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Fig. S1. In-situ XRD of (a) ZIF-62 from 390 °C to 450 °C. (b) ZIF-62 and (c) (LLTO)o4(ZIF-62 glass)o.s
from 50 °C to 380 °C.
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Fig. S2. (a) DSC, and (b) TG curves of (LLTO)x(ZIF-62 glass);.x pre-mixtures.
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Fig. S3. XPS analysis of ZIF-62, LLTO, and composite samples before (ZIF-62@LLTO) and after (ZIF-
62 glass@LLTO) thermal treatment. (a) Survey spectra comparing the elemental composition across all
samples. The attenuated LLTO signals are consistent with surface coverage by the glass matrix. (b) High-
resolution spectra of framework-related elements for all samples. (c) High-resolution spectra of LLTO-related

elements for LLTO-containing samples.
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Fig. S4. CO, gas sorption isotherms of (a) crystal ZIF-62 and melted ZIF-62 glass. (b) ZIF-62@LLTO and
ZIF-62 glass@LLTO.



Fig. S5. Quantitative analysis of temperature-driven structural densification behavior. Cross-sectional
SEM (left) and corresponding processed binary images (right) of the x=0.3 composite membranes

fabricated at (a) 350 °C, (b) 400 °C, and (c) 450 °C.
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Fig. S6. Microscopic mechanical properties. (a) Schematic illustration of the nanoindentation test. (b)
Load-displacement curves for (LLTO)«(ZIF-62 glass)i.x composite membranes under 100 mN maximum
load.
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Fig. S7. Macroscopic mechanical properties. (a) Schematic illustration of 3-point bending test. (b) Stress-
strain curves of the (LLTO)x(ZIF-62 glass);x composites obtained from three-point bending tests.
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Fig. S8. Structural models of (LLTO)x(ZIF-62 glass);.x membranes. (a) Structural evolution of ZIF-62
from the crystalline phase to the amorphous glass model used in the simulations via AIMD annealing. (b)

Representative snapshots of the composite models with varying LLTO contents (x = 0.1, 0.2, 0.3, and 0.5),

showing the spatial distribution of the LLTO phase within the amorphous ZIF-62 glass matrix. The atoms are
color-coded as follows: Li (purple), La (light blue), Ti (light cyan), O (red), Zn (bluish gray), N (dark blue),

C (gray), H (white), and Cl (green).



The dependence of ionic conductivity on LLTO content was fitted using a classical percolation model':

o=A— ) (D
where o is the ionic conductivity, y is the LLTO volume fraction, and A, y , and t are fitting parameters.
To correlate the mass fraction (x, wt%) discussed in the main text with the volume fraction (y) used in the
percolation model, the conversion was performed based on the respective theoretical crystallographic

densities of the two initial phases:

X

R @)

PLLTO Pglass

where prito and pgiass are the densities of the LLTO ceramic (5.1g cm?)? and ZIF-62 (1.35g cm™)® ,

respectively. The corresponding fitting results are shown in Fig. S9, exhibiting a high fitting quality (R* =
0.991).
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Fig. S9. Ionic conductivity of (LLTO)x(ZIF-62 glass);—x membranes as a function of LLTO volume fraction,
together with a non-linear fit based on percolation theory.
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The temperature dependence of ionic conductivity at low LLTO contents (x = 0.1 and 0.2) was analyzed
using the Vogel-Tammann—Fulcher (VTF) relation as below*,

o = Ae B/(T=To) (3)

where o is the ionic conductivity, A is the pre-exponential factor, B is the pseudo-activation energy parameter
associated with the ion transport, T is the absolute testing temperature, and Ty is the Vogel temperature. This
model is commonly used to describe non-Arrhenius transport behavior in disordered systems. The

corresponding fitting results are presented in Fig. S10.
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Fig.S10. Temperature-dependent ionic conductivity of (LLTO)«(ZIF-62 glass);—x membranes at low LLTO
contents (x = 0.1 and 0.2), together with VTF fits. The excellent agreement (R? > 0.99) indicates a non-
Arrhenius transport behavior associated with structural relaxation within the glass-dominated composite

matrix.
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Fig. S11. Flux and selectivity of the (LLTO)x (ZIF-62 glass);« in binary metal systems of (a) Li/Na, (b) Li/K,
(c) Li/Ca with a molar ratio of 1:100. (d) Influence of voltage in a binary metal system of Li/Mg with a molar
ratio of 1:100. Error bars represent standard deviation (SD) from repeated measurements.
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The flux of each sample was normalized to a standard baseline thickness of 100 um using the following
equation:

— ]measuredXdactual 4
]normalized - 100pum ( )

where Jmeasured 1S the experimentally measured raw flux, and dacwa is the actual measured thickness of the

tested membrane in pm. The actual thickness of the prepared membranes was accurately measured using a
digital micrometer.
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Fig. S12. Thickness-normalized lithium extraction performance in binary systems. The normalized results
exhibit consistent trends with the unnormalized data. Error bars represent standard deviation (SD) from
repeated measurements.
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Fig. S13. Thickness-normalized lithium extraction performance in real brines. The normalized results exhibit
consistent trends as the unnormalized data. Error bars represent standard deviation (SD) from repeated
measurements.
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The theoretical charge associated with ion transport was calculated from the measured ion fluxes of the five
major cations (Li*, Na*, K*, Mg*", and Ca*") according to:

Q =FAt(JLi + Jna +Jk + 2Jmg + 2Jca) 5
where Q is the theoretical charge carried by the transported cations (C), F is the Faraday constant (96485 C
mol ™), A is the effective membrane area (m?), t is the extraction time (h), and Jye is the experimentally
measured ion flux (mol m~ h™!) of the corresponding ion. The factor of 2 accounts for the divalent charge
of Mg?" and Ca?".
The Faradaic (current) efficiency was calculated by comparing the theoretical charge associated with ion
transport with the total charge passed through the electrochemical cell:

= L 0
e = oy X 100% )

where 1r is the Faradaic efficiency (%), I(t) is the measured current (A), and |, Ot I(t)dt represents the total

charge passed through the cell during the extraction process.
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Fig. S14. Current—time responses during lithium extraction from four representative natural brines
using the (LLTO)y.s(ZIF-62 glass)os membrane. Current—time curves recorded during lithium extraction
from Red Sea water, Dead Sea brine, Great Salt Lake brine, and Upper Rhine Graben brine. The integrated
charge passed through the cell during the 24 h extraction is indicated in the legend. Comparison of the
integrated charge with the theoretical ionic charge yielded consistently high Faradaic efficiencies (94.6—
95.6%) across all four brine systems.
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Fig. S15. XRD patterns of the membrane before and after 30 days of durability testing.
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Fig. S16. FTIR patterns of the membrane before and after 30 days of durability testing.
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Fig. S17. Solid state NMR of the membrane before and after 30 days of durability testing.
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Fig. S18. XPS analysis of the membrane before and after 30 days of durability testing. (a) Survey
spectra. (b) High-resolution spectra of Zn 2p, N 1s, and O 1s. (¢) High-resolution spectra of LLTO-related

elements for LLTO-containing samples.
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Fig. S19. Schematic illustration of the preparation process of (LLTO)x(ZIF-62 glass)i-x membranes.
Created in BioRender. Feng, L. (2026) https://BioRender.com/layvrjx
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Fig. S20. Schematic illustration of the electrical extraction setup.
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Table S1. Ionic composition of feed solutions used in lithium extraction tests.

Ionic )
o Li* Na* K* Mg? Ca?t
Composition (ppm)
Red Sea 0.21 12356.40 746.56 1565.16 483.59
Dead Sea 47.42 2781.40 1754.39 133243.9 42419.11
Great Salt Lake 30.58 50995.13 3286.77 6623.92 538.91
Upper Rhine Graben 281.91 29738.31 5172.27 134.78 11334.15
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Table S2. Comparison of lithium extraction performance with state-of-the-art membranes.

) ) o Liin Mg in . . Flux
. Thickness (um) & Operating Conditions & Mg/Li Li/Mg
Material - feed feed ) o mmol Ref
Support Driving Force ratio  selectivity -
(ppm)  (ppm) ~h7)
~200 - 500 (Ceramic Galvanic cell
LAGP ) ) 200 12150 60.7 450 36.3 5
pellet) (Concentration gradient)
~20 (PE matrix) )
LAGP-PE ) Electrolysis (4.7 V) 0.193  1209.6 6267  3.68x10° 73.5 6
(Free-standing)
LATP/CA ~60 (Free-standing) Electrodialysis (200 pA)  20.2 618.7 30.6 467.3 64.3 7
LATP/PVDF-HFP ~65 (Free-standing) Electrodialysis (1.5 V) 0.036 390 10833 853.4 4.78 8
~1000 (Free-standing . . .
LATP/AEP llet) Dialysis (Concentration) 694 2430 3.5 160 15 9
pelle
LLTO ~55 (Free-standing) Electrodialysis (3.25V)  0.21 1565 7452 45916 4.03 10
LLTO ~25 (On porous Electrodialysis
) ) 0.21 1700 8095 ~87000 0.76 1
(PVDEF/TiO2) ceramic support) (3-12.5V)
LLTO/PECH- ~100 (With nylon . .
Electrodialysis (2.0 V) 355 / / / 30.0 12
DABCO mesh)
PA (Polyamide) ~55 (On PES support) Nanofiltration (4 bar) 8.3 498 60 4147 70.3 13
~100 - 150 (Free- Electrodialysis (constant
HMO-S/PEEK ) 694 2430 3.5 3.1 3236 14
standing) voltage)
0.21 1565  7453.1 59564 0.69 Thi
LLTO/ZIF-62 , Electrodialysis 4742 133243 28098 17671  4.96 ;
~100 (Free-standing) work
glass 1.2V) 30.58 6623 216.6 2916 4.19
281.91 134 0.47 506 16.02
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Table S3. Comparison of processing conditions, mechanical robustness, and lithium extraction

performance between this work and conventional LLTO membranes.

) Normalized .
. . . Li ) Li/Mg
Thickness Processing Mechanical robustness Li flux (100 o Ref
Flux Selectivity
pm)
0.066% of flexural
LLTO ~55 pm 1275°C/8h ) 4.03 2.22 ~45000 10
strain
~25 um .
LLTO _ 1250°C/6h Requires support 0.76 0.19 ~87000 1
(with support)
LLLTO/ 0.28% of flexural This
~100 pm 450°C/1h ) 0.69 0.69 ~59000
strain work

ZIF-62 Glass
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