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Membrane-based technologies are essential for realizing sustainable ion-sieving pro-
cesses such as lithium extraction. Much effort was devoted to designing new membrane 
materials, whereas the effect of charge distribution has been largely overlooked. Here, 
we filled this knowledge gap by providing a quantitative transport model for selective 
ion diffusion through a charge mosaic membrane (CMM). Composed of alternating 
regions of Li-selective ceramic and anion-selective polymeric materials, CMMs offered 
the unique advantage of promoting the transport of both Li+ and anions while blocking 
other cations. As a result, the membrane achieved a high Li/Mg selectivity of 62 and 
a high permeation rate of 59 mmol·m−2·h−1 at a low feeding concentration of 30 mM, 
without any external driving force. Systematical experiments revealed the influence of 
brine Mg/Li ratio and membrane ceramic/polymer ratio on the overall extraction rate, 
which was consistent with the prediction of our transport model. The model developed 
in this work not only presented the design strategies of CMMs for Li extraction but 
also provided guidance for the development of other ion-sieving processes in general.

lithium extraction | charge mosaic membrane | selective ion transport

 Lithium, the key ingredient of high energy density rechargeable batteries, plays a critical 
role in the global transition toward a sustainable future ( 1     – 4 ). Production of lithium is 
currently dominated by solar evaporation of brines and pyro/hydrometallurgical refining 
of hard rocks ( 5   – 7 ). Although mining from brine typically leaves less carbon footprint 
and uses less chemicals than from hard rock ( 8 ,  9 ), the evaporation process still poses 
environmental challenges as it exacerbates water loss from the arid regions surrounding 
the salt lakes ( 10 ,  11 ). Hence there is a pressing need for more sustainable lithium extrac-
tion techniques.

 In recent years, membrane-based separation techniques have attracted increasing atten-
tion for ion-sieving applications because they could operate continuously and use very 
little chemicals ( 12         – 17 ). Separation of lithium ions from sodium, potassium, and mag-
nesium ions can be quite challenging, as they have similar hydrated radii as lithium ( 18 , 
 19 ). Modifying nanofiltration (NF) membranes with charged functional groups proved 
to be effective for improving mono/divalent ion selectivity based on charge exclusion and 
Donnan effects ( 19         – 24 ). However, these membranes have large pore sizes (~1 nm) and 
thus fall short of differentiating Li+  from other monovalent cations, especially Na+  and 
K+  which are smaller than Li+  when hydrated ( 25   – 27 ). In addition, by forcing huge 
amounts of water through NF membranes, most of the energy input is lost to hydrody-
namic resistance during a pressure-driven filtration process.

 In comparison, single ion conducting membranes have demonstrated extremely high 
Li ion selectivity in voltage-driven electrodialysis processes ( 28   – 30 ). Thanks to the small 
pore sizes (<0.2 nm) formed by their negatively charged lattice backbones, Na+  and Mg2+  
will be blocked due to either a large size after dehydration or a large dehydration energy, 
allowing only Li+  to pass through ( 30   – 32 ). To mitigate the charge imbalance generated 
by transporting Li+  through single ion conducting membranes, Hoshino and Lai and 
coworkers initially used water splitting reaction which caused high energy consumption 
( 29 ,  30 ,  33   – 35 ). Fortunately, this disadvantage can be circumvented by employing revers-
ible redox couples (H+ /H2 , Fe(III)/Fe(II) or AgCl/Ag) on the two electrodes across the 
membrane ( 36     – 39 ). Nevertheless, introducing extra redox pairs may alter the solution 
pH, complicate the device structure, and increase the system cost. The low ionic conduc-
tivity of the receiving solution also increases energy cost, which typically needs to be 
addressed by adding supplementary salts.

 To avoid the necessity of redox couples and supplementary salts in ion-sieving processes, 
it is reasonable to introduce anion-conductive channels into a single ion conducting 
membrane. Charge mosaic membranes (CMM) hold great potential in that aspect, as 
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they contain alternating positively and negatively charged regions 
that are permeable to anions and cations, respectively ( 20 ,  40 ). 
Although the concept of CMM was proposed nearly a century 
ago by Sollner ( 41   – 43 ). it received limited attention outside the 
area of desalination and separation of charged/noncharged solutes 
( 40 ,  44   – 46 ). Very recently, several research groups began to 
explore the potential of CMMs for diffusion-dialytic Li extraction. 
Ounissi et al. observed Na+﻿-concentration-dependent Li+  flux 
through composite membranes made from anion exchange poly-
mers (AEP) and ceramic lithium conductor particles ( 47   – 49 ). Ma 
et al. studied the effect of porosity on the selectivity and permea-
bility of “dual-channel membranes,” which was formed by mod-
ifying the pores of a lithium conductor with AEP solutions ( 50 ). 
Zheng et al. were the first to deliberately cite the concept of 
CMMs for Li extraction in their paper, which compared the nano-
filtration performance of a CMM with a dual-layer membrane 
made with the same materials ( 51 ). However, a quantitative and 
physical-based model has not been developed for diffusion-dialysis 
processes using CMMs.

