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MATERIALS SCIENCE

Enabling an ultraefficient lithium-selective construction
through electric field-assisted ion control

Yan Zhao"?*t, Xue Yan1t, Lei Xia**, Yangbo Qiu?, Shuang Zhengz, Gang Lu’s, Yaoming Wangs,
Yang Zhangs, Jiangnan Shen’, Xi Zhangs, Xing Yang‘*, Jefferson Zhe Liu?, Raf Dewil®®,

Congjie Gao’, Bart Van der Bruggen'*

Membranes with precise ion transport behaviors are regarded as an alternative for lithium (Li) extraction from
water streams. Current membranes demonstrate limited viability due to the lack of efficient Li*-selective architec-
tures. We propose an electric field-assisted ion control hypothesis in reinforcing ultraefficient Li*-selective mem-
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branes, in which an ionized zeolitic imidazolate framework layer (Q-PEI@ZIF) is constructed via polyethylenimine
(PEI) in situ confinement conversion and subsequent quaternization of 2,3-epoxypropyl trimethyl ammonium
chloride. In electrodialysis at 5 milliampere per square centimeter, the resulting membrane Q(5%)-PEI(1.0)@
ZIF#CEM shows that the ion permeation rates follow the order of K* ~ Lit > Na™ > Ca>" ~ Mg?*, corresponding to
0.31, 0.30, 0.25, 0, and 0 mole per square meter per hour in 120 minutes, respectively. With a 25-millimolar Li*/
Mg?* mixed solution, it exhibits an unprecedented Li*/Mg>* permselectivity of 20,000 and 99.99% purity of Li*
product in 120 minutes. This study expands the hypothesis of electric field-assisted ion control in enabling an ul-

traefficient Lit-selective construction.

INTRODUCTION

Lithium (Li*) recovery from water streams is a sustainable method
for overcoming Li shortages and reducing the environmental impacts
of exploitation from mineral ores (1). Membrane technologies, recog-
nized for their efficient, low-energy, and scalable separation processes,
have been extensively explored in harvesting ion resources from wa-
ter streams (2-4). Among these, electrodialysis and nanofiltration
are two of the most prominent methods for ion separation. In par-
ticular, electro-driven membranes, equipped with ion exchange ca-
pacity and theability to mitigate challenges such ashigh-concentration
gradients and osmotic pressure (which commonly affect nanofiltra-
tion membranes), have been increasingly developed and integrated
into electrochemical systems for ion separation (5, 6). To enable ion
recovery from water streams, research efforts are focused on con-
structing membranes with high-target ion selectivity. These mem-
branes are prepared mainly via controlling membrane structures (e.g.,
pore size sieving) or functional groups (e.g., surface electrostatic re-
pulsion and binding affinity) to exploit the interaction between hy-
drated ions and membranes (7). For example, membrane modification
with positively charged layers on the surface (8, 9), construction of a
membrane structure with controllable pore size (10), or fabrication of

'Department of Chemical Engineering, KU Leuven, Celestijnenlaan 200F, B-3001 Leuven,
Belgium. 2Department of Civil Engineering, The University of Hong Kong, Hong Kong
999077, China. *Department of Mechanical Engineering, The University of Melbourne,
Parkville, VIC 3010, Australia. “Division of Soil and Water Management, KU Leuven,
Kasteelpark Arenberg 20, B-3001 Leuven, Belgium. *Key Laboratory of Precision and
Intelligent Chemistry, Department of Applied Chemistry, School of Chemistry and
Material Science, University of Science and Technology of China, Hefei, P. R. China.
®College of Environment and Safety Engineering, Qingdao University of Science and
Technology, Qingdao 266042, China. ‘College of Chemical Engineering, Zhejiang
University of Technology, Hangzhou 310014, China. ®Department of Chemical Engi-
neering, KU Leuven, Process and Environmental Technology Lab, J. De Nayerlaan 5,
B-2860 Sint-Katelijne-Waver, Belgium. °Department of Engineering Science, University
of Oxford, Parks Road, Oxford OX1 3PJ, UK.

*Corresponding author. Email: yan.zhao@kuleuven.be (Y.Z); lei.xia@kuleuven.be
(L.X.); xing.yang@kuleuven.be (X. Yang); bart.vanderbruggen@kuleuven.be (B.V.d.B.)
1These authors contributed equally to this work.

§Present address: Department of Chemical and Biomolecular Engineering, University
of Pennsylvania, Philadelphia, PA 19104, USA.

Zhao et al., Sci. Adv. 11, eadv6646 (2025) 16 July 2025

the membrane materials with high binding affinity groups (11), have
been used to improve monovalent cation selectivity. However, cur-
rent membranes still suffer from an extremely low efficiency in sep-
arating Li* from other coexisting ions, such as the similar cations of
Mg”* and Na* (12, 13). In addition, these ion-selective mechanisms
tend to impede ion throughput, resulting in a low Li* permeation
rate and thus the permeability-selectivity trade-offs (14, 15).

With nanometer-sized pores and a powerful capacity for multi-
functional construction, metal-organic frameworks (MOFs) open
an avenue for ion-selective transport. Recent studies have explored
them to be an ideal material that allows Li" transport while rejecting
other mixed cations in electro-driven processes (16-18). Neverthe-
less, it is limited in the separation of ions with similar hydration ra-
dius if only based on size sieving effects of MOFs (19). Besides, it is
technically challenging to fabricate defect-free and stable MOF lay-
ers on a membrane surface (20). In addition, because of the Gibbs-
Donnan effect, the insufficiency of ion exchange sites in MOFs leads
to slow ion transport (21). Furthermore, ion transport through the
non-charged cavities of MOFs may cause hydrolysis issues (22).
Thus far, MOF-based membranes have had limited success in effec-
tive ion selectivity in electro-driven systems.

