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Efficient lithium recovery from geothermal brines is crucial for the battery industry.
Current electrochemical separation methods struggle with the simultaneous presence
of Nat, K1, Mg2+, and Ca2T because these cations are similar to Lit, making it
challenging to separate effectively. We address these challenges with a three-chamber
reactor featuring a polymer porous solid electrolyte in the middle layer. This design
improves the transference number of Lit (tzi+) by 2.1 times compared to the two-
chamber reactor and also reduces the chlorine evolution reaction, a common side
reaction in electrochemical lithium extraction, to only 6.4% in Faradaic Efficiency.
Employing a lithium-ion conductive glass ceramic (LICGC) membrane, the reactor
achieved high tz;4 of 97.5% in LiOH production from simulated brine, while

the concentrations of Na®™ KT, Mg?t, and Ca?t are below the detection limit.
Electrochemical experiments and surface analysis elucidated the cation transport

mechanism, highlighting the impact of Nat onLit migration at the LICGC interface.

lithium extraction | electrochemical reactor | lithium selectivity

Lithium is an essential and valuable element used for energy production, energy storage,
glass production, and pharmaceuticals (1-5). Since 2015, the demand for lithium has
increased sharply by around 41.6%, reaching 0.049 million tons in 2020. Projections
estimate this demand to reach around 0.77 million tons in 2050, leading to potential
supply issues (6, 7) However, conventional lithium mining from ore is energy-intensive,
environmentally destructive, and faces diminishing reserves of lithium-rich ore (8).
Seawater contains substantial lithium reserves, but its low lithium concentration (0.17
ppm) limits effective collection (9). Therefore, Geothermal brines, with high lithium
concentrations (up to 3800 mg/L), have become an attractive alternative source of
lithium (10, 11). Yet, the presence of coexisting cations, such as Nat, KT, Mg2+,
and Ca®*, makes separation difficult. Currently, industrial recovery of lithium from
brines relies on a solar evaporation-precipitation method, known for cost-effectiveness
and energy efficiency. However, this method is time-consuming (2 to 18 mo), requires a
significant land footprint, and its yield is highly dependent on the local weather conditions
(3,12, 13). Other traditional lithium extraction technologies include adsorption (14, 15),
ion exchange (16), and solvent extraction (17, 18). These methods are faster but are
limited by costs, low selectivity, and the risk of environmental pollution. Consequently,
there remains an urgent need to establish a more sustainable and efficient approach for
lithium extraction from geothermal brines.

One promising new direction is the application of electrochemical separation, which
can extract lithium using renewable electricity. Through the careful design of an
electrochemical reactor, lithium extraction can be coupled with electrochemical reactions
to produce the desired product; and with ion-selective materials, Li™ can be separated
with high selectivity. Electrodialysis (19-22) is a common electrochemical lithium
recovery strategy, but requires several chambers separated by ion-selective cation exchange
membranes (CEMs) and anion exchange membranes (AEM). Further, the process
typically results in a chlorine evolution reaction (CER) due to the high CI™ concentration
in the brine. Last, additional treatment is sometimes necessary to convert LiCl to the
desired battery feedstocks, such as LiCO3 or LiOH [note: LiOH is more favored
because of its lower melting point (23)]. Battery-based technologies (24-28) are also
widely reported for lithium extraction. These systems employ the faradaic intercalation
between electrodes and have demonstrated high selectivity for Lit over Na™ (on the

order of 10%), but generally involve two steps (capture and release) and are limited by the
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electrode Li™ storage capacity. More recently, a two-chamber
reactor has been reported with high selectivity using the lithium-
ion conductive glass ceramic (LICGC) membrane (5). However,
the two-chamber design requires the brine to flow on the anode
side, which results in the undesirable side reaction of CER. In
addition, this technique involves a flammable organic solvent as
catholyte, and the final product is lithium metal. There is a need
for a continuous separation process that directly yields LiOH as
the final product, while minimizing the side reaction of CER on
the anode side, and ensuring high Li™ selectivity on the cathode
side.