 In this work, we established a transport model to describe the 
Li flux through a CMM, based on systematical studies about the 
influence of feeding brine compositions and membrane properties. 
The CMM was fabricated by filling a porous lithium conductor 
(Li1.5 Al0.5 Ge1.5 (PO4 )3 , LAGP) pellet with an AEP, PECH-DABCO 
(Polyepichlorohydrin-1,4-diazabicyclo[2.2.2]octane). Such a 
design provided continuous pathways for both Li+  and anions, 
while blocking other cations. In addition, the spatial proximity of 
the alternating channels ensured rapid charge neutralization after 
Li+  and anions exited the membrane. Therefore, the diffusion 
dialysis process enabled by CMM combined multiple advantages 
together, including high Li flux at a low feeding concentration, 
competitive Li/Mg selectivity, and zero energy consumption. 
Moreover, we developed an equivalent circuit model for ion-sieving 

CMMs, which successfully captured the effects of LAGP porosity 
and Mg/Li ratio on Li flux observed experimentally. The theoret-
ical framework established in this work could not only inform the 
optimization strategies of CMMs for Li extraction but also guide 
the development of other ion-sieving processes in general. 

Results

Fabrication and Characterization of the Ion-Sieving Charge 
Mosaic Membrane. To form bicontinuous networks of both cation 
and anion conductive channels, a porous LAGP framework was 
first prepared by sintering a mixed pellet of LAGP and sacrificial 
polymers, then a solution of PECH-DABCO was vacuum 
infiltrated into the porous LAGP, as shown in Fig. 1. Polymer 
powder, as the binder and pore-forming agent, was ground 
together with commercial LAGP nanoparticles until well mixed. 
The mixed powder was then pressed into a green pellet and 
underwent a two-step sintering in air to remove the polymer and 
form the continuous pores. Different polymers were tested, in 
which microcrystalline cellulose gave rise to the best integrity and 
consistency among the final products (SI Appendix, Fig. S1). The 
weight ratio of cellulose to LAGP nanoparticles was adjusted to 
produce LAGP framework with different porosities. The nominal 
porosity, calculated from the mass ratio and the density of cellulose 
and LAGP, was always larger than the measured porosity of the 
postsintering pellets (SI  Appendix, Table  S1). This was likely 
caused by void shrinkage and crystal densification during high 
temperature sintering, which was also observed for pure LAGP 
pellets. As the mass fraction of cellulose increased from 33 to 
50% in the mixture, the geometric porosity increased from 48 
to 57% accordingly. In addition, the porosity measured by water 
filling was only half of the geometric porosity, which was based on 
the physical size and mass of the LAGP framework (SI Appendix, 
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Fig. 1.   Concept. Design and fabrication process of the ion-sieving charge mosaic membrane. The composite membrane was prepared by vacuum infiltrating a 
solution of AEP into a porous LAGP framework.D
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Table S1 and Note 1). Such a difference likely indicated that a 
large fraction of the pore volume was not accessible by simply 
immersing the LAGP pellets into water.

 The anion exchange polymer was synthesized by the Menshutkin 
reaction between the alkyl chloride pendant of PECH and the 
tertiary diamine DABCO. After the reaction, the peaks corre-
sponding to the stretching (ν) and bending (δ) vibrations of ter-
tiary C–N bonds in DABCO and the stretching vibration of C–Cl 
bonds in PECH all showed diminished intensity ( Fig. 2A  ) ( 52 ). 
Meanwhile, a new peak related to C–N+  bonds appeared in both 
the Fourier transform infrared (FTIR) and the Raman spectra 
( Fig. 2 A  and B  ), suggesting the successful formation of quaternary 
ammonium cations.        