Recently, hybrid MOF-based composite membranes that com-
bine the easy processing of functional polymers and tunable pores of
MOFs have been explored to equip them with well-defined crystal
structures and coordination functional groups (23-25). To some ex-
tent, MOFs can be constructed on the membrane surface via an
in situ growth method. However, this structure is typically thick and
easily disintegrates because of the stacking of the crystals (18), there-
by largely limiting the ion permeation rate while suffering from stabil-
ity issues (26). In our recent work, a zeolitic imidazolate framework
(ZIF)-based anion exchange membrane with monovalent anion se-
lectivity was facilely fabricated by coating a polydopamine on ZIFs
under an alternating current electric field (27).

Theoretically, ion species exhibit unique ionic charge density and
corresponding ion hydration shells, resulting in specific interactions
with surrounding molecules/materials (7). Under an electric field,
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these ions gain kinetic energy, enabling precise control via an external
electric field (5, 28). Inspired by biological cell membranes, where
ion channels enable rapid and selective transport via tunable charge
density, geometric filtering (pore size and charge compatibility) (29-
32), herein, we design a class of composite MOF membrane via
the in situ growth of ZIFs threaded with linear polyethyleni-
mine (PEI) onto a commercial cation exchange membrane (CEM)
substrate (Fig. 1A). This prepared PEI@ZIF#CEM has ample -NH,
groups and is further reacted with the 2,3-epoxypropyl trimethyl
ammonium chloride (ETAC) monomer (with quaternary ammoni-
um group) through an alternating current electric field—assisted Li*
control assembly process (28, 33) to construct the Q-PEI@ZIF#CEM
(figs. S1to S5). A catalyst, tris(dimethylaminomethyl)phenol (DMP-
30), is used to accelerate the epoxy groups (in ETAC) reacting with
amino groups (in PEI@ZIF). To investigate the effect of PEI and
ETAC contents on the resulting membranes, the Q-PEI@ZIF#CEM
membranes are prepared with varying PEI content of 0, 0.5, 1.0, and
2.0 g liter™" (in the construction of the PEI@ZIF architecture pro-
cess), and different ETAC content of 0, 5, and 10 wt % (in LiCl as-
sembly process). This bioinspired design merges stimuli-responsive
regulation with Q-PEI@ZIF structural precision and achieves ultra-
efficient ion selectivity via advancing separation systems. These mem-
branes are denoted as pristine CEM, ZIF#CEM, Q(5%)-ZIF#CEM,
PEI(1.0)@ZIF#CEM, Q(5%)-PEI(0.5)@ZIF#CEM, Q(5%)-PEI(1.0)@

A Nontarget ion® @
8@ ,mp transport site

i an

Cel Inspire

ZIF#CEM, Q(5%)-PEI(2.0)@ZIF#CEM, and Q(10%)-PEI(1.0)@ZIF#CEM,
respectively (table S2).

RESULTS

Figure 1B shows the cross-sectional scanning electron microscopy
(SEM) images of a pristine CEM [Fig. 1B (i)] and Q(5%)-PEI(1.0)@
ZIF#CEM [Fig. 1B (ii)], and a uniformly distributed layer (~4 pm thick)
can be observed on the pristine CEM membrane surface (fig. S6).
Attenuated total refraction-Fourier transform infrared spectroscopy
spectra (ATR-FTIR; fig. S7) of these crystals indicate that secondary
amine group characteristic peaks of 1567, 1418, and 954 cm™" exist
in both ZIF#CEM and Q(5%)-PEI(1.0)@ZIF#CEM, mainly due to
the C—N groups in the 2-methylimidazole (34). To further analyze
these chemical components, x-ray photoelectron spectroscopy (XPS)
of ZIFs and Q(5%)-PEI(1.0)@ZIF and their high-resolution (C 1s, N
1s, and O 1s) are used to illustrate the element contents (atomic%)
and existing chemical bonds, respectively (Fig. 1C). Compared to
the pure ZIFs, the elements of O 1s and N 1s in Q(5%)-PEI(1.0)@
ZIF increased from 7.7 t0 9.7% and from 16.1 to 18.2%, respectively,
due to the ETAC monomer introduced into Q(5%)-PEI(1.0)@ZIFE.
The bonds of C—O (287.4 eV) and C—N* (286.1 eV) appearing in
the Q(5%)-PEI(1.0)@ZIF confirm that the increased amount of O
and N may come from -C—OH and -C—N"R; in the structure, which
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Fig. 1. Q(5%)-PEI(1.0)@ZIF#CEM preparation and characterization. (A) The target ion selectivity channel in the biological cell membrane inspired us to design numer-
ous Q-PEI@ZIF crystals for Li* selectivity. (B) Cross-sectional SEM images of the CEM (i) and the Q(5%)-PEI(1.0)@ZIF#CEM (ji). (C) XPS of the surface elements (atomic %) of
ZIFs and Q(5%)-PEI(1.0)@ZIF and their C 1s high-resolution images. (D) The homogeneous, intergrown, and continuous Q(5%)-PEI(1.0)@ZIF#CEM surface SEM image. The

morphology of ZIF (E) and Q(5%)-PEI(1.0)@ZIF (F) crystals is observed by the SEM images.
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may be generated by the substitution reaction between -NH, (in
PEI(1.0)@ZIF) and epoxy group in ETAC (figs. S8 and S9). Figure 1D
shows a homogeneous, intergrown, and continuous Q(5%)-PEI(1.0)@
ZIF layer. The pure ZIF crystals with the homogeneous and hollow
framework and the vacancies between ZIF crystals can be observed
on the CEM surface (Fig. 1E). When in situ confinement conver-
sion of PEI and alternating current electrical field-assisted Li* control
in assembling of ETAC is applied, the Q(5%)-PEI(1.0)@ZIF shows a
much rougher crystal (Fig. 1F), which reflects the changed morphology
of the crystal on the membrane surface.

