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Precise separation of ions of the same polarity and similar valence and size
remains a critical need in resource recovery from waste streams. Here, we
report the rational design and scalable fabrication of a thin film nanocomposite
(TFN) cation exchange membrane to achieve precise selectivity for lithium over
competing cations. The precise selectivity is realized by an ultrathin polyamide
(PA) layer incorporated with amine functionalized S-monoclinic lithium tita-
nium oxide (N-LTO) nanoparticles using a scalable interfacial polymerization
process that allows high N-LTO loading while minimizing interfacial defects. The
TFN membrane demonstrates superior Li* permeability, with Li*/Ca®" and Li*/
Na* selectivity reaching 173.90 and 13.58, respectively. The Li"/Na* selectivity is
attributed to the Li*-exclusive transport pathway in the layered structure of the
N-LTO, while size exclusion by the highly cross-linked N-LTO-PA also con-
trubutes to the Li*/Ca* selectivity. Molecular dynamics simulation shows that
the electrical field drives Li* dehydration and accelerates the migration of the
dehydrated Li* while Na* is blocked due to its larger size than the Li* cavity. The
high Li* selectivity and permeability enable energy-efficient, precise, and
chemical-free lithium extraction using the electrodialysis process. The TFN
membrane architecture also allows simple and scalable fabrication of a multi-
functional polymer-inorganic nanocomposite membrane.

The urgent need to achieve net-zero carbon emissions has brought demand**. In addition to hard-rock ores, there is abundant lithium in
attention to the recovery and recycling of minerals critical to energy  surface and underground brine sources>®, which currently supplies 50
transition”. Used in large quantities in batteries for electric vehicles to 75% of the global lithium demand’. However, the conventional
and industrial-scale energy storage, lithium is a critical mineral of high  method for lithium extraction from brines relies on the use of massive
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evaporation ponds and suffers from high water intensity, low lithium
recovery, and intensive chemical use®'. Direct lithium extraction
(DLE) technologies extract lithium from a brine source without eva-
poration. DLE technologies, including adsorption'®”, ion exchange®",
solvent extraction>*, and membrane processes’, have demonstrated
lithium recovery of over 80% but face significant challenges ranging
from poor long-term stability of adsorbents to extensive chemical
usage and high operating costs" .

Electrodialysis (ED) is an electric potential-driven membrane
process. It can extract and concentrate charged species from a brine
under ambient conditions with no chemical usage, minimum water
consumption and zero pressure, making it highly attractive for DLE',
However, existing cation exchange membranes (CEMs) used for ED
cannot separate Li* from other cations in the brine source, e.g., Ca*,
Mg?, and Na', the concentrations of which are usually orders of
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magnitude higher than that of Li* . Divalent cations, especially Ca**
and Mg?, affect lithium product purity due to co-precipitation during
chemical precipitation to form Li,CO;, LiOH, or other lithium pro-
ducts. Removal of Ca2* and Mg?* by chemical precipitation pretreat-
ment, on the other hand, reduces lithium recovery due to co-
precipitation of Li* with the Ca?* and Mg*" precipitates. Additionally,
co-transport of other cations such as Na* and K* increases energy
consumption and hence the operating cost'*%.

Progress has been made in developing monovalent selective
membranes that limit divalent cation transport by size exclusion and/
or Donnan exclusion and high selectivity for Li* over Mg?* and Ca** has
been reported”?'. However, achieving precise Li* selectivity over
competing ions, remains a significant challenge, especially for mono-
valent cations (e.g., Na* and K*), which have the same polarity and
valences as well as very similar sizes as Li"'®**. Due to its smaller
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Fig. 1| TFN-CEM with high and uniform loading of N-LTO. A Schematic illus-
tration of N-LTO synthesis and N-LTO-PA layer formation. In the schematic of the N-
LTO-PA layer, the pink area with scattered yellow dots represents the PA network
consisting of MPD and TMC. B SEM images of LTO (B1) and N-LTO nanoparticles
(B2). C XRD spectra of LTO and N-LTO nanoparticles; peaks that match the stan-
dard Li,TiO; XRD pattern from the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) #33-0831 are marked by triangles. D FTIR spectra of LTO and N-LTO
nanoparticles. The insert shows the anticipated surface chemistry of N-LTO. The
peaks shared by LTO and N-LTO nanoparticles are marked by colored bars. Unique
peaks that appeared in N-LTO are marked by arrows. E Photos of the N-LTO-PA side
(E1) and the CEP side (E2) of the membrane prepared with 0.5g L™ N-LTO (N-LTO-

Binding Energy (eV)

PA-0.5). F Cross-sectional SEM image of the N-LTO-PA-0.5 membrane showing a
TFN structure consisting of CEP, PSfand N-LTO-PA layers. The N-LTO-PA layer is too
thin to be observed clearly at the top of the PSf layer at this scale, but the surface
clearly exhibits characteristic features of the N-LTO-PA layer. G SEM image of the N-
LTO-PA layer surface of the N-LTO-PA-0.5 membrane. H Surface SEM images of
the commercial CEM (COMM), lab-made PA membrane (PA), unmodified LTO
incorpated PA membrnae (LTO-PA), and a membrane formed by reacting N-