 SEM characterization showed that the surface of the LAGP 
framework contained sparsely distributed pores that were a few 
micrometers in size (SI Appendix, Fig. S2 ). Cross-sectional SEM 
images revealed more interconnected pores beneath the surface 
that were tens of micrometers across ( Fig. 2C  ), forming a sharp 
contrast with dense LAGP samples that had few tiny, disconnected 
pores (SI Appendix, Fig. S3 ). Size distribution of pores below 40 
nm was calculated from nitrogen gas adsorption isotherms, which 
showed very similar results for LAGP with different porosities 
(SI Appendix, Fig. S4 ). Most of these pores were around 3 nm and 
likely originated from grain boundaries as they were also present 
in dense LAGP. The cumulative volume of mesopores was only 
0.007 cm3 ·g−1 , which accounted for less than 5% of the total pore 
volume, suggesting that macropores visible under SEM contrib-
uted the majority of total pore volume.

 As mentioned above, nearly half of the pore volume inside the 
LAGP framework was not easily available by simple immersion, 
and the high viscosity of the AEP solution further aggravated the 
problem (SI Appendix, Fig. S5A﻿ ). To facilitate the flow when incor-
porating the AEP solution, we employed vacuum infiltration. 
After infiltration, the pore wall was covered with polymeric sub-
stance visible from both the surface and the cross-section 
(SI Appendix, Fig. S5 E –G ), as indicated by the yellow circles in 

 Fig. 2 D  and E  . Energy-dispersive X-ray (EDS) mapping showed 
a similar distribution of C and Cl from AEP with Ge from LAGP 
on the cross section of the membrane ( Fig. 2F  ), indicating a uni-
form coverage of AEP on the LAGP framework. C and Cl signals 
were more concentrated towards the surface of the LAGP mem-
brane as shown in SI Appendix, Fig. S6 , which was likely caused 
by the enrichment of the residual AEP solution during the drying 
process. Nonetheless, the atomic percentage remained similar 
across different positions on the cross section (SI Appendix, 
Fig. S7 ). At first glance, the infiltrated amount of AEP appeared 
to be too small to fill up all the pores ( Fig. 2 E  and F  ). However, 
the hydrophilic polymer could swell and fully occupy the pores 
upon immersion into water, as evidenced by the optical micro-
graph (SI Appendix, Fig. S5B﻿ ). No water leakage was observed in 
an H-cell with a CMM as the barrier for over 2 d (SI Appendix, 
Fig. S8 ), further proving the complete occupation of pore entrance 
by AEP.

 As reported in previous literature, the crystal structure of LAGP 
was vital for keeping a high Li selectivity ( 31 ,  32 ). X-ray diffraction 
(XRD) patterns (SI Appendix, Fig. S9 ) of the porous LAGP and 
the CMM were both identical with the standard pattern of Li1.5﻿
Al0.5 Ge1.5 (PO4 )3 , confirming the well-preserved crystal structure 
after AEP infiltration. This ensured that the high selectivity Li 
conducting channels remained intact while the anion conducting 
channels were introduced. No features corresponding to polymer 
phases could be observed in XRD, possibly because their intensity 
was too low compared to the strong signal from crystalline LAGP.  

LiCl/MgCl2 Separation by Diffusion Dialysis Through the Ion-
Sieving Charge Mosaic Membrane. Diffusion dialysis tests were 
carried out to evaluate the Li/Mg separation performance of the 
CMMs. A membrane with an area of 1 cm2 was sandwiched 
between a simulated brine solution (0.5 M MgCl2 + 30 mM 
LiCl) and deionized water. Both compartments were continuously 
stirred to ensure a uniform concentration. The concentration of 
Li+ and Mg2+ ions in the receiving compartment was monitored by 

A

D E F

B C

Fig. 2.   Characterization of the ion-sieving charge mosaic membrane: (A) FTIR spectra of the synthesized PECH-DABCO polymer in comparison with the PECH 
polymer and DABCO crystal before crosslinking. (B) XPS spectra of the synthesized PECH-DABCO polymer showing the formation of quaternary ammonium 
groups. (C) Cross-sectional SEM image of the porous LAGP membrane before AEP infiltration. (D and E) SEM images of the surface (D) and cross section (E) of the 
CMM after AEP infiltration. The yellow dashed circles indicate the infiltrated polymer. (F) EDS mapping of the CMM cross section after AEP infiltration.D
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analyzing a small amount of liquid (50 µL) every few hours. The 
concentration of Li was seen to rise linearly with time in the initial 
24 h, after which the rate of Li permeation slowed down slightly 
but remained significant even after 100 h (Fig.  3A). This was 
expected because the driving force coming from Li concentration 
gradient would gradually diminish as more Li+ got extracted into 
the receiving chamber (SI Appendix, Fig. S10). In contrast, the 
rate of Mg leakage was very small at first but saw an increase after  
24 h (Fig. 3B). As a result, the Li/Mg selectivity of CMMs dropped 
from over 300 to around 60 in 48 h (Fig. 3C). Nonetheless, the 
Mg concentration remained lower than Li even after 144 h of 
operation (Fig.  3 A and B), and the membrane maintained a 
relatively stable Li/Mg selectivity after 48 h (Fig. 3C). Five CMM 
samples were tested to ensure the reliability of the results. The 
difference in permeation behaviors of Li+ and Mg2+ likely resulted 
from distinct transport pathways for the two cations. While Li+ 
could travel easily through LAGP channels, Mg2+ was completely 
blocked because of its much higher dehydration energy. Mg2+ 
leakage through the AEP phase would be retarded initially due 
to Donnan exclusion, before a steady diffusion was established, 
resulting in the increase of leakage rate after 24 h observed in 
Fig. 3B.