In this work, a three-chamber reactor for direct and continuous
electrochemical lithium recovery was designed. The three-
chamber cell separates the brines from the anode side with a
CEM to suppress CER and improves the t7;1 by buffering the
H concentration with a middle layer filled with polymer porous
solid electrolyte (PSE). Utilizing a LICGC membrane ensures
selective extraction of Li™ from the coexisting cations, achieving
a remarkable Li" transference number (t7;1) of 97.5%.

Results and Discussion

Design of the Three-Chamber Cell Reactor. Conventional elec-
trochemical reactors for lithium recovery (5, 21) commonly adopt
the two-chamber configuration, such as an H-cell or a membrane
electrode assembly. In a two-chamber reactor, as mentioned in the
introduction and depicted in Fig. 14, brines flow on the anode
side, and products (LiCl/LipCO3z/metallic Li) are collected on
the cathode side. However, due to the high Cl™ concentration in
brines, CER competes with oxygen evolution reaction (OER)
on the anode side, generating poisonous chlorine gas and
hypochlorous acid that can lead to electrode and membrane
degradation and can be also hazardous to human health and
environments. In addition, protons generated by the OER create
an acidic environment on the membrane surface. Consequently,
protons will compete with Lit (and Na™1), leading to low
Lit (and Na™)/H" selectivity, and the dissipation of energy.
Furthermore, as shown in Fig. 1C, 79.7% of the electricity is
wasted transporting protons.

To minimize CER and increase t7;4, we designed a three-
chamber electrochemical reactor for direct lithium recovery to
LiOH from simulated geothermal brines (1.0 M NaCl, 0.05M
LiCl). The three chambers were separated by two CEMs, and PSE
was added to the middle chamber to promote ion transportation
and to lower the resistance. Similar designs were previously re-
ported for a wide range of electrochemical applications, including
CO; reduction reactions to pure liquid products (29), oxygen
reduction to electrolyte-free hydrogen peroxide (30), as well as
electrochemical carbon capture (31). As depicted in Fig. 15, the
simulated brine containing LiCl and NaCl flowed into the middle
chamber, while deionized (DI) water flowed in both the anode
and cathode. Since the anode chamber was separated from the
middle layer by a CEM, the concentration of Cl™ in the anode
chamber was significantly lower than that in the two-chamber
configurations. Therefore, in the three-chamber configuration,
CER is reduced. As shown in Fig. 1C, the chlorine/hypochlorous
Faradaic Efficiency (FE) for the three-chamber cell was only
6.4% compared to 14.3% for the two-chamber device under
100 mA (active area: 4 cm?) (please refer to the Experimental
Methods and SI Appendix, Fig. S19 for details regarding the
titration method), making the reactor more manageable to handle
and more environmentally friendly. In addition, the protons
generated from OER were effectively diluted and buffered inside
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the middle layer before they reached the membrane interface.
Therefore, with a lower concentration of HT at the membrane
interface, higher Lit and Na™T transference number (71.0%)
was achieved in the three-chamber configuration compared to
the two-chamber configuration (20.3%), as shown in Fig. 1C.
However, both the PSE and the Nafion were not selective
for Lit over NaT. Although FEz;y was improved by 2.1
times using our three-chamber reactor, NaOH was still the
dominant product. Higher FE;,; 4 required Li™/Na™ selective
membranes.

Although some membranes were reported to be selective for
Lit over Ca?t, Mg2+, and Kt (22, 32, 33), separating of
Lit from Nat using membrane remained challenging (34—
39). In pursuit of a high LiT/Na% selectivity, we opted for
the LICGCs membrane purchased from the Ohara Corporation
(Lit4x+yAlTip—«SiyP3_yO12) with a lithium conductivity of
4x10~% S/cm. The LICGCs have been utilized in various
applications for Li™ conduction (5, 21, 40-47). An obstacle
encountered when using the LICGC membrane was its poor
mechanical strength (46, 48). To protect the membrane while
minimizing the contact resistance, we carved grooves of specific
depths onto the cathode metal plate and the middle-chamber
holder and placed two rubber O-rings to secure and protect the
ceramic membrane, as illustrated in Fig. 24. The functionalized
PSE with sulfonate groups in the middle layer guaranteed
efficient Lit and Na™ conduction, while only Li™ could be
transported through the LICGC membrane, producing LiOH
as the final product. We conducted systematic electrochemical
lithium recovery studies with the LICGC and the modified three-
chamber reactor.