Figure 2A shows a large area (a 6.0-cm diameter) of Q(5%)-
PEI(1.0)@ZIF layer constructed on the CEM surface. The roughness
of this layer is characterized by atomic force microscopy (AFM),
showing a maximum height of ~1.7 pm (Fig. 2B). It reflects an in-
crease of membrane-specific surface area and a uniform distribution
of a defect-free Q(5%)-PEI(1.0)@ZIF layer. The increased roughness
of the Q(5%)-PEI(1.0)@ZIF crystal is observed by the amplification

of AFM images compared to that of the pure ZIF crystal (fig. S10).
The x-ray diffraction (XRD) patterns of the ZIF and PEI@ZIF crys-
tals are presented in Fig. 2C. Subtle shifts in the characteristic peaks
of PEI@ZIF are observed compared to those of the unmodified ZIF,
which can be attributed to the incorporation of the PEI polymer
within the ZIF framework. Similarly, when the Q(5%)-PEI(1.0)@
ZIF composite is fabricated on the pristine CEM membrane [Q(5%)-
PEI(1.0)@ZIF#CEM], the XRD pattern (Fig. 2D) retains the distinc-
tive ZIF-derived peaks but exhibits minor shifts relative to the
pristine ZIF#CEM. The threaded PEI polymer in ZIF followed by
ETAC quaternization, may shift the pore size of the ZIF in Q(5%)-
PEI(1.0)@ZIF#CEM and form a cushion-shaped cavity, which is
expected to be 0.94 by 0.70 by 0.54 nm (35). A nitrogen (N,) adsorp-
tion isotherm at 77 K is measured to determine the porous structure
(36). Compared to the ZIFs, the Brunauer-Emmett-Teller (BET)
surface area of the Q(5%)-PEI(1.0)@ZIF increases from 3.0 to 5.8 m2~g_1
(Fig. 2E). It suggests the enhanced access of N, molecules within
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Fig. 2. Membrane surface characteristics and ion transport behaviors. (A) Photograph of the commercial CEM and the fabricated Q(5%)-PEI(1.0)@ZIF layer on the
surface. (B) AFM topographic image of the Q(5%)-PEI(1.0)@ZIF on CEM. Scale bar (zoomed-in AFM images), 100 nm. XRD patterns of (C) ZIF and PEI@ZIF crystals, and
(D) CEM, ZIF#CEM and Q(5%)-PEI(1.0)@ZIF#CEM. (E) BET adsorption isotherms, measured at standard temperature and pressure (STP, 273 K and 101.325 kPa), of ZIF and
Q(5%)-PEI(1.0)@ZIF with N,. (F) Pore size distribution is derived from N, sorption by using the HK method. (G) Approximations of CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@
ZIF#CEM surface charge by zeta potential via streaming potential measurements (pH 7). (H) Polarization current density-voltage behaviors of CEM and Q(5%)-PEI(1.0)@
ZIF#CEM membranes. The ion permeation of cations through CEM and Q(5%)-PEI(1.0)@ZIF#CEM membranes in 120 min (I) and 60 min (J). Dashed lines are added as vi-
sual guides. (K) Li*/M** permselectivity (M*": Na*, K+, Mg**, and Ca?*) through CEM and Q(5%)-PEI(1.0)@ZIF#CEM. Dashed lines are added as guides that membrane with

(P > 1)/without (P < 1) Li* selectivity. h, hours. a.u., arbitrary unit.
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the porous material in this Q(5%)-PEI(1.0)@ZIF and confirms the
retention of ZIF microporosity. The pore size distribution derived
from N, (3.40-A kinetic diameter) sorption is calculated on the ba-
sis of the Horvath-Kawazoe (HK) method, showing smaller pores
of the Q(5%)-PEI(1.0)@ZIF (14.6-A pore width) than that of ZIF
(16.8-A pore width) (Fig. 2F). The zeta potentials of the membranes
(Fig. 2G) are quantified to explore the influence of the electrostatic
interaction of the membrane surface on the ion separation. In neu-
tral conditions (pH 7), as shown in fig. S11, the negative charge
(—2.4 mV) of the commercial CEM is due to the cation exchange
groups in the membrane structure. The pure ZIF nanocrystals on
the ZIF#CEM surface show an almost zero zeta potential, indi-
cating the lack of charged groups in this layer. In contrast, a pos-
itive charge of +1.9 mV is determined for the Q(5%)-PEI(1.0)@
ZIF#CEM, which is ascribed to the introduction of PEI and ETAC
molecules with positive charges in the crystal layer. In addition,
the positive charge effect is more pronounced in Q(5%)-PEI(1.0)@
ZIF#CEM with a rougher surface, and thus, multivalent cations face
stronger electrostatic repulsion when being transported through
the membrane.

The electrochemical behavior of the membrane is measured in a
0.10 M NaCl solution in a laboratory-designed device (fig. S12). The
surface electrical resistance of CEM is 3.02 ohm-cm?, and all the
prepared membranes show an increased surface electrical resistance
(fig. S13). The surface electrical resistance of ZIF#CEM is as high
as 13.50 ohm-cm” due to the lack of charged groups, indicating a
high resistance for ion transport. However, intercalation of PEI
in ZIF crystals and further quantization with ETAC can minimize
the increased surface electrical resistance due to the increased sur-
face charge density. Thus, the surface electrical resistance of Q(5%)-
PEI(1.0)@ZIF is only increased by 1.8 ohm-cm® compared to the CEM.
Figure 2H shows a 15 mA.cm ™ limiting current density of the
Q(5%)-PEI(1.0)@ZIF#CEM, which is lower than that of the CEM
(i.e., 20 mA-cm ™ limiting current density, fig. $14). The decreased
limiting current density is caused by Q(5%)-PEI(1.0)@ZIF, and cau-
tion should be taken to choose the operating conditions of this re-
sulting membrane under the limiting current density (Ohmic region)
in electrodialysis.