LTO only with TMC without MPD on the PSf surface (N-LTO-TMC) I Cross-sectional
TEM image of the N-LTO-PA-0.5 layer formed on the PSf layer. The bright areas are
LTO nanoparticles. ] XPS spectra of the N-LTO-PA-0.5 membrane. The insert shows
the Cls spectrum.
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hydrated ion size and lower hydration energy, Na* and K" have higher
ionic mobility than Li* and transports faster than Li* through conven-
tional membranes®'®. Two approaches have been used to reverse this
permeability order. Ligand-grafted membranes enhance the perme-
ability of Li* relative to other monovalent cations by increasing Li*
solubility and diffusivity via specific interactions with the ligand (e.g.,
crown ethers***, sulfonated polymers” and dipodandic phosphoryl-
ligands®). However, the selectivity achieved was low as the non-
selective ion transport through the water-swelled polymer matrix is a
major contributor to the overall ion transport flux. A more commonly
used approach utilizes lithium-ion sieves (LIS) with Angstrom-sized
pores to transport partially or fully dehydrated Li* while excluding the
larger Na* and K*?°*°, LISs used include lithium superionic conductors
(LiSiCONs) such as LiLSAlo_sGeLS(PO‘;)?,, Li1_3A|0.3TiL7(PO4)33I, LianO415,
Li,TiO5%, and Li,TisO1,**, sodium superionic conductor-like solid state
electrolyte®, 2-D nanosheets with modified interlayer spacing®, and
chemically modified metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs). With their highly crystalline structure,
LiSiCONs exhibit excellent adsorption selectivity for Li*. Membranes
prepared with only LiSiCONs have demonstrated extremely high Li*
permeation selectivity against mono- and di-valent competing
cations®. However, scaling up the fabrication of defect-free LiSiCON
membranes is extremely challenging if possible at all. Alternatively,
LiSiCONs can be incorporated in a polymer matrix, although the Li*
selectivity reported using this approach was orders of magnitude
lower than the adsorption selectivity of the LiSiCONs used**. This can
be attributed to two main reasons. First, the incompatibility between
the inorganic LiSiCON and the membrane polymer limits the LiSICON
loading in the membrane. Because ions preferentially transport
through the non-selective polymer matrix, the overall selectivity of the
composite membranes remained low***'. Secondly, large defects at
the LiSiCON-polymer interface can lead to leakage of ions through the
membrane, which reduces the permselectivity between cations and
anions as well as the selectivity for Li* over other cations****. More-
over, although some research has developed materials with very high
Li selectivity, these materials usually lack other necessary properties
such as adequate cation/anion separation, mechanical strength or
manufacturing scalability”™*’. Finally, due to lattice constraint and
interfacial resistance*®*’, the overall low conductivity of LiSiCON
contained membrane hinders a rapid separation of Li* from the com-
plicated water matrix. Therefore, a facile and scalable fabrication
method that enables a membrane architecture with high and uniform
loading of LISs to maximize Li selectivity is greatly needed.

Here, we report the development of a novel lithium-selective thin
film nanocomposite cation exchange membrane (TFN-CEM) using a
simple and scalable fabrication method and demonstrate its perfor-
mance in separating Li* from both monovalent and divalent competing
cations in an ED process in a wide range of solution conditions. Force
field molecular dynamic simulation elucidates the transport mechan-
isms leading to the high selectivity as well as the critical role of the
electric field.

Results

Rational design of Li* selective cation exchange membranes
To achieve the desired properties of a Li* selective CEM, we designed a
TFN-CEM that contains a cation exchange polymer (CEP) layer, a por-
ous polysulfone (PSf) layer, and a PA skin layer embedded with
nanosized monoclinic S-LTO (Fig. 1A and Supplementary Fig. 1). The
CEP layer separates cations from anions, the PSf layer provides
mechanical strength and a suitable interface for the formation of the
LTO-embedded PA layer, and the LTO-embedded PA layer provides
separation between Li* and competing monovalent and divalent
cations. Because the formation of the PA layer can only happen on the
skin layer (i.e., the dense side) of the asymmetric PSf layer, the CEP
layer was casted on the opposite side of the PSf layer, where the large

pores allow strong adhesion of the CEP on the PSf layer surface. The
monoclinic S-LTO features alternating layers of stable (LiTi,) and
exchangeable (Li3), which form straight, slit-shaped pores to allow
highly selective Li* transport between the (LiTiz) layers®**". In order to
create defect-free LTO-PA interfaces, the lab-synthesized N-LTO
allowing a high degree of cross-linking with acyl chloride during the
interfacial polymerization (IP) process that forms the N-LTO embed-
ded PA layer (N-LTO-PA, Fig. 1A and Supplementary Fig. 1). In this
design, the dense PA hinders the transport of divalent cations, while
the LTO allows only the transport of Li*, resulting in overall high
selectivity between Li* and competing cations.

Achieving uniform and high N-LTO loading in the PA layer

To achieve high Li" selectivity while maintaining high permeability, it is
critical to form an ultra-thin N-LTO-PA layer with uniform and high
loading of N-LTO (Fig. 1A). First, the LTO synthesis conditions were
controlled to produce nano-sized LTO particles (70.2 + 8.4 nm in dia-
meter). The scanning electron microscopy (SEM) images (Fig. 1B1) of
the LTO showed fairly uniformly sized cubic crystals, similar to what
was previously reported®>®. After amine functionalization using
3-aminopropyltriethoxysilane (APTES), the resulting N-LTO showed no
significant morphological changes compared to the pristine LTO
(Fig. 1B2). Additionally, strong peaks at 18.3°, 35.6°, and 43.3° in the
X-ray diffraction (XRD) spectrum of N-LTO match the spectra of
standard Li,TiO5 and the unmodified LTO (Fig. 1C), suggesting that the
amine functionalization did not change the LTO crystalline structure.
Fourier-transform infrared spectroscopy (FT-IR) confirmed successful
-NH, functionalization (Fig. 1D). Both LTO and N-LTO exhibited peaks
at 2350, 1850, and 1480 cm™1, corresponding to C=0 stretching, Ti-O
bond vibration, and O-H bending, respectively***. The spectrum of N-
LTO, however, featured peaks at 1640 and 3400 cm™!, which are
absent in the LTO spectrum and are attributed to N-H bending and N-H
stretching, respectively. Distinct peaks at 1060 and 2120 cm™! were
also found on the N-LTO spectrum, corresponding to Si-O and Si-OH
bonds originating from APTES®®.