Electrochemical Lithium Recovery Performance. A simulated
brine with an initial Li: Na ratio of 1:100 (0.01 M LiCl, 1.0
M NaCl) was used to test electrochemical lithium recovery.
The LiT and Na™ concentrations in the catholyte were tested
using ionic chromatography (IC; see SI Appendix, Fig. S15 for
IC calibration), and the t7;+ was calculated based on the Lit
concentration measured in the catholyte. The t7;4 was relatively
stable during the recovery, with an average of 97.5 & 3.2%. The
concentrations of Nat were below the detection limit IC (S7
Appendix, Fig. S14), indicating a LiT/Nat selectivity factor over
2.5 x 10° (Fig. 2B). The cell voltage starts at a low value of
1.4 V; however, we noticed an increase of above 1.0V (Fig. 28
and ST Appendix, Fig. S4B) during the 150-min of continuous
operation.

Control experiments were conducted to better understand the
lithium extraction process and to determine the reason for the
increase in cell voltage. A 0.50 M LiCl solution was first flowed in
the middle layer to evaluate the intrinsic stability of the LICGCs.
When applying a current of 0.2 mA (active area: 4 cm?, 50
pA/ cm?), the cell voltage remained stable at 1.1V for over 100 h
(Fig. 2C). This result demonstrated that given a sufficient Lit
source, the membrane exhibited prolonged stability. The stable
cell voltage also reflected a steady Li™ transport within the system.
To determine whether the Lit concentration in the simulated
brine (0.01 M) was adequate for the applied current, we varied
the middle layer LiT concentration from 1.00 M to 0.05 M
and 0.01 M. As shown in Fig. 2D, cell voltages were higher for
lower LiT concentrations, which can be explained by lower ionic
conductivity. Cell voltages were stable for all three concentration
scenarios, and t7;4 remained high for all LiCl concentrations
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Fig. 1. Schematic and FE and transference number comparison between the two-chamber and three-chamber reactors. (A) Scheme of a two-chamber reactor,
where brine flows in the anode (Right) chamber, producing O, and Cl,. (B) Scheme of a three-chamber reactor, where brine flows in the Middle chamber, water
flows in both anode and cathode chamber, and the three chambers are separated by two CEMs. (C) Comparison of the CER FE and the transference number
of Lit, Nat for the two-chamber and the three-chamber cell. This experiment is conducted using simulated brines (1.0 M NaCl, 0.05 M LiCl), under 25 mA/cm?

(4 cm?).

(SI Appendix, Fig. S2B), indicating that 0.01 M of Lit was
sufficient to supply the cell current of 0.2 mA.

The above results showed that the three-chamber system
with the LICGC is stable with only LiT in the middle layer,
suggesting ease of LiT transport through the middle layer and
LICGC membrane. Thus, we hypothesized that Na™ cannot
transport through the LICGC membrane and will hinder Li™
transport, leading to increased cell voltage. Therefore, in the
subsequent control experiment, Nat was introduced into the
system. The middle layer fluid underwent alternation between
1.00 M LiCl and 1.00 M NaCl, as visually depicted in Fig. 2F.
Upon transitioning from the LiCl solution to the NaCl solution,
a conspicuous surge in cell voltage from 1.2V to 10.0 V occurred
within 20 min. This result indicated that when LICGC released
LiT to the catholyte, it absorbed cations from the middle layer.

PNAS 2024 Vol. 121 No. 47 e2410033121

Although Li* readily transports from the middle layer to the
membrane, Na™ cannot; thus, when switching to 1.00 M of
NaCl in the middle layer, there is a lack of mobile ions for
the applied current (0.2 mA, 50 pA/cm?). Consequently, the
cell voltage increased sharply and resulted in cell failure, which
supports the first part of our hypothesis that Na™ cannot flow
through the LICGC membrane.

