
further investigate its performance in mixed-ion separation,
dual mixed-ion diffusion was performed under a constant
electric field (+1 V). The membrane separation setup is shown
in Figure 5A, consisting of a feed side with ion mixtures and a
permeate side with water only. The concentration of diffused
ions through the UiO-66-(SH)2 membrane is time-dependent.
In a preliminary separation experiment with equal concen-
trations of K+ and Mg2+ (mole ratio of 1:1) within 96 h (Figure
5B), the concentration of K+ kept increasing with time while
the Mg2+ concentration gradually decreased, which means that
the membrane can maintain the ion sieving capability over this
period.

Different monovalent cations with Mg2+ at the same
concentration were first separated within 96 h, and the
selectivity performance is shown in Figure 5C. In the permeate,
the separation of K+ from Mg2+ is the most significant, with the
highest selectivities reaching 2.3 × 103, followed by Na+/Mg2+
and Li+/Mg2+ whose highest selectivities were 3.9 × 102 and
1.8 × 102, respectively. These ion selectivity levels exhibited by
dual-ion diffusion are consistent with the I−V measurement by
pure salts.
To further evaluate the Li+/Mg2+ separation capability of the

UiO-66-(SH)2 membrane toward salt-lake brines, the feed side
solution was varied by changing the Mg2+/Li+ mole ratio from
low to high, gradually close to the components of brines. As
exhibited in Figure 5D, the Li+/Mg2+ separation achieves a
high performance up to ∼1516 when the Mg2+/Li+ ratio is at
the lowest (0.2:1). With the rise of the Mg2+ concentration, the
Li+/Mg2+ selectivity declines to ∼185 at equal concentrations
(1:1) and then drops to ∼70 at the ratio of 14:1 and ∼19 at
the highest concentration (30:1). It is worth noting that the
first two feed solutions contained relatively low concentrations
of Mg2+, less than 1 M, while the last two feed solutions
contained very high salinity of Mg2+, reaching 3−3.5 M, which
is rarely investigated. Moreover, with the rise of the Mg2+

Figure 4.MD simulations on metal ion transport in UiO-66-(SH)2 frameworks. (A) Schematics of the UiO-66-(SH)2 MOF cell unit with different
locations for ion transport in the large cavity [L], triangular window [W], and small cavity [S]. (B) Energy barriers for K+, Li+, and Mg2+ as a
function of the distance to the large cavity center. (C) RDFs for ion density profiles as a function of the distance to sulfur atoms at the locations of
[L], [W], and [S]. (D) Hydration numbers of water molecules for K+, Li+, and Mg2+ ions as a function of the distance from the large cavity center.
The points shown in solid color represent locations of [L], [W], and [S], respectively.
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concentrations from 0.2 to 3.5 M, the permeation rate of Li+
reduces from ∼11.8 to ∼0.6 mol m−2 h−1 and that of Mg2+
does not increase very significantly (Figure S13).
To ensure the long-term separation performance, the Li+/

Mg2+ separation was further investigated as a function of
diffusion time, with the feed side filled with Mg2+/Li+ solutions
at a relatively high mole ratio (14:1) and a high Mg2+
concentration of 3.5 M. Three replicates of membranes were
used for the diffusion. Encouragingly, the Li+/Mg2+ selectivity
ranges between ∼26 and ∼70 within 4 days and are maintained
between ∼29 and ∼45 when the diffusion period extended to
30 days (Figure 5E).
To further evaluate the membrane’s ion separation perform-

ance against real brines containing multiple ions, four-cation
(K+, Na+, Li+, and Mg2+) salt mixtures with low (1:1) and high
(30:1) Mg2+/M+ mole ratios were utilized as the feed solutions
for the practical lithium extraction study. As shown in Figure
5F, the K+/Mg2+ selectivity is the highest with a value of 5004
and the selectivities for Na+/Mg2+ and Li+/Mg2+ in the
permeate are also significantly increased to 2599 and 1114,
respectively, in the Mg2+/M+ of 1:1 mixed condition, one order
of magnitude higher than that of the dual-ion system. Faster
transport of K+ in the ion mixture seems to be beneficial for
decreasing the diffusion of Mg2+, which increases the overall

ion selectivity and differs from the conventional understanding
that membrane selectivity is normally decreased in multiple-
component separation. Furthermore, the Li+/Mg2+ selectivity
in the Mg2+/M+ of 30:1 mixed condition is 19, which is equal
to that of the dual-ion system, confirming the Li+/Mg2+
separation capability of the UiO-66-(SH)2 membrane for real
lithium separation in harsh conditions. Compared with
reported MOF membranes, the UiO-66-(SH)2 membranes
exhibit competitive lithium separation performance, especially
for treating both equal and high Mg2+/Li+ mole ratio synthetic
brines (Figure S14 and Table S6). Furthermore, the ion
selectivity of the membrane can be repeated by multiple tests
(Figure S15) and the MOF powders demonstrate almost
unchanged PXRD patterns after soaking in tested salt
solutions, including highly concentrated solutions tested up
to 1 week (Figure S16), showing the stability of the MOFCMs
and the MOF material UiO-66-(SH)2.

■ CONCLUSIONS
Thiol-functionalized MOFCMs with impressive ion rectifica-
tion and outstanding monovalent/divalent ion selectivity have
been successfully developed, showing great promise for Li+/
Mg2+ separation. The experimental characterizations and
theoretical simulations have revealed that the ion−sulfur

Figure 5. Ion separation performance at mixed-ion conditions. (A) Schematic illustration of membrane separation device for mixed-ion diffusion.
(B) Ion concentration changes in the permeate side as a function of diffusion time. (C) Separation of different monovalent cations against Mg2+
with the same M+/Mg2+ mole ratio (1:1). (D) Separation of Li+ with different Mg2+/Li+ mole ratios. (E) Separation of Li+ with a fixed Mg2+/Li+
mole ratio (14:1) in short and long periods. (F) Ion selectivity performance for simulated brine solutions containing multi-ions at low and high
Mg2+/M+ mole ratios.
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interactions and ion-dehydration dynamics through the
thiolated MOF channels collectively influence the overall
energy barriers determining ion sieving performance. The
developed membranes can selectively conduct Li+ over Mg2+
and sustainably extract limited Li+ from sufficient Mg2+
synthetic brines with efficiencies between 101 and 103 in
dual-ion systems and multi-ion systems. This work demon-
strates that shaping current MOFCMs with versatile functional
groups toward excellent ion binding/blockage capability is an
efficient strategy to radically boost the Li+/Mg2+ separation
performance for real industry applications. These findings
provide a new way to develop various MOFCMs decorated by
different types of “ion binders” or the opposite “ion-
conductors” to render challenging tasks of precise extractions
of valuable ions.
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