Five cations (Lit, Nat, K%, Mg2+, and Ca*") commonly found in
water streams are selected, and their permeation is measured in
electrodialysis by using a cocktail solution. The ion permeation rate
and the Li*/M”" (M”": Na*, K*, Mg**, and Ca®") permselectivity
are calculated to evaluate the transport behavior of different cations.
In electrodialysis at a constant current density of 5 mA-cm™2, all cat-
ions transport through the pristine CEM (the commercial cation
exchange membrane) and accumulate in the concentrated chamber
(fig. S15A). During the 120 min, the transport order of this pristine
CEMisK* (0.31 molm 2hour™!) > Ca?" (0.25 molm~%hour™!) ~ Mg2+
(0.25 mol m™%hour™}) > Na* (0.22 mol m2hour™) > Li* (0.18 mol
m~2hour™}) (Fig. 2I); while, the transport ability order about the
Q(5%)-PEI(1.0)@ZIF#CEM is K* ~ Li* > Na*, and the divalent cations
(Mg** and Ca®") are rejected (fig. S15B and Fig. 2I) during the 120 min.
To decrease the effect of the polarization phenomenon caused by
excessive running time in the electro-driven system, we also calcu-
late the ion transport ability order through the pristine CEM and
Q(5%)-PEI(1.0)@ZIF#CEM during the 60 min: The ion transport abil-
ity order through the pristine CEM is K* (0.34 molm 2 hour™) > Ca**
(0.26 mol m™*hour™") ~ Mg** (0.26 mol m “hour™") > Na* (0.23 mol
m~2hour™) > Li* (0.19 mol m 2 hour™}), and through the
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Q(5%)-PEI(1.0)@ZIF#CEM is K* ~ Li* > Na* > > Ca** (0 mol
m~2hour™}) ~ Mngr (0 mol m~2hour™}) (Fig. 2]). The synergistic
effect of size sieving and electrostatic repulsions of Q(5%)-PEI(1.0)@
ZIF could impede the divalent cations (Ca** and Mg**) transport,
where both Ca?* and Mg®* permeation rates decrease close to 0 mol
m~>hour™". Through the pristine CEM, monovalent cations with
smaller Stokes radii are preferentially transported, which means that
K" is the easiest to be transported, followed by Na* and then Li*
(37, 38). However, our prepared Q(5%)-PEI(1.0)@ZIF#CEM shows
amuch enhanced Li* permeation rate instead, making the transport
of Li* faster than Na* and close to that of K*. This changed Li" trans-
port behavior can be explained by Li* controlled Q(5%)-PEI(1.0)@
ZIF structure formation and the bonding affinity of reacted ETAC.
Consequently, this enhanced Li* ion permeation rate, together
with high Li*/M** permselectivity of Q(5%)-PEI(1.0)@ZIF#CEM
(Fig. 2K), could be used to achieve highly efficient Li* recovery from
water streams.

Theoretically, the design principles of the Q(5%)-PEI(1.0)@
ZIF#CEM membrane for cation selectivity are based on the electri-
cal field-assisted Li* control synergizing with Donnan equilibrium,
size sieving, electrostatic interaction, or bonding affinity (Fig. 3A):
(i) Donnan equilibrium—Anion (i.e., CI”) can move into the pos-
itively charged cavity of Q(5%)-PEI(1.0)@ZIF but cannot trans-
port through CEM; cations can transport from this cavity instead;
(ii) electrostatic repulsion—Monovalent/multivalent cations is selec-
tively separated; (iii) size sieving and dehydration—Smaller hydrated
cations transport into the cavity with part-dehydration energy;
(iv) electric field-assisted ion control—The Li* controlled ETAC
formation of the Q(5%)-PEI(1.0)@ZIF forms well-defined geomet-
rical and chemical channels enabling fast and precise Li* transport;
(v) bonding affinity—Functional groups with high adsorption en-
ergy (i.e., bonding affinity) to Li* enhance Li* transport (figs. S16
to S19).

To investigate the Li" transport ability through the Q-PEI@ZIF
structure, on the basis of the results of cations permeation ability
through CEM and Q(5%)-PEI(1.0)@ZIF#CEM, we select represen-
tative monovalent (Li*, Na™, and K*) and divalent (Mg2+ and Ca*")
cations to study their transport mechanisms. Among those ions,
Na* and Mg*" are the mono- and divalent ion species that often in-
terfere with Li* recovery from water streams (39), while K* and
Ca** are included to further validate the observed selectivity trend.
The DFT calculations are performed to compare the bonding affin-
ity (adsorption energy, E,q4s) of these cation species on the Q-PEI@
ZIE In the calculations, the active part of the Q-PEI@ZIF frame-
work (Fig. 3B) is referred to QT-PEI(CL™), where several Cl™ sur-
round the Q*-PEI molecule (Fig. 3C and table S3). This model is
constructed to be consistent with experimental results. Multiple po-
tential binding sites are considered for each ion species, and the
most energetically favorable configurations are identified (figs. S20
to S25). As shown in Fig. 3D, the calculated E,4, values indicate a
clear difference between monovalent and divalent cations. Li* ex-
hibits the strongest binding at —2.23 €V/ion, followed by Na* (—1.86 eV/
ion) and K* (—1.55 eV/ion), while the divalent Mg** and Ca** show
substantially weaker adsorption energies of —0.74t and —0.68 eV/
ion, respectively. Further analyses reveal the differences in cation
interaction with the Q*-PEI(Cl™) framework. Li* forms a Li—N
bond of 1.99 A, close to the 2.03-A bond length in cyclic Li,N,
(40, 41). Charge density difference analysis reveals substantial elec-
tron accumulation between Li* and [N], confirming the strong
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Fig. 3. lon transport mechanisms of the Q(5%)-PEI(1.0)@ZIF#CEM. (A), Schematic illustration of the ion transport and selective separation behavior from the Q(5%)-
PEI(1.0)@ZIF#CEM. (B) Basic molecular structure of Q-PEI@ZIF. (C) The structures and corresponding total energies of four cases of Q*-PEl surrounded by six CI™. (D) The
configuration and corresponding adsorption energy of Li*, Na*, K¥, Mg?*, and Ca?* bonding affinity on Q*-PEI(CI7) at the most energetically favorable site. The inserted
atomic structure shows the details of the adsorption configuration. The brown, silver, white, red, green, pink, blue, purple, orange, and cyan balls represent C, N, H, O, Li,
Na, K, Mg, and Ca atoms. The isosurface level is set as 0.05 e/A>. (E) Schematic of the electro-driven cell used for ion transport measurements. (F) C-V characteristics of
membranes measured under the electro-driven cell with 25 mM LiCl solution (pH 7.0). (G and H), C-V characteristics of the Q(5%)-PEI(1.0)@ZIF#CEM measured under an

electric field with various solutions.