The N-LTO nanoparticles were incorporated into the PA matrix to
form the N-LTO-PA layer on the skin layer (i.e., the dense side) of the
polysulfone support layer (Supplementary Fig. 2). As shown in
Fig. 1E1 and E2, the N-LTO-PA layer fabricated with 0.5g L™ N-LTO (N-
LTO-PA-0.5) was white and shiny, while the CEP layer was brown. The
cross-sectional SEM image confirmed the three-layer TFN structure as
designed, with a total thickness of 122.3 + 6.2 um (Fig. 1F). The dense
CEP layer is 64.6 +2.1um in thickness, and the porous PSf layer is
57.8+3.9um. The N-LTO-PA layer exhibits a rugged surface with
numerous N-LTO nanoparticles uniformly distributed on the surface
(volume fraction Dn. 1oy = 21.4%, Fig. 1G). This is in contrast with the
surface of the PA membrane prepared without LTO, which exhibited
the ridge and valley surface morphology typical for PA membranes
(Fig. 1H and Supplementary Fig. 3). Unlike the as-synthesized N-LTO,
the particles on the membrane surface appeared irregular, suggesting
that the N-LTO nanoparticles were covered by PA. Unmodified LTO,
however, was not successfully incorporated in the PA: few LTO parti-
cles were found in the LTO-PA layer with a very low LTO volume
fraction of 0.3% (Fig. 1H). The low LTO loading was attributed to the
poor chemical compatibility between LTO and PA. Amine functionali-
zation is necessary to create adequate binding between LTO and PA.
Furthermore, crosslinking between N-LTO and trimesoyl chloride
(TMC) without m-phenylenediamine (MPD) was not able to form a
congruent coating (denoted as N-LTO-TMC, Dn. 1oy =1.4%, Fig. 1H).
The formation of a separate PA phase is necessary to ensure proper
dispersion of N-LTO in the membrane.

Transmission Electron Microscopy (TEM) characterization of the
N-LTO-PA-0.5 layer cross-section showed an ultrathin nanocomposite
film of 140.6 £12.4 nm in thickness (Fig. 1I). The image also showed
high density and uniform distribution of N-LTO throughout the PA
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Fig. 2 | The effect of N-LTO-PA on Li* and Na* transport selectivity. A Li* and Na*
adsorption on bare LTO and N-LTO activated by HCI. B Li* and Na* ion flux and Li*/
Na* selectivity obtained by different membranes in ED experiments using a binary
(Li*, Na*) solution. The cross-section TEM images (C), lon flux and Li*/Na* selectivity
(D) and the surface SEM images (E) of membranes prepared at different N-LTO

loadings. F The ion selectivity in the extractant chamber using different membranes
in a binary (Li, Ca) solution. G Li* adsorption capacity of HCI activated LTO nano-
particles (top) and ion flux and selectivity of the N-LTO-PA-0.5 membrane (bottom)

Li*/Na* Selectivity

at different pHs. H The ionic conductivity of different membranes calculated from
the measured membrane resistance and thickness. I Comparison of Li'/Na* and Li"/
Ca*" selectivity (Pyj+/na+ and Py caz+) Of the membrane developed in the current
study (red diamond, “This work”) with other CEMs (blue circles, triangles and
squares) reported in the literature. Corresponding data can be found in Supple-
mentary Table 9. Each data point representing one published study. Error bars
shown in this figure represent the standard deviation from duplicated or triplicated
experiments.

layer with a Dy 1o,y of 21.4%. The Energy Dispersive Spectrometry (EDS)
revealed a uniform distribution of Ti, Si and N, which suggests com-
plete coverage of PA and uniform distribution of N-LTO (Supplemen-
tary Fig. 4). X-ray photoelectron spectroscopy (XPS) of Si and Ti also
confirms the successful incorporation of N-LTO (Fig. 1J). Moreover, the
XPS and FT-IR results corroborate the membrane structure as
designed (Supplementary Figs. 5 and 6).

Electrochemical impedance of the N-LTO-PA-0.5 membrane was
well described via a revised Randles Circuit, where constant phase
elements (CPE) and Warburg impedance Ws were used to account for
the response caused by the dispersion effect and concentration
polarization effect, respectively (Supplementary Information Sec-
tion 1.3). The Electrochemical impedance spectroscopy (EIS) analyses
showed that the membrane has an electrical resistance (5.48 Q cm? in
0.1mol L™ NaCl) similar to commercial CEMs (usually <15Qcm?)
(Supplementary Fig. 7 and Supplementary Table 1)°’°%. A limiting cur-
rent density of 0.5mAcm™2 was observed in 20 mM NaCl and LiCl
solution by chronopotentiometry analyses (Supplementary Fig. 7C).
Thus, the current density in subsequent experiments was set at
0.2mAcm™

N-LTO-PA membrane preferentially transports Li*
Adsorption selectivity of LTO. Cation adsorption by LTO was asses-
sed in both single-salt and mixed-salt solutions. LTO was first activated

in 0.5M hydrochloric acid (HCI). The resulting HCl-activated LTO
(Supplementary Fig. 8) was then tested for Na* and Li* adsorption. Li*
adsorption by LTO follows the Langmuir model, with a saturation
adsorption capacity of 34.23mgg™ (Supplementary Fig. 9A), and
reached 26.69 mg g™ Li* adsorption in a 250 ppm-Li* solution (Fig. 2A).
In contrast, HCl-activated LTO exhibited poor Na" adsorption, only
0.36 to 0.99 mg g™ over an initial Na* concentration range of 250 to
6000 mg L™ (Supplementary Fig. 9B and Fig. 2A). Similar results were
obtained in a mixed-salt solution containing 20 mM each of NaCl and
LiCl: 24.73 and 0.33 mg g™ of Li* and Na*, respectively, were adsorbed
at a LTO dosage of 1gL™, a Li*/Na* adsorption separation factor of
83.26 (Eq. (1)) (Supplementary Fig. 9C). Despite the high adsorption
capacity, Li* adsorption is relatively slow, reaching equilibrium after
48 h (Supplementary Fig. S9). The slow kinetics is due to the small size
of the space between the (LiTi,) layers and is a major limitation of most
adsorption-based DLE technologies*’. The electrical potential in the ED
process is expected to accelerate Li* movement.