 Ideally, the CMM should be impermeable to Mg2+ , creating an 
imbalanced driving force for permeable anions (Cl− ) versus cations 
(Li+ ). Qualitatively, this would lead to faster Li+  permeation when 
Cl−  concentration was increased while Li+  concentration was kept 
constant in the feeding solution. This trend was verified in exper-
iments ( Fig. 3D  ), where we varied the concentration of MgCl2  
from 0 to 0.5 M but fixed LiCl concentration at 30 mM. Taking 
the flux of Li at 48 h as an example ( Fig. 3E  ), it increased quickly 
from 32 to 52 mmol·m−2 ·h−1  as the concentration of MgCl2  was 
increased from 0 to 0.1 M. However, when MgCl2  concentration 
was further increased to 0.5 M, Li flux was only slightly improved 
to 59 mmol·m−2 ·h−1 . Li/Mg selectivity was observed to drop a 

little bit from 76 to 62 as MgCl2  concentration varied from 0.1 M 
to 0.5 M ( Fig. 3F  ), indicating a reliable ion-sieving perfor-
mance even for high Mg/Li ratio brine (molar ratio = 16.7). At 
a higher feeding concentration of LiCl (150 mM), the Li extrac-
tion rate would also increase with the concentration of MgCl2  
(SI Appendix, Fig. S11 A  and B ). The rate was roughly propor-
tional to the concentration of LiCl, reaching 208 mmol·m−2 ·h−1  
with 150 mM of LiCl and 500 mM of MgCl2  in the feeding 
solution. On the other hand, varying the concentration of Li 
did not have a significant impact on the selectivity (SI Appendix, 
Fig. S11C﻿ ).

 The composition of a CMM should also have a significant 
impact on its ion-sieving performance. In theory, pure LAGP 
(100% Li+  selective) and pure AEP (100% Cl−  selective) mem-
branes are both supposed to generate zero ion permeation in a 
diffusion dialysis setup, owing to charge neutrality requirements. 
Hence there naturally exists an optimal composition (LAGP:AEP 
volume ratio) that could maximize the Li permeability. CMMs 
with different LAGP porosities were tested under the same feeding 
and receiving conditions to study the composition effect. As 
expected, when the geometric porosity of LAGP was increased 
from 0 to 48% and 57%, the Li flux rose from nearly 0 to 25 and 
59 mmol·m−2 ·h−1  ( Fig. 4 A  and B  ). This was consistent with our 
intuition and the previous reports from other gro ( 50 ,  53 ). 
However, further increasing the porosity of LAGP would not 
improve the Li permeability, as demonstrated by the lower flux 
(45 mmol·m−2 ·h−1 ) through pure AEP membranes ( Fig. 4 A  and 
﻿B  ). It should be noted that these membranes (<150 µm) were 
much thinner than the composite CMMs (~400 µm), so their 
permeability was overestimated when the flux was directly com-
pared. Unfortunately, the pure anion exchange membrane we 
prepared was far from ideal, which caused nonnegligible cation 
leakage through it even in the absence of any external voltage. This 
nonideality also led to decreased Li/Mg selectivity (from 327 to 