ionic character of this interaction. Similarly, Na* and K* bind to [N]
with bond lengths of 2.42 and 2.85 A, respectively, and exhibit clear
ionic interactions as evidenced by charge accumulation between the
cations and [N]. In contrast, Mg2+ and Ca** adsorb near [N] with
bond distances of 2.34 and 2.46 A, respectively, but exhibit only
minimal electron accumulation, indicating much weaker interac-
tion between the divalent cations and the framework at the binding
sites (Fig. 3D). The substantially stronger bonding affinity between
Li*/Na*/K* and Q*-PEI(Cl™), compared to Mg * or Ca%™, origi-
nates from enhanced charge transfer between these cations and Q-
PEI(CI"). Bader charge analysis quantifies this effect, showing that
Li*, Na*, and K* transfer 0.44, 0.36, and 0.31 elementary charges
([q]), respectively, while Mg2+ and Ca?* transfer only 0.07 [q] and
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0.05 [q] (table S4). The strong ionic bonding formed between mon-
ovalent cations and [N] sites highlights the high affinity of Q*-
PEI(CI") toward monovalent species, thereby explaining the superior
selectivity for Li*, Na*, and K* over divalent ions in electrodialysis
(Fig. 2, T and J). Among the monovalent ions, Li* shows the stron-
gest binding, consistent with its superior transport performance,
while K* exhibits slightly weaker adsorption energy than Li* and
Na* in DFT calculations. Its experimental selectivity is comparable
to Li*, likely due to its smaller hydrated ion size and weaker interac-
tion with the membrane, resulting in lower migration barriers.
These synergetic effects in Q-PEI@ZIF perform the K* ~ Li* > Na*
ion transport ability order of the resulting membrane under an ap-
plied electric field.
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Current-voltage (C-V) characteristics of membranes in 25 mM
LiCl, 25 mM NaCl, 25 mM MgCl,, and 25 mM mixed solutions (i.e.,
LiCl/NaCl and LiCl/MgCl,) are measured under the electric field,
respectively, to describe the dynamic behavior of ion conductivities
(Fig. 3E). In 25 mM LiC], all the prepared membranes present dif-
ferent C-V characteristic slopes (Fig. 3F). These varying C-V char-
acteristics are used for mimicking the Li* transport properties of
prepared constructions and composed of different ion conductivi-
ties, demonstrating that the Q-PEI@ZIF has high Li* transport abil-
ity. To further demonstrate the electrical field-assisted ion control
in synergistic principles on this distinct cation-selective construc-
tion, the C-V characteristic of these membranes is evaluated in 25 mM
NaCl and 25 mM MgCl, (figs. S26 and S27). In contrast, all the
Q-PEI@ZIF constructions show lower Na™ transport abilities and
almost no Mg?" transport abilities from the C-V conductivity char-
acteristic slope, while the Q(5%)-PEI(1.0)@ZIF#CEM shows a
much higher Li* transport ability. Figure 3 (G and H) shows the
C-V characteristics of Q(5%)-PEI(1.0)@ZIF#CEM in different solu-
tions. These C-V characteristic slopes in LiCl or binary solutions
containing Li* are much higher than those in unary NaCl or MgCl,
solutions, which indicates that this highly conductive phenomenon
is mainly caused by the superior Li* transport ability.

To investigate the ion transport ability through the Q-PEI@ZIF
structure, here, a binary ion solution is chosen to simplify and inves-
tigate the ion transport mechanism. The membrane selectivity of
Li*/Mg”* in a mixed aqueous solution is further explored in electro-
dialysis by using as-prepared membranes, at varying Li* and Mg**
initial concentrations and Li*/Mg”" ratios (Fig. 4A). In electrodialy-
sis (i.e., current density of 5.0 mA-cm™2, 100 ml of 25 mM initial
Li*/Mg?" mixtures in both dilute and concentrated chambers), the
concentrations of both Li* and Mg** increases in a similar trend to
the concentrate chamber through the pristine CEM (Fig. 4B). In
contrast, all ZIF-based CEMs show different trends of Li* and Mg**
under the same operating conditions (figs. S28 to S35). The ZIF#-
CEM, designed only on the basis of size sieving effects, leads to both
lower Li* and Mg®* transport, although Li* can be separated from
Mg** by the ZIFs (fig. $29). In contrast to the ZIF#CEM, the ionized
ZIF-based membranes show not only hi§h Li* concentration in the
concentrated chamber but also low Mg* in 120 min (figs. S28 to
§35). In particular, the Q(5%)-PEI(1.0)@ZIF#CEM achieves the
same Li* increased value (20.0 mM) as the pristine CEM (20.5 mM)
in 120 min, while almost no increase of Mg** in the concentrate
chamber was observed (Fig. 4B). Under the same operating condi-
tions, different increasing trends of the Mg** and Li* through these
membranes reflect varying ion transport behaviors, which is mainly
due to the presence of ZIFs and the Q-PEI fixed in ZIFs.