After -NH, modification, the HCl-activated N-LTO showed
reduced Li* adsorption (17.80mgg™ at a dosage of 1gL™). Never-
theless, the HCl-activated N-LTO maintained a high Li* adsorption
separation factor of 101.3, with only 0.19 mgg™ Na" adsorption in
20 mM NaCI+LiCl solution. The apparent decrease in Li* adsorption
was attributed to a lower effective adsorbent dose (i.e., the added mass
of APTES does not contribute to adsorption) (Supplementary Fig. 9D)
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and blockage of some adsorption sites by the APTES coating. When the
mass of APTES was excluded, the adsorption density, 25.26 mg g™, was
similar to that of the HCl-activated LTO.

lon permeability and selectivity of the TFN-CEM. The ion perme-
ability of the TFN-CEM was first evaluated in a bench-scale ED reactor
using the N-LTO-PA-0.5 membrane in place of a CEM using mixed salt
solutions (Supplementary Fig. 10). A commercial CEM (denoted as
COMM, Supplementary Table 2), a membrane fabricated without
N-LTO (denoted as PA)°°, a membrane fabricated using unmodified
LTO (denoted as LTO-PA), and a membrane fabricated without MPD
(denoted as N-LTO-TMC) were tested as controls (Supplementary
Table 3). It is noted that all results presented below were obtained by
installing the membranes with the polyamide layer facing the feed
solution.

The four control membranes exhibited much higher Na* flux
(26.46 to 46.27 mmolh™* m2) than Li* (9.74 to 1516 mmolh1m™),
with a Li*/Na* selectivity of 0.21 to 0.5. For the COMM and PA mem-
branes, this is attributed to the smaller hydrated ion size and higher ion
mobility of Na* (Supplementary Table 4, Fig. 2B and Supplementary
Fig. 11)°"%*. Despite the high adsorption selectivity of LTO for Li*, the
LTO-PA membrane showed poor Li* flux relative to Na* (Li*/Na*
selectivity of 0.33) due to the very low loading of LTO in the PA layer.
The higher Na* permeability of PA, therefore, led to an overall higher
Na* flux than Li*. The N-LTO-TMC membrane showed spotted coverage
of the PSf surface by large aggerates of N-LTO (Fig. 1H). Such incom-
plete coverage allowed ions to transport through the porous PSf layer
without going through a selective layer, resulting in a Li*/Na* selectivity
of only 0.57 (Fig. 2B). In contrast, the N-LTO-PA-0.5 membrane
exhibited a Li* flux (41.94 mmol h~! m~2) more than three times that of
the Na* flux (13.83 mmol h™! m~2) (Fig. 2B). Because the CEP and PSf
layers of the N-LTO-PA-0.5 membrane were the same as those in the PA
and LTO-PA membranes (Supplementary Fig. 3), the high Li* flux is
attributed to the large number of N-LTO nanoparticles embedded in
the PA layer, which provides numerous selective pathways for Li*
transport. In addition, N-LTO-PA-0.5 showed a good mass balance
(>96.7%) and a cation/anion selectivity of 38.98 (Supplementary
Figs. 12 and 13), significantly higher than that of the PA membrane
(29.18). This is attributed to the Donnan exclusion by the CEP layer and
size exclusion by the PA layer. The size of CI (1.81A)** is significantly
larger than Na*(0.95 A), which leads to a complete rejection by sur-
face N-LTO.

Effect of N-LTO loading. As Na" permeability through PA is higher
than Li*, the relative abundance of N-LTO and PA in the N-LTO-PA layer
is expected to affect the overall selectivity throughout the membrane.
lon transport through N-LTO-PA membranes prepared using different
N-LTO dosages (Supplementary Table 3, denoted as N-LTO-PA-X, X is
N-LTO concentrations in gL in the TMC solution) supports this
hypothesis. XPS data showed that N-LTO content in the N-LTO-PA layer
increased with increasing N-LTO dosage, from O, to 8.2, 23.4 and
36.9 wt% (Supplementary Section 3.2 and Supplementary Table 5). The
cross-sectional TEM images of the PA layers also showed increasing
N-LTO density, from O to 12.8, 21.4 and 26.8 vol%, with N-LTO dosage
(Fig. 2C and Supplementary Table 6). Accordingly, the Li* to Na*
selectivity increased from 0.24 to 1.61, 3.03, and 13.58 (Fig. 2D). A
higher N-LTO loading in the PA formed a better-connected network of
N-LTO, which selectively transports Li*. This is evident in the evolution
of membrane surface morphology as the N-LTO dosage increased. The
PA membrane without N-LTO exhibited a ridge and valley surface
morphology (Fig. 2E) typically found in PA reverse osmosis mem-
branes. The number of N-LTO particles visible on the membrane sur-
face increased with increasing N-LTO concentration. The N-LTO-PA-0.5
membrane surface became uniformly covered by N-LTO, providing
easily accessible transport channels for Li*. The N-LTO-PA-15

membrane surface resembled a tessellation of N-LTO particles due to
the very high N-LTO loading throughout the PA layer. This large
number of N-LTO nanoparticles forms an extensive network of trans-
port channels for Li* while excluding Na*. XPS analyses of N-LTO-PA
membranes revealed an increased degree of PA cross-linking with
increasing N-LTO loading (Supplementary Figs. 14-16 and Supple-
mentary Tables 7, 8), which further reduces Na* permeability.