A

D

B

E

C

F

Fig. 3.   LiCl/MgCl2 separation performance of the ion-sieving charge mosaic membrane. (A) Li concentration in the receiving solution as a function of time during 
diffusion dialysis tests of five replicates. The feeding solution composition and the porosity of LAGP are shown in the title of the figure. (B) Mg concentration in 
the receiving solution during the same tests as in (A). (C) Evolution of Li/Mg selectivity of the five membranes during the same tests as in (A). (D) Li concentration 
in the receiving solution as a function of time during diffusion dialysis tests with various Mg concentrations in the feeding solution. Lines with similar colors 
were parallel samples. All the membranes were prepared using the same procedure. (E) Li flux (@48 h) as a function of Mg concentration in the feeding solution 
during the tests in (D). (F) Li/Mg selectivity (@48 h) as a function of Mg concentration in the feeding solution.D
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62) with increasing volume fraction of AEP in the membrane 
( Fig. 4C  ). Commercial anion exchange membranes exhibited 
orders of magnitude lower cation leakage as well as higher Li/Mg 
selectivity than homemade ones (SI Appendix, Fig. S12 ), which 
might be attributed to their lower swelling in water and higher 
fixed charge density. Therefore, it is critical to improve anion selec-
tivity of synthesized AEP in future works.        

 In comparison with the recent literature ( 39 ,  50 ,  51 ,  53                                           – 75 ), 
our CMMs showed competitive performance with balanced 
selectivity, performance, and energy consumption ( Fig. 4D  ). 
Among the reported diffusion dialysis processes, CMMs exhib-
ited high selectivity and high Li flux at the same time. We also 
noted that our performance was achieved with a lower Li con-
centration in the feeding brine compared to other works 
(SI Appendix, Table S2 ), and thus with a smaller driving force 
for diffusion dialysis. Although a few latest works simultane-
ously demonstrated higher selectivity and Li flux in electrodi-
alysis (ED) and nanofiltration (NF) processes, they consumed 
much more energy to provide higher driving force as indicated 
by the darker color of the symbols ( Fig. 4D  , see SI Appendix, 
Table S2  for the calculation of energy consumption) ( 56 ,  62 ,  65 ). 
Noticeably, our previous work stood out for its negative energy 
cost (net energy production) with similar selectivity and per-
meability to the current work ( 39 ), but it had to use expensive 
silver electrodes and a supporting electrolyte. A comparison 
between the two CMMs with different LAGP:AEP ratios 
revealed the typical trade-off between selectivity and permea-
bility, which again emphasized the importance of improving 
AEP quality in the future.  

Modeling the Permeability of the Ion-Sieving Charge Mosaic 
Membrane. Two trends regarding the dependence of Li 
permeability on Cl concentration and membrane composition 
were observed for the CMMs in this work. Among them, the 
existence of an optimal composition was never discussed before. 
Although the dependence of Li flux on Cl concentration had been 
reported occasionally in the literature, no clear explanation was 
given (48, 53, 76). The absence of such a phenomenon in another 
work using membranes very similar to ours further complicated 
the story (50). To understand the observed performance trends 
and to provide guidance for future improvements, it is necessary 
to develop a quantitative model for the ion-sieving CMMs.

 In the early literature of charge mosaic membranes, a simple 
yet effective equivalent circuit model was already established to 
describe their permeability towards solutes in single-salt solutions 
( 77     – 80 ). However, its application towards multisalt solutions in 
the context of ion-sieving was not explored.

 A modified equivalent circuit model as shown in  Fig. 5A   was 
proposed to represent the diffusion dialysis process using a CMM 
with ideal Li/Mg selectivity. Driven by the Donnan potentials 
( Δ�+    and  Δ�− ) across the membrane, the separate transport of 
Li+  and Cl−  through the adjacent domains, together with the 
charge neutralization in the receiving solution, formed a local 
current loop ( Iloop ). The ionic flux ( J  ) was directly proportional 
to the loop current density, which was in turn equal to the elec-
tromotive force ( � ) divided by the total areal resistance ( Rtot   ):         ﻿  

[1]JCl = JLi =
|Iloop|
F

=
|�|
RtotF

.

A

C

B

D Wh ⋅ mol−1

Fig. 4.   Effect of LAGP porosity on the separation performance of the ion-sieving charge mosaic membrane. (A) Li flux (@48 h during diffusion dialysis tests) as 
a function of geometric porosity of LAGP. The feeding solution composition is shown in the title of the figure, 0% porosity indicates dense LAGP membrane and 
100% porosity indicates pure AEP membrane. (B) Li concentration in the receiving solution as a function of time during diffusion dialysis tests with various LAGP 
porosity. (C) Li/Mg selectivity (@48 h during diffusion dialysis tests) as a function of geometric porosity of LAGP. The feeding solution composition is shown in the 
title of the figure, selectivity at 0% porosity is not measured because the membrane effectively blocked all ions. (D) Comparison of the Li/Mg diffusion separation 
performance of this work with the recent literature. The color of each data point indicates the energy consumption per mole of Li extracted.
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 Here  F     is the Faraday constant. The total resistance was simply 
the sum of individual contributions from the anion and cation 
conductive membrane domains ( R−    and  R+ ), as well as the nearby 
regions in the feeding and receiving solutions ( RI     and  RII    ):