The ion permeability (Fig. 4C) and Li*/Mg** permselectivity
(Fig. 4D) of CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@ZIF#CEM were
investigated to assess Mg®* and Li* transport behavior through
membranes. The Q(5%)-PEI(1.0)@ZIF#CEM yields an ion perme-
ation rate of 0.50 mol m™>hour™" for Li* during 120 min of testing,
which is comparable to the pristine CEM (i.e., 0.52 mol m~*hour ™).
However, Mg>" cannot pass into the recovery chamber through
Q(5%)-PEI(1.0)@ZIF#CEM, with an ion permeation rate of 0 mol
m~>hour™". Thus, an extremely high Li*/Mg** permselectivtity of
20,000 can be achieved with Q(5%)-PEI(1.0)@ZIF#CEM, while the
Li*/Mg** permselectivtity of pristine CEM is as low as 0.99. This
phenomenon is probably because of the Li* control of the ionized
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structure. Because of the positively charged groups fixed within the
Lit controlled structure, the Cl™ enters into Q(5%)-PEI(1.0)@ZIF
cavity by electrostatic attraction so that Li* can easily transport
through this structure via the Donnan equilibrium and the electron
double layer. The ZIF#CEM demonstrates a decreased Li* perme-
ation rate, although the Li*/Mg** permselectivity is slightly im-
proved compared to pristine CEM. Thus, on the basis of the electric
field-assisted assembly strategy and synergistic separation princi-
ples of size sieving, electrostatic interaction, and bonding affinity,
the Q(5%)-PEI(1.0)@ZIF#CEM has a high Li*/Mg*" permselectiv-
ity and a high Li* permeation rate in an electro-driven process. Ac-
cordingly, this high Li* ion permeation rate together with the high
Li*/Mg** permselectivity can make the purity of Li* in the concen-
trate chamber reach >99.99% in 120 min, while it is only 63.55% of
ZIF#CEM and 49.88% for the pristine CEM (Fig. 4E). Compared to
the most advanced membranes reported to date, the Q(5%)-PEI(1.0)@
ZIF#CEM sets a benchmark by achieving unparalleled Li*/Mg**
permselectivity while maintaining an excellent balance in Li* per-
meation rate, thereby overcoming the permeation-selectivity trade-
offs (Fig. 4F and table S5) (14, 42-49). Consequently, superior Lit
recovery rate and Li* purity are achieved by using the Q(5%)-
PEI(1.0)@ZIF#CEM in electrodialysis compared to other Li* recov-
ery systems (Fig. 4G and table S6) (50-60).

Considering that different water streams may have different salt
concentrations as well as ion ratios, the effect of salt concentration
(Mg2+ and Li*) on the Q(5%)-PEI(1.0)@ZIF#CEM performance is
comprehensively studied. With increasing concentration of the
mixed solution from 25 mM to 100 mM, the Li* permeation rate
increases from 0.50 to 0.80 mol m™*hour™" (Fig. 4H and fig. $36),
while the Li*/Mg** permselectivity (in 120 min) decreases from
20,000 to 10 (Fig. 4I). This is because the high ion concentration
could increase the current efficiency, enhancing transport of both
Mg** and Li*. Figure 4] shows the effect of the Li*/Mg** ratio of 1:1,
1:10, and 1:100 on Li*/Mg** permselectivity, the Li*/Mg** permse-
lectivity of Q(5%)-PEI(1.0)@ZIF#CEM decreases from 100 to 60
and 30, respectively. During this process, the Mg** permeation rate
remains constant because of the fixed concentration, while the Li* is
substantially reduced at a lower concentration (fig. S37). Thus, it
consequently causes a decreasing Li*/Mg”* permselectivity with de-
creasing Li*/Mg”* ratios.

DISCUSSION

On the basis of the hypothesis of electric field-assisted ion control
and the synergistic principles of size sieving, electrostatic interac-
tion, and bonding affinity, this work constructs an ionized MOF
functionalized layer on a CEM surface. The as-developed mem-
brane shows an ultraefficient transport trend of Li*. In electrodialy-
sis, the resulting membrane has the following order of ion transport
ability: K* ~ Li* > Na* > Ca®* ~ Mg**. Supported by DFT calcula-
tions (based on electrostatic interactions analysis) and ion conduc-
tivity testing (based on dynamic experimental analysis), it confirms
that the Q(5%)-PEI(1.0) @ZIF#CEM membrane has a stronger affin-
ity and enhanced transport ability for Li* compared to Na* and
Mg**. In 5 mA-cm™ electrodialysis, with 25 mM initial Li*/Mg**
mixture, the Q(5%)-PEI(1.0)@ZIF#CEM membrane exhibits the
Li*/Mg** permselectivity as high as 20,000. The purity of Li*, 99.99%,
is obtained by 120 min of electrodialysis. The design concept,
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Fig. 4. Lithium resource recovery from the Mg>* and Li* mixed solutions. (A) Scheme of membrane selectivity of Li*/Mg?" in electrodialysis (i.e., the current density
of 5.0 mA-cm™2, 100 ml of 25 mM initial Li*/Mg?* mixtures in both dilute and recovery chambers). (B) Increased concentrations of Mg?* and Li* in the recovery chamber
in 120 min via the CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@ZIF#CEM. (C) lon permeation rate of Mg2+ and Li* during 120 min of CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@ZIF#CEM
membranes. (D) The permselectivity values of the CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@ZIF#CEM membranes during 120 min. (E) The Li* purity and recovery rate by CEM,
ZIF#CEM, and Q(5%)-PEI(1.0)@ZIF#CEM membranes. (F) Comparison of LiJ'/Mg2+ permselectivity and Li* permeation rate of the Q(5%)-PEI(1.0)@ZIF#CEM membrane with
other reported nanomaterial electro-driven membranes, including polymeric MOF-based membranes, COF-based membranes, POPs membranes, and 2D membranes.
(G) Comparison of Li* recovery rate and Li* recovery purity of this work with other reported systems, including electrodialysis, nanofiltration, integrated membrane sys-
tem, and non-membrane system (Operated conditions are shown in table $6). (H) lon permeation rate of Mg®* and Li* in 120 min of Q(5%)-PEI(1.0)@ZIF#CEM membranes
with initial concentrations of 25, 50, and 100 mM, respectively. (1 and J) Li"/Mg2+ permselectivity values of the Q(5%)-PEI(1.0)@ZIF#CEM with different initial concentra-
tions (25, 50, and 100 mM) and with different initial concentration ratios [50 mM of n(Mg>*):n(Li*) = 1:1, 10:1, and 100:1, respectively]. h, hours.
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technological principle, and evaluation methods will expand the
electric field-assisted Li* control in the construction of an ionized
framework for highly efficient recovery of ion resources.