Real lithium source brines often contain high concentrations of
divalent cations, such as Ca?* and Mg?*, which can interfere with Li*
extraction by forming scale on the membrane and introducing impu-
rities in the solid lithium product®®. We tested the N-LTO-PA-1.5
membrane, which exhibited highest Li'/Na* selectivity, in a feed solu-
tion containing 20 mM of Li* and Ca?*, respectively. As expected, Li*
dominated the overall cation transport, with a Li*/Ca?* selectivity of
173.90 (Fig. 2F), 490 times higher than COMM. The very low flux of
Ca2* was attributed to its large hydrated ion size and, hence, low
permeability through both N-LTO and PA®***7°, The membrane’s high
selectivity for Li* against Na* and Ca* is promising for DLE applica-
tions: it is expected to produce high-purity Li products at low energy
consumption. The low permeability of Ca** will also extend the mem-
brane lifetime by reducing scale formation.

Effect of pH. Li* adsorption on LTO is a strong function of solution pH,
and is known to decrease at lower pH (Fig. 2G) due to (1) competition
from H* for adsorption sites, (2) irreversible structural collapse upon
H* insertion into the crystal lattice, and (3) electrostatic repulsion by
the positive surface charges on HCl activated LTO”"*. Li* permeability
through the N-LTO-PA-0.5 membranes decreased with decreasing pH
with the changes more notable at acidic pHs (Fig. 2G). Na* perme-
ability, however, increased slightly when pH dropped to below 7,
leading to a sharp drop in Li"/Na* selectivity by 80.6%. Additionally, the
charge efficiency decreased significantly at pH <7 (Supplementary
Fig. 17), suggesting significant H* permeation through the membrane,
which suppresses Li* transport.

lonic conductivity. As a CEM, N-LTO-PA membranes need to have
adequate ionic conductivity. The ion conductivity of the membranes
was determined by measuring the voltage required to achieve a cur-
rent density of 0.2 mA cm2 in a mixed solution containing 20 mM NacCl
and 20 mM LiClI (Fig. 2H and Supplementary Fig. 17)”°. Compared with
COMM (9.35mS cm™), the PA, LTO-PA, and N-LTO-PA-1.5 membranes
exhibited notably lower ion conductivity, 2.43, 2.39, and 2.14 mScm’,
respectively. The decrease in membrane conductivity is attributed to
the low conductivity of PA and LTO. The reduced conductivity of all
membranes containing PA compared to COMM was due to the resis-
tance of the dense PA network, which is also supported by the voltage
profile in Supplementary Fig. 18. However, the slightly lower con-
ductivity of the N-LTO-PA-1.5 membrane than other PA membranes
suggests that N-LTO enhanced selectivity significantly with acceptable
conductivity loss. Despite such a decrease in membrane conductivity,
the overall specific energy consumption (SEC) for lithium recovery
using the N-LTO-PA-1.5 membrane, 34.83 kWh (kg Li)™, is approxi-
mately 1/3 of that by COMM and the other control membranes used in
this study and comparable with those reported in other stu-
dies: reported 12.5 to 95.7kWh (kg Li)™ (Supplementary Fig. 19 and
Supplementary Table 8).

Performance comparison. The uniform and high loading of N-LTO
provided excellent Li* selectivity against both monovalent and divalent
cations (Fig. 21 and Supplementary Table 9). N-LTO-PA-1.5 has the
highest Li*/Na* selectivity among all polymeric or composite mem-
branes reported, and its Li"/Ca®* selectivity is also among the highest. It
is noted that some previously reported lithium selective membranes
only have selectivity over divalent cations (e.g. Mg®") and are labeled as
monovalent selective in Fig. 21 with detailed data shown in
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Fig. 3 | Molecular dynamics simulation of Li* and Na* transport. The cross-
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Li* (light blue) and Na* (purple) transport through an LTO crystal at an electric field
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transported through the LTO structure as a function of simulation time and electric
field intensity. The steady-state transport rates, determined by linear regression of
the data, are also shown (see Supplementary Table 5 for the goodness of fit). For
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Na’*, no transport was observed at all electrical field intensities; data are only shown
for the highest intensity (0.95 V A™). E The enlarged LTO structure highlights a (Lis)
interlayer sandwiched between two (LiTi,) layers. The distance between (LiTi,)
layer centers is -4.4 A and the width of the vacancies in (Lis) layers is -1.5 A.

F Schematic of the transport model within the N-LTO-PA layer. The PA matrix (gray-
stripped background) and N-LTO (light-blue diamonds) were simplified for clarity.
Molecular dynamics trajectory data at the initial and final configurations can be
found in Supplementary Data file.

Supplementary Table 9. In addition, several variations of the mem-
brane architecture were also investigated and their performance
compared with the TFN-CEM can be found in Supplementary Section
3.5. Results show that the rationally designed TFC-CEM structure is
critical to achieving high selectivity for Li* (Supplementary Fig. 20).