﻿﻿  

 At the beginning of diffusion dialysis tests, resistance of the 
receiving solution ( RII  ) should be the limiting factor because of 
the low salt concentration. However, the solution resistance 
quickly decreased, and the membrane resistance became domi-
nating as the concentration ( cII  ) rose in the receiving solution. At 
a receiving concentration of 3 mM, the solution resistance was 
one order of magnitude smaller than the membrane resistance, as 
shown in SI Appendix, Note 2 . When membrane resistance was 
limiting:

﻿﻿  

 where  d     is the thickness of the membrane,  �±    represents the vol-
ume fraction of the Li and anion conductive domains, and  �±    
stands for their ionic conductivity respectively. Simplifying Eq.  3   
gave the following expression for total resistance:

﻿﻿  

 On the other hand, the total electromotive force ( � ) could be 
calculated as the sum of the Donnan potentials  Δ�+    and  Δ�− , 

which were opposite in direction due to the selectivity towards 
oppositely charged ions:

﻿﻿  

 The Donnan potentials  Δ�±    developed as a result of the 
Gibbs–Donnan equilibrium, and their values could be derived 
from the concentration ratio of the corresponding ions across the 
membrane:

﻿﻿  

﻿﻿  

 Here,  R    is the gas constant,  T     is the temperature,  � + 1    is the 
concentration ratio of Cl/Li ions, and  cI     and  cII     are the concen-
tration of Li in the feeding and receiving solutions, respectively.

 Substituting Eqs.  4      – 7   into Eq.  1  , we arrived at the final expres-
sion for the ionic flux across a CMM:

﻿﻿  

 Here  � ≡ �+    is the volume fraction of LAGP. It is evident from 
Eq.  8   that the Li flux would scale with the logarithm of  � + 1 , 
which is the Cl/Li concentration ratio. Therefore, the dependence 
of Li permeability on Cl concentration could be captured by 
our model.

[2]Rtot = R+ + R− + RI + RII.

[3]Rtot ≈ R+ + R−, R± =
d

�±�±
, �− + �+ = 1,

[4]Rtot =
�+�+ + �−�−

�+�+�−�−
d .

[5]|�| = Δ�+ + Δ�−.

[6]Δ�+ =
RT

F
ln(cI ∕cII),

[7]Δ�− =
RT

F
ln((� + 1)cI ∕cII).

[8]J =
RT

F 2d

�(1 − �)�+�−

��+ + (1 − �)�−
[2ln

(
cI
cII

)
+ ln(� + 1)].

Li+: 
Cl−: 
Mg2+: 0

Δ

Δ
Solution I Solution II

Li+: 
Cl−: ( + 1)

Mg2+: /2

= 0.43

= 0.57

= 2.5 × 10 /

≈ 7.9 × 10 /

= 1 −

= 2.5 × 10 /

≈ 7.9 × 10 /

A

B C

Li+

Cl−

Fig. 5.   Equivalent circuit model of the ion-sieving charge mosaic membrane. (A) Schematic illustration of the equivalent circuit model for Li/Mg separation through 
a charge mosaic membrane. The blue and orange blocks in the middle represent the lithium and anion conducting regions of the membrane respectively. The 
left and right blocks represent the adjacent feeding and receiving solution. Here both regions of the membrane are assumed to be ideal single ion conductors. 
(B) Fitted (dashed curve) versus experimental results of Li flux as a function of α, using the equivalent circuit model in the membrane-limited regime. The fitting 
parameter is the conductivity (σ−) of the anion conducting region. (C) Model prediction versus experimental results of Li flux as a function of LAGP volume fraction 
in the membrane (θ+). The prediction is made with the known and fitted parameters from B.
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 By setting the derivative of  J     with respect to  �    as zero, the 
optimal composition that maximizes the flux could be derived:

﻿﻿  

 The model predicts that the more conductive phase should take 
a smaller volume fraction in an optimal membrane. This makes 
sense intuitively since the less conductive phase would need a 
larger volume fraction to minimize the total resistance. This opti-
mal design strategy is easily generalizable because it only depends 
on the properties of the membrane materials.