MATERIALS AND METHODS

Chemicals and membranes

2-methylimidazole (99%), Zn(NOj3),-6H,0, polyethyleneimine
(M,, =2000), ETAC, DMP-30, lithium chloride (LiCl), sodium chlo-
ride (NaCl), sodium chloride (NaCl), potassium chloride (KCl),
magnesium chloride (MgCl,), calcium chloride (CaCl,), and sodium
sulfate (Na,SO,) were purchased from the Sigma-Aldrich (Germany).
All the chemicals were used without any further purification. In this
work, the Fujifilm commercial anion exchange membrane (type I)
and CEM (type I) were used to support this study (in table S1).

Preparation of the Q-PEI@ZIF#CEM membranes

In this study, the Q-PEI@ZIF crystals are constructed via the PEI
threaded ZIF (PEI@ZIF) through an in situ confinement conversion
process and the ETAC quaternized PEI@ZIF (Q-PEI@ZIF) via an alter-
nating current electric field-assisted Li* control assembly process (27).
The commercial CEM (pristine CEM) isimmersed ina 2-methylimidazole
solution and kept in a horizontal placement state. Different contents
of positively charged PEI mixed with the Zn(NO3),-6H,0 are added
and added into this 2-methylimidazole solution (volume ratio 1:2).
Then, the PEI@ZIF crystals are assembled on the pristine CEM sur-
face, and the first PEI@ZIF layer on CEM surface based on in situ
growth and electrostatic bonding interaction is constructed. Then,
the defective PEI@ZIF layer is eliminated by repeating the construc-
tion of PEI@ZIF crystals. Last, the PEI@ZIF#CEM with ample -NH,
groups is placed perpendicular to a laboratory-designed membrane
assembly device (an electric field-assisted ion control membrane as-
sembly device, i.e., eF-IC membrane device). In theory, the -NH, in
PEI@ZIF can react with the epoxy group in ETAC under the catalyst
of DMP-30. Thus, the positively charged ETAC mixed with LiCl solu-
tion is added into the above eF-IC membrane device and is chemi-
cally assembled in the PEI@ZIF structure with activation of the
DMP-30 catalyst. In this process, the Li* can not only transport the
PEI@ZIF#CEM but also affect the ETAC monomers assembly on
PEI@ZIF architectures, obtaining the Q-PEI@ZIF layer on the pris-
tine CEM surface. In addition, unstable stacked Q-PEI@ZIF crystals
can fall from the layers under this alternating-current electric field
(10V, 50 Hz). After that, only the stable and thin Q-PEI@ZIF crystals
are constructed on pristine CEM.

Characterization methods

Chemical characterization

All the samples were dried thoroughly in a vacuum oven at 45°C for
24 hours. The total reflectance ATR-FTIR (Nicolet 6700, USA) is
used to monitor the functional groups of Q-PEI@ZIF crystals and
membranes. XPS (Kratos AXIS Ultra DLD, Japan) with a current of
1.8 A, bias 3.3 V and bias 1.0 V is used to analyze the elemental
compositions of the synthesized Q-PEI@ZIF crystal samples. The
high resolution of Q-PEI@ZIF crystals is also characterized by XPS.
Structure characterization

Photographs are taken with a digital camera. The morphologies of
Q-PEI@ZIF crystals and membranes, including surface and cross
section, are observed with an SEM (S-4700 Hitachi, Tokyo, Japan) at an
accelerating voltage of 10.0 kV. The surface roughness of the Q-PEI@
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ZIF crystals (the scanning area is 1 pm by 1 pm of each sample) and
membranes (the scanning area is 5 pm by 5 pm of each sample) is
evaluated by an AFM (Bruker, USA) under tapping mode at 25°C. Powder
XRD Bruker D2 Phaser, USA) is used to record the structure chang-
es between Q-PEI@ZIF and ZIF-L crystals with a scanning speed of
2.0° per minute at 25°C. The BET adsorption isotherms of Q(5%)-
PEI(1.0)@ZIF and ZIF are measured at standard temperature and
pressure (273 K and 101.325 kPa, respectively with N,) by using sur-
face area and pore size analyzer (Quantachrome NOVA 2200E BET,
USA) for surface area, pore volume, and pore size distribution.

Electrochemical properties

Surface charge density of the CEM, ZIF#CEM, and Q(5%)-PEI(1.0)@
ZIF#CEM are calculated via streaming potential measurements by
an electro-kinetic analyzer (Anton Paar, Graz, Austria) at pH 7,
where a 1.0 mM KCl solution is passed over the membrane surface.
Surface electrical resistance (Rs) of pristine CEM and prepared
membranes is measured in 0.50 M NaCl. The electrode solution for
testing is 0.2 M Na,SOy (61). Before testing, all membranes have
been immersed in 0.5 M NaCl solution for 8 hours. Membrane sur-
face electrical resistance Rg (ohm-cm?) is calculated as

U-U,
Ry=— 9
where U and U (V) are the voltage with and without membrane
samples, respectively; I (0.04 A) is the constant current through the
membranes. S (7.065 cm?) is the membrane area.

Polarization C-V curves of all membranes are tested in 0.10 M
NaCl in electrodialysis. Before testing, these Q-PEI@ZIF#CEM
membranes are immersed in a 0.1 M NaCl solution for 8 hours. The
membrane surface current density, I, (A-cm™2) is calculated by

XS

I =-
$

where I (A) is the current through the membranes and s (7.065 cm?)

is the membrane area.