Modeling Li* transport through the N-LTO-PA layer
Experimental data shown above suggest that the Li*/Na* selectivity of
the N-LTO-PA membranes may be attributed to the highly selective
transport of Li* through N-LTO. Although monoclinic £-Li,TiO; is
known to be a selective Li* adsorbent, Li* transport through its crys-
talline structure in the presence of an electrical field has not been
studied. To elucidate the ion transport mechanisms through LTO and
determine the effect of the electrical field on ion transport rate,
molecular dynamics (MD) simulations were performed. In the MD
model, the LTO separates the LiCl or NaCl solution from the extractant,
i.e., pure water (Supplementary Fig. 21)’°. An electric field with inten-
sity ranging from 0.78 to 0.95 V A was applied parallel to the (Li3) and
(LiTi,) layers. It is noted that electric field intensities higher than that
used in the experiments were studied in the MD simulation in order to
accelerate the simulated processes’”’, allowing observation of relevant
effects within the time frame accessible by MD simulations (typically in
the nanosecond range). For comparison, additional simulations were
conducted without an applied electrical field (Supplementary Fig. 21).
The MD simulations reveal that Li* permeation through the LTO is
driven by the electric field via an enriching-bumping-hopping
mechanism. In the absence of an electric field, Li* ions are solvated
and dispersed in the feed solution (Supplementary Figs. 21A, 22A, 23A),
undergoing Brownian motion. Because hydrated Li* (-7.6A in

diameter, Supplementary Table 4) is too large to enter the crystal
lattice of LTO (opening size ~1.5 A), dehydration is necessary for Li* to
transport through LTO. MD simulations show that the applied electric
potential drives Li* accumulation at the solution-LTO interface (Fig. 3A
and Supplementary Fig. 22), which significantly increases the potential
energy of Li* at the interface, including the adsorbed Li* and surface Li
within the LTO crystal lattice, as well as their thermodynamic fluctua-
tions (Supplementary Fig. 23). This increase in potential energy facil-
itates the dehydration of Li*, which is evident from the drastic decrease
in water density from 30-40 nm™ to O at the solution-LTO interface
and the complete absence of water within the LTO structure (Fig. 3B
and Supplementary Fig. 24). Inside the LTO structure, Li* moves along
the electrical potential gradient by hopping between Li sites in the (Li5)
interlayer, with no Li* transport occurring in the (LiTi,) layer or at any
other atomic sites (Supplementary Fig. 25). The hopping along the
electric field moves Li* through the (Li5) interlayer, eventually releasing
Li* into the extractant (Supplementary Figs. 25 and 26). Increasing the
electric field intensity leads to more Li* accumulation at the LTO-feed
solution interface and higher Li* potential energy (Supplementary
Fig. 23), enhancing its thermodynamic fluctuations (evident from the
increased scatter distribution in the LTO structure shown in Supple-
mentary Fig. 23A-F) and increasing the probability of hopping and
bumping events.

The electric field not only facilitates the dehydration of Li* but also
serves as the primary driving force for its transport. With detailed
molecular dynamics trajectory data at the initial and final configura-
tions provided in Supplementary Data 1 file, Fig. 3C presents the tra-
jectories of Li* transport across the LTO structure, which exhibits two
stages: an initial stage with a higher transport rate transitions to a
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Fig. 4 | Long-term performance of the TFN-CEM. A The SEM images of mem-

branes before and after 5 consecutive 2-h experiments. B lon concentrations in feed
and extractant chambers after 10 h of testing. C The cation flux and Li*/Na* selec-
tivity of the N-LTO-PA-1.5 membrane in 24 consecutive 2-h experiments. D The Li*/
Na* and Li*/Ca*" selectivity of the N-LTO-PA-1.5 membrane before and after 14 days

of soaking in DI water. E The number of Li* ions transported through the LTO over
an extended simulation time of 4 ns under 0.78 V A field intensity. Error bars
shown in this figure represent the standard deviation value from duplicated or
triplicated experiments.

lower, steady-state transport rate. The initial stage corresponds to the
fast accumulation of Li" ions at the LTO-feed solution interface. This
leads to a significant momentum transfer from Li* to LTO, triggering a
high Li flux at the beginning. After the accumulation reaches equili-
brium, a steady-state flux is reached. The steady-state Li* flux increases
with the electric field intensity (Supplementary Table 10), approaching
a plateau at 0.95 V-A™ (Supplementary Fig. 27), when Li* adsorption on
the LTO surface reaches saturation, as evidenced by the plateau of Li*
accumulation and potential energy (Supplementary Figs. 22 and 23).

When the NaCl solution is used, the accumulation of Na* at the
solution-LTO interface resulting from the applied electrical field also
led to a significant increase in the potential energy of Na* and Li sites at
the interface. This facilitated Na* dehydration is evidenced by the
decrease in the water/Na* number ratio near the interface upon
applying the electric field (Supplementary Fig. 28). However, no Na*
permeation was observed under any conditions simulated (Fig. 3D and
Supplementary Figs. 28-30). This is due to the larger size of dehy-
drated Na* (1.90-2.32 A in diameter) that prevents it from entering the
vacancies (1.50 A in channel width)’®”° created by the release of Li in
the (Li5) interlayer (Fig. 3E).

Given the structure of the N-LTO-PA layer, ion transport through it
can be described using a resistance-in-parallel model (Fig. 3F), where
both ions (Li* and Na*) can permeate through the pristine PA matrix
(F1), but only Li* can transport through N-LTO. With an increased
N-LTO loading, the Na* trajectory becomes more tortuous and leng-
thier, while Li* gains a larger network of transport channels (F2).