 To validate our model, we measured the ionic conductivity  
of pure LAGP membranes (SI Appendix, Fig. S13 ) to be 
﻿2.5 × 10−4 S ⋅ cm−1    and used this value to fit the experimental 
results. The model was able to fit the experimental data quite well 
in terms of the dependence of Li flux on  �    ( Fig. 5B  ). The fitted 
value of pure AEP conductivity was  7.9 × 10−5 S ⋅ cm−1 , very 
close to the experimental results of  7.5 × 10−5 S ⋅ cm−1 . Using 
Eq.  8   and the fitted conductivity, the model also qualitatively 
reproduced the effect of composition observed in experiments 
( Fig. 5C  ). The deviation at  � = 0    was likely a consequence of the 
nonideal anion selectivity of the AEP membrane. See SI Appendix, 
Note 2  for more details on the calculation of conductivity and the 
fitting process.   

Discussion

 In summary, this work reported on the design and construction 
strategies of charge mosaic membranes for sustainable Li extrac-
tion. Prepared by infiltrating an AEP into a porous LAGP pellet, 
the CMM featured bicontinuous conduction pathways selective 
to Li+  and anions. Therefore, the membrane enabled high selec-
tivity (~62) Li/Mg separation with high rate (59 mmol·m−2 ·h−1 ) 
and no external driving force. By adapting an equivalent circuit 
model, the coupled transport of Li+  and anions through CMMs 
were described quantitatively. The dependence of transport rate 
(Li flux) on feeding brine compositions and membrane proper-
ties was systematically investigated in experiments, which suc-
cessfully validated our model. Furthermore, the model also 
informed the optimal design that would maximize Li permeation 
rate, guiding the development of CMMs for other ion-sieving 
processes.

 Compared to membranes with similar design reported in the 
literature ( 50 ,  59 ), our CMMs contained a larger fraction of 
anion exchange polymer. This enabled faster Li extraction with 
lower feeding concentration, but it also compromised the mem-
brane selectivity due to the unsatisfactory anion selectivity of 
AEP. As a result, the Li/Na and Li/K selectivity of our high 
porosity CMM (57%) was only about 2 and 5, respectively 
(SI Appendix, Fig. S14 ). Similar to Li/Mg separation perfor-
mance, CMM with lower porosity (48%) showed better Li/Na 
and Li/K selectivity but slower Li extraction rate. In order to 
further enhance the selectivity of CMMs, it is imperative to 
improve the quality of the AEP. Since commercial AEMs showed 
better anion selectivity than PECH-DABCO membranes we 
prepared (SI Appendix, Fig. S12 ), it is desirable to fabricate 
CMMs using these commercial materials. However, these mem-
branes are very hard to dissolve, rendering the vacuum infiltra-
tion method inapplicable. Alternatively, embedding large LAGP 
particles into AEMs might be a better strategy, as demonstrated 
by Yang et al. ( 81 ), although suitable equipment and conditions 
need to be found. To increase Li flux, the easiest way would be 
to reduce the thickness of membrane, but this might compromise 

the selectivity. Instead, developing AEMs and Li-ion conductors 
with higher ionic conductivity will improve Li flux without sac-
rificing selectivity.

 Expensive materials could be a major obstacle to scaling up 
membrane-based Li extraction techniques. In a preliminary 
techno-economic analysis (SI Appendix, Note 5 ), we have indeed 
noticed that the cost of LAGP precursor could be unaffordable. 
Fortunately, a low-cost and stable Li1.5 Al0.3 Ti1.7 Si0.2 P2.8 O12  
(LATSP) glass–ceramic electrolyte has been developed, which 
reduced the materials cost by a factor of 100 compared to 
LAGP( 82 ). Utilizing this low-cost membrane material, the overall 
production cost of CMM-based extraction was estimated to be 
less than US$4,000 ton−1  (unit: US dollars per ton of lithium 
carbonate equivalent), very similar to the cost of redox-couple 
electrodialysis processes developed in our previous study ( 38 ). The 
analysis also highlighted the importance of membrane lifetime, 
which needs to be greater than roughly 3 mo for the processes to 
be profitable (SI Appendix, Table S4 ).

 On the theoretical side, although the equivalent circuit model 
was effective in estimating the extraction rate, it did not take into 
account the influence of selectivity. Future models should study 
the impacts of individual selectivity of cation and anion channels 
on the overall selectivity of the CMMs. It would also be interesting 
to explore the effects of domain size, geometry, and external driv-
ing force on the ion-sieving performance of CMMs. As a prelim-
inary step, we modified our model in  Fig. 5  to include a cation 
leakage resistance to the anion conducting branch (SI Appendix, 
Fig. S15 ), representing the nonideal selectivity of AEP. The 
detailed derivation is shown in SI Appendix, Note S4 . The leakage 
current  Ileak    is shown to be proportional to  1 − t− , where  t−    is the 
anion transference number of the AEP. The generalized model 
could also predict the instantaneous Li selectivity of CMM, which 
establishes a more realistic theoretical framework for future studies.  