The dynamic behavior of membrane ion conductivities is evaluated
through the C-V characteristics in 25 mM LiCl, 25 mM MgCl,, and
25 mM mixed solutions (pH 7.0), respectively, in the laboratory-designed
testing device. An electrochemical workstation (Autolab PGSTAT
302N, Metrohm Belgium) is used to measure the Q-PEI@ZIF#CEM
membranes (7.065 cm?), and the scale of voltage is —0.4 Vto 0.4 V.

lon-selective measurements

Multi-cation mixed system

The temporal evolution of multi-cations (Li*, Na¥, K*, Ca**, and
Mg**) concentrations in electrodialysis is measured to evaluate the
ion-selective performance, including ion permeation rate and Li*/
M™* permselectivity (fig. $38). The initial composition of solutions
both in feed and recovery chambers is 25 mM mixed solutions (i.e.,
LiCl, NaCl, KCIl, MgCl,, and CaCl). The effective area of the mem-
brane sample is 19.625 cm?, and the application of constant current
is 0.10 A, with the membrane surface current of 5.0 mA-cm™". The
electrode solution is 300 ml of 0.5 M NaCl. Every 10 min, the con-
centration of Li*, Na*, K*, Ca®*, and Mg”* in the recovery chamber
is analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Thermo Fisher Scientific iCAP 7400 Duo,
USA). The limit of detection is calculated from the variance in the
background signal relative to the standard line (table S7).
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Binary-cation mixed system

The temporal evolution of binary-cation (Li* and Mg**) concentra-
tions in electrodialysis is measured to explore the ion-selective mech-
anisms (fig. S38). The initial composition of solutions both in feed
and recovery chambers is 25 mM mixed solutions (i.e., LiCl and
MgCly), and the concentration of Li* and Mg** in the recovery
chamber is measured every 10 min by ICP-OES (62).

lon permeation rate (J)

It is used to illustrate ion transport ability, which is the ion perme-
ation rate and expressed in mol-m™>hour ™. It is calculated as

dc
4 dt

]=S

where c is the ion concentration; V (100 mL) is the volume of solu-

tion, and S (20 cm?) is the membrane area.

Permselectivity (P)

It is used to illustrate membrane selectivity compared to other ions.

When the permselectivity >1, it indicates the selective property be-

tween two ions. Otherwise, it suggests no selectivity. Compared to

other cations (M*"), the Li*/ M”* permselectivity is calculated as
PLi _ TLi / TM _

M

Jii-Cm
i/ om v - Cui

where T is the ion transport number.

DFT calculation

The DFT calculations are performed by using the Vienna ab initio
simulation package (63). We adopt the generalized gradient approx-
imation implemented by Perdew, Burke, and Ernzerhof and the pro-
jector augmented wave approach (64, 65). The C(2$22p2), N(2522p3),
H(1s"), 0(25%2p"), Cl(3s*3p°), Li(2s"), Na(3s"), K(35?3p%4s"), Mg(3s?),
and Ca(3523p6452) valence states are used to describe electron-
nuclear interact. The plane-wave basis cutoff is set as 400 eV. The
energy convergence criterion is set to 10> eV, and the residual forces
in the converged structures are smaller than 0.01 eV/A. The Brillouin
zone is sampled by a single gamma. The branched PEI polymer is
placed in a simulation cell of 50 A by 50 A by 30 A, providing over
15 A of vacuum spacing in all directions to eliminate spurious inter-
actions between periodic images.

To investigate the intrinsic ion selectivity behavior, we model a
positively charged Q"-PEI polymer segment in vacuum, neglecting
explicit solvent and background electrolyte. To mimic the ionized
state of the polymer, a positively charged Q*-PEI segment is mod-
eled in vacuum without explicit solvent or background electrolyte,
and Cl” counterions are introduced to achieve charge balance and
stabilize the configuration. Table S3 shows the charge of different
element species in both Q-PEI and ionized Q*-PEI(CI™). Before the
introduction of CI”, the Q-PEI remains electrically neutral. While
Cl” is introduced in the system, the Q-PEI is positively charged,
forming ionized Q*-PEI as CI™ transfers 0.831 elementary electrons
([q]) to Q-PEL To find the adsorption sites for CI~ surrounding Q*-
PEI, we calculate the bonding affinity (adsorption energy, E,qs) of C1”~ by

Eads(Cl) = Ega — EQ—PEI —Eq

where Eioral, Eq-pE1, and Ecy are the total energy of Cl™ adsorbed on
Q-PEI, the total energy of Q-PEIL and the total energy of the Cl™ in
a vacuum, respectively. CI” has the most negative adsorption energy
of —0.36 eV/ion when positioned at the top site of H, which is
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connected to O. Consequently, we place six Cl~ surrounding Q*-
PEI(CI™) to maintain the coordination of N atoms in the polymer
line. Figure 3C summarizes four cases of Q*-PEI(Cl") surrounded
by six Cl7, and the case with the most negative total energy was se-
lected as the ground state of ionized Q*-PEI(CI7).

The Q*-PEI(Cl") structure is treated as rigid (atomic positions
fixed) during cation adsorption calculations, while Li*/Na*/K*/
Mg**/Ca** ions are allowed to relax freely. This approach isolates
the energetic contributions from jon-polymer interactions and ne-
glects polymer reorganization and entropic contributions. The bond-
ing affinity energy (E.qs) of surface species is calculated by

E4s(M) = E\y — EQ*—PEI(CI’) —Ey

where Eal, Eqt-prrci—), and Eyp are the total energy of cation ad-
sorbed on Q*-PEI(CI"), the total energy of the state Q*-PEI(CI™),
and the total energy of the cation atom in a vacuum, respectively.
Figures S21 to S25 summarizes the configurations and correspond-
ing adsorption energies of Li*/Na*/K*/Mg**/Ca®" at other adsorp-
tion sites. To model the ionic forms (Li*, Na*, K*, Mg2+, and Ca?%),
we introduced additional CI™ ions into the system to achieve charge
neutrality and mimic realistic ionized states. We also performed cal-
culations using neutral Li, Na, and Mg atoms and observed similar
adsorption trends (table S8). Figures S39 to S42 summarize the con-
figurations and corresponding adsorption energies of Li/Na/Mg atoms
at various adsorption sites. Van der Waals interactions are included via
the DFT-D3 method to account for weak dispersion forces (66). Ad-
sorption energies were computed at 0 K based on static total energy
differences, under the assumption that enthalpic interactions domi-
nate the observed ion selectivity.

Supplementary Materials
This PDF file includes:

Supplementary Methods

Figs.S1 to S42

Tables S1to S8
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