Stability of TFN-CEM
Structural instability of inorganic LISs due to metal leaching during ion
exchange is a well-known issue’***%, To evaluate the stability of the

TFN-CEM, we conducted both experimental tests and extended MD
simulations. After 10 h of consecutive testing, a time frame during
which detectable metal leaching and structural collapse have been
reported for LTO’>*2%?, all membranes maintained their physical
integrity, with no visible changes in membrane morphology (Fig. 4A).
In addition, no Ti*" was detected in either the feed or the extractant
chambers (<1 pmol L), confirming the structural integrity of the LTO
(Fig. 4B). The test continued for a total of 24 consecutive experiments,
each lasting 2 h. As shown in Fig. 4C, the membrane exhibited highly
stable performance with a high Li* flux of 43.77 + 2.07 mmol L*h™ and
a low Na* flux of 3.28 + 0.86 mmol L™ h™!, maintaining a Li"/Na* selec-
tivity of 13.42 + 0.84 throughout the experiments. In addition, the used
TFN-CEM showed excellent stability in water. After soaking in DI water
for 14 days, its Li'/Na” and Li*/Ca* selectivity remained unchanged
(Fig. 4D), and there were no detectable changes in membrane struc-
ture and morphology. The stability of the LTO was also demonstrated
by MD simulation results. The crystalline structure of the LTO
remained stable over an extended simulation time of 4 ns in an electric
field (0.78 VA™) 10°-107 times higher than that typically used in ED
processes (Fig. 4E). Since this study primarily reports the initial
development of the N-LTO-PA membrane, extended evaluation of
membrane stability under realistic water matrices, including sys-
tematic monitoring of membrane scaling and fouling, will be the
subject of future investigations.

Discussions

In this study, we designed and fabricated a lithium selective cation
exchange membrane with a novel TFN structure containing mono-
clinic B-LTO as the lithium-ion sieve. Experimental results show that
the TFN structure allows independent control and tuning of the cation/
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anion permselectivity, mechanical strength, and Li* selectivity.
Unprecedented selectivity for Li* over co-existing representative
monovalent (Na*) and divalent cations (Ca*") was achieved in an ED
process by the ultra-thin N-LTO-PA layer formed using a modified IP
method that overcame key limitations of previously reported fabri-
cation methods for LIS-embedded polymeric membranes. Specifically,
surface functionalization of the monoclinic f-LTO and the modified IP
protocol improved the compatibility of LTO with the PA polymer
matrix and allowed dense cross-linking at the LTO-PA interface,
achieving uniform and high LTO loading without forming defects. The
polymer matrix also helped maintain LTO structural integrity in long-
term operation. Reactive force field molecular dynamics simulations
revealed the critical role of the monoclinic -LTO crystalline structure
and the electric field. It showed that the narrow (Li5) interlayers pro-
vide an effective transport pathway for dehydrated Li* but exclude the
larger Na*. In addition, the electrical field greatly accelerates Li*
adsorption and transport through the LTO. The excellent properties of
the N-LTO-PA membranes would enable highly efficient Li* extraction
using ED processes. More importantly, the rational design of the
membrane structure serves as an excellent template for the fabrication
of selective ion exchange membranes targeting different ions, a critical
need for resource recovery.

Methods

N-LTO nanoparticle synthesis and adsorption experiments

The N-LTO synthesis method was modified from previous
reports®*5*, LTO was first synthesized using a hydrothermal process
and then functionalized with -NH, functional groups. Briefly, 11.95 g
of LiOH (battery grade, Alfa Asear) was dissolved in 100 mL ethanol-
water solution (volume ratio of 1:4). Then 1.429 g of TiO, nano-
particles (20 nm in diameter, ACS grade, >99%, Thermo Fisher)
were added into the LiOH solution and ultrasonicated for 1h. The
suspension was transferred into a Teflon-lined stainless-steel auto-
clave and heated at 180 °C for 12 h. The white powder obtained was
washed with 25 vol% ethanol in DI water 3 times, dried in a vacuum
oven at 70 °C for 24 h, and calcined at 700 °C in air for 1 h. Subse-
quently, 100 mg of the LTO powder harvested was added to 10 mL of
2vol% (3-aminopropyl) triethoxysilane (APTES, 99%, Alfa Aesar) in
200 proof ethanol (Fisher Scientific). After 2 h of intensive stirring at
50°C, the modified N-LTO was retrieved by centrifugation at
2400 x g for 10 min, washed with 25 vol% ethanol water solution 3
times, and dried at 40 °C.

Adsorption experiments were conducted by HCl-activated LTO
(Supplementary Section 2). For single salt adsorption tests, the
electrolyte containing 5 mg of target cations (LiCl: 30.72 mg, >99%,
Thermo Fisher; NaCl: 12.71 mg, >99%, Thermo Fisher) was dissolved
in 20 mL DI water. Aliquots of 20 mg HCl-activated LTO were added
to 20 mL LiCl or NaCl solutions in 40 mL glass vials, each containing
250 mg/L of Li* or Na*. For the mixture adsorption test, 20 mM of
LiCl and 20 mM NaCl mixture solution was used with 1g L™ adsor-
bent dosage and pH was adjusted to 2, 5, 7, 9 or 12 using HCI (>99%,
Sigma Aldrich) or KOH (>99%, Sigma Aldrich). The mixtures
were agitated for 72h; samples were taken at predetermined
time intervals and analyzed for Li* or Na" concentration using
inductively coupled plasma optical emission spectroscopy (ICP-
OES, detection limit 0.2 ppm) and ion chromatography (IC, detec-
tion limit 0.01 ppm). Adsorption separation factor a;;; was calculated
as below:

Qi Cequilibriumj

A= — X ——= ]_)
W Qj Cequilibrium,i (

where Q;;is the adsorption density of ion i/j (mg g™), Cequitibrium,i;; iS the

concentration of ion i/j in the solution when adsorption reaches

equilibrium (mgL™).