Materials and Methods

Preparation of Porous LAGP Membrane. LAGP powder was purchased from 
MSE Supplies LLC. The LAGP powder was mixed with cellulose in a ratio of 2:1 
or 1:1 and ground uniformly. The mixed powder (0.3 g) was pressed in a die 
set under constant uniaxial pressure of 20 MPa for 1 min. The pressed pellet 
was then sintered at 500 °C for 2 h and 850 °C for 4 h in a tube furnace. The 
sintered porous LAGP pellets had a diameter of about 16.0 mm. Dense LAGP 
pellets were pressed with 0.3 g pure LAGP powder and sintered at 850 °C for 
6 h in a tube furnace.

Preparation of PECH-DABCO and the Composite Membrane. PECH was 
purchased from Scientific Polymer Products Inc. DABCO was purchased from 
MilliporeSigma. DMSO was purchased from MilliporeSigma. First, 0.5 g of PECH 
was dissolved in 7.5 mL of DMSO at 60 °C, followed by the addition of 5 mL of 
DABCO solution (0.6 g of DABCO dissolved in 5 mL of DMSO). The mixture was 
then stirred at 70 °C overnight to obtain PECH-DABCO. The PECH-DABCO solution 
was then dropped onto the porous LAGP membrane and placed in a vacuum 
oven at 60 °C to perform vacuum infiltration overnight. Afterward, the composite 
membrane was placed into DI water to get rid of the extra AEP on its surface. The 
membrane was then attached onto a circular hole in an acrylic panel using epoxy 
glue. The exposed area of LAGP was designed as 1 cm2.

Material Characterization. Fourier transform infrared (FT-IR, Nicolet iS50) 
spectroscopy was used to characterize the synthesized PECH-DABCO polymer in 
comparison with the PECH polymer and DABCO crystal before crosslinking. X-ray 
photoelectron spectroscopy (XPS, PHI VersaProbe III with a monochromatized 
Al(Kα) X-ray Source) was used to characterize the formation of quaternary ammo-
nium groups. The crystalline structure of LAGP membranes was analyzed by X-ray 
diffraction (XRD, PANalytical Empyrean with a Cu(Kα) X-ray source). Diffraction 
patterns were collected from 10° to 70° using a step size of 0.01°. A scanning 

[9]
�opt =

1

1 +
√
�+∕�−

.
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electron microscope (SEM, Thermo Fisher Scientific Apreo) was used to investigate 
the microstructural evolution of porous LAGP and composite membrane. Nitrogen 
gas adsorption experiments were conducted on Anton Paar Autosorb iQ3 particle 
analyzer to study the pore volume and size distribution.

Diffusion Dialysis Tests for Li Extraction. The H-shaped electrochemical 
cell was purchased from Adams and Chittenden Scientific Glass. The composite 
membrane attached on the acrylic panel, prepared with different porosities, was 
sandwiched between the two chambers of an H-cell and sealed with two rub-
ber O-rings and a clamp. The two chambers each contained 50 mL of solution 
and were continuously stirred with a magnetic stirrer. The feeding solution was 
30 mM LiCl with various concentrations of MgCl2 as indicated in the main text, 
unless mentioned otherwise. The receiving solution was deionized water unless 
mentioned otherwise. At intervals of 1, 2, 4, 8, 16, 24, 48, and 72 h, 50 µL of the 
feeding solution and receiving solution were collected and then diluted with a 2% 
aqueous nitric acid solution for Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) analysis (Thermo Scientific XSERIES 2 Quadrupole).

The impedance of the cell was determined by the electrochemical impedance 
spectroscopy (EIS) (Biologic VMP3 system) with a frequency range from 1 MHz to 
0.1 Hz and a perturbation voltage of 10 mV at room temperature.

Calculation of the Faradaic Efficiency, Li Selectivity, and Energy Output. 
The extraction rate was calculated by

where V (L) is the volume of the receiving solution in the cell, ΔCLi+ (mmol ⋅ L
−1) 

is the variation of Li ion concentration in the receiving solution, A(m2) is the area 
of the membrane, and t(h) is the testing duration. The Li/Mg selectivity factor 
was calculated by

where ΔCMg2+ is the variation of Mg-ion concentration in the receiving solu-
tion, CMg2+ ,0 and CLi+ ,0 are the initial concentration of Mg and Li in the feeding 
solution.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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