Fabrication of TFN-CEM membranes

The PSf layer was fabricated first using the non-solvent-induced phase
separation (NIPS) technique. Briefly, 15 wt% PSf (average MW ~ 22 kDa,
Sigma-Aldrich), 8 wt% polyvinylpyrrolidone (PVP, average MW ~10
kDa, Sigma-Aldrich) and 77 wt% N-methyl-2-pyrrolidone (NMP, Sigma-
Aldrich) was mixed at 50 °C for 24 h. Then the mixture was casted on a
glass plate to form aliquid film and set in a 60 °C water bath for 20 min.
The big pore side of PSf was then coated with a layer of CEP (MD9200,
MW 112,500 g mol™, Kraton) using a flow coater with a solution loading
of 200 pL cm™ and a casting speed of 1 cms™. The thin N-LTO-PA layer
was formed on the opposite side (small pore side) of the PSf layer by
interfacial polymerization®. Briefly, 10 mg N-LTO was mixed with
20mL 0.4 wt% trimesoyl chloride (TMC, 98%, Thermo Fisher) in
n-hexane (99%, Thermo Fisher) and sonicated for 30 min. The PSf
surface was first contacted with 2.0 wt% MPD aqueous solution for
3min. After removing the excess MPD solution, the surface was
exposed to the N-LTO/TMC mixture for 30 s. This process was repe-
ated 3 times followed by a 10 min drying step in a 40 °C oven after each
time for a complete coverage of N-LTO-PA. The sample was then rinsed
with n-hexane, dried, and cured at 60°C for 10 min. The detailed
fabrication process and N-LTO-PA membranes with different N-LTO
dosage can be found in Supplementary Section 1.

Materials characterization

LTO, N-LTO, and the membranes were characterized by scanning
electron microscopy (SEM, FEI Quanta 400, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) with energy dispersive spectrometry
(EDS) analysis and transmittance electron microscopy (TEM, JEOL JEM-
1400 Flash). The chemical composition of the membranes was char-
acterized using X-ray Photoelectron Spectroscopy (XPS, PHI Quentera,
ULVAC-PH]I, Japan), recorded from 50 to 650 eV in binding energy. The
crystallinity of LTO and N-LTO particles was examined by X-Ray Dif-
fraction Crystallography (XRD, Rigaku DMAX West, USA) with a 20
value ranging from 20° to 80°. The characteristic functional groups of
the N-LTO and the membranes were determined by Fourier-Transform
Infrared Spectroscopy (FTIR, Nicolet, Thermo fisher Scientific),
recorded from 400 to 4000 cm™ in wave number.

Membrane resistance was measured by Electrochemical Impe-
dance Spectroscopy (EIS) in a 0.1 mol L™ NaCl solution using a two-
compartment cell setup. All measurements were performed using an
electrochemical workstation (CHI 760, CH Instrument, TX, US) oper-
ated at frequencies from 102Hz to 10°Hz and an amplitude of 2 mV.
The limited current density (LCD) of N-LTO-PA membrane was mea-
sured in the voltage range of 0 to 10 V using 5 cm? membrane samples
in a solution containing 20 mM NaCl and 20 mM LiCI.

Ion transport in ED

The ion transport properties of the membranes were characterized in a
bench-scale three-chamber ED cell (Supplementary Fig. 9) with an
effective membrane area of 5 cm? per membrane. All TFN-CEMs were
installed with the polyamide layer facing the feed solution. Mixed
solutions containing 20 mM LiCl and 20 mM NaCl at pH 2,4, 7,10 or 12
were used as feed solutions and DI water as the extractant. Both feed
and extractant solutions were circulated at a flow rate of 20 mL min™.
One mM KCI solution was used as the anolyte. A constant current
density of 0.2mA cm™ was applied. Each test was run for 120 min.
Samples were taken at predetermined intervals from both the feed and
extractant chambers and analyzed by ion chromatography (Dionex
Aquion). IC calibration was conducted for each solution condition
used. lon flux f; (molh™m™) was calculated from the concentration
change in the receiving chamber:

dac..v
=iV 2
fi dt A )
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Here, C,; is the measured concentration of ion i in the receiving
chamber (mol m™), t is time (h), V, is the receiving chamber volume
(m?), and A is the effective membrane area (m?. lon flux calculated
from concentration decrease in the feed chamber agreed well
(101.6-104.8% of J;) with that calculated from concentration increase in
the receiving chamber. The slightly higher flux calculated from the
feed concentration may be ascribed to adsorption by the membrane.

The permeation selectivity of ion i over ion j, P;; was calculated as
below:

3

where f ;; is the flux of ion i/j in the receiving chamber (mol m™), and
C;i;is the initial concentration of ion i/j in the feed chamber (mol m™).

MD simulation of ion transport through LTO

The Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) was used for molecular dynamics simulation, and the Open
Visualization®® Tool (OVITO) was used for visualization®”*®, The time-
step was set as 0.5 fs for all simulations. First, energy minimization was
run using the Polak-Ribiere version of the conjugate gradient algo-
rithm. Next, a relaxation stage of 1ns was run in the NPT ensemble to
allow equilibrium at target temperature and pressure (300K and
1atm). Finally, a production stage lasting for 1 ns was run in a canonical
ensemble (NVT) by applying an external electrical field in the x direc-
tion to generate an ionic current. Given the limited time scale of MD
simulation, a high electric field with a strength of 0.78-0.95V A™ was
used. The atomic trajectory was sampled every 0.5 ps for analysis. Both
NPT and NVT ensembles used the Nose-Hoover thermostat and
barostat with a temperature damping of 50 fs and pressure damping of
500 fs. ReaxFF was used to describe the interatomic interaction within
the built MD system’®*%, During the application of the external electric
field, the titanium framework was tethered by springs (spring
constant = 5000 k] mol™ nm™) to avoid the drift of the LTO structure
due to the induced ionic current. An implicit wall with a repulsive-only
harmonic spring potential was used on the left edge of the simulation
box to enclose the chloride ions and prevent their migration to the
right reservoir.

Data availability

All data generated or analyzed during this study are reported in this
published article and its Supplementary Information files, and are
available from the author upon request.
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