Subsequent reversion to 1.00 M LiCl (illustrated by the dark
blue curve in Fig. 2E) resulted in the restoration of the cell
voltage to 2.0 V. However, it did not recover to the original 1.2'V,
suggesting that irreversible changes occurred on the membrane’s
surface after the NaCl flow. We further hypothesized that Na™
can also be adsorbed onto the membrane surface with a higher
energy barrier compared to LiT; however, since Nat cannot
transport through the membrane, it blocks Lit transport. To
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Fig. 2. Schematic and electrochemical performances of the three-chamber PSE reactor with LICGC. (A) Scheme of the Middle chamber and the cathode
chamber, where the Middle chamber was filled with PSE, the LICGC membrane was held by two rubber rings that enabled soft contact, and a commercial Pt/C
electrode was employed as the cathode catalyst to drive the HER. (B) Cell voltage (purple curve), t;;, and Lit/Nat selectivity for lithium recovery from a
simulated brine (1.00 M NacCl, 0.01 M LiCl) under 0.1 mA (25 pA/CfT]Z). (C) Cell voltage and t;;; for lithium extraction from 0.50 M LiCl solution in the Middle layer,
under 0.2 mA (50 pA/cm2). (D) Cell voltages of lithium extraction from different concentrations of LiCl (0.01 M, 0.05 M, 1.00 M) under 0.2 mA. () Cell voltages
during specific operational steps: Step 1 involved operation at 0.2 mA with 1.00 M LiCl in the Middle layer for 60 min (depicted by the light blue curve); Step 2
transitioned to 1.00 M NaCl for 20 min (depicted by the orange curve); Step 3 returned to flow with 1.00 M LiCl in the Middle layer for 30 min without applied
current, followed by a restart at 0.2 mA (depicted by the dark blue curve). (F) Cell voltages for lithium extraction from simulated brine (1:100) under 0.20 mA,

0.10 mA, and 0.05 mA (4 cm?).

verify our hypothesis, different currents (0.2 mA, 0.10 mA, and
0.05 mA) were applied to the system with simulated brine (1
LiCl:100 NaCl ratio) flowing in the middle layer for the final
control experiments. As shown in Fig. 2F, under 0.20 mA, the cell
voltage increased rapidly from 1.9V to 6.9V in an hour but was
more stable under lower currents (while tz;1 remained at over
95%, SI Appendix, Fig. S2C), suggesting that the membrane
is more stable at lower applied currents. These results were
consistent with our hypothesis that Na™ has a higher energy
barrier to be adsorbed onto the membrane and is more likely to
be adsorbed on the surface of the ceramic under a higher current
(electric field). On the contrary, if the reaction is operated under
lower currents, less NaT will be trapped on the ceramic surface,
which enables more efficient LiT transport.

Membrane Characterization. The Time-of-Flight Secondary
Ion Mass Spectrometry (TOF-SIMS) analysis was performed
to map the lithium and sodium distribution at the surface and
analyze the elemental composition along the cross-section of the
LICGC membrane. Fig. 3C showed the total normalized sodium
intensity proportion (based on a 10 mm X 10 mm sample area
on the surface of the membrane facing the middle layer) on
the membrane surface under different conditions: Membrane 1:
0.1 mA 60 min; Membrane 2: 0.2 mA 60 min; Membrane 3:
0.1 mA 150 min (active area 4 cm?). All three membranes were
washed by flowing DI water for 2 min after the reactions. As
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expected, Membrane 1 had the least sodium (6.35%), followed
by Membrane 3 (9.98%), and then Membrane 2 (10.60%). The
results suggested less Na™ on the LICGC surface for a lower
current, which also agreed with our hypothesis that a higher
current leads to more severe Nat fouling. In addition, when
constant current was applied, more Na™ fouling was found for
longer operation times.

Fig. 3 A and B compare the normalized intensity distribution
along the depth of the membrane before and after applying
current (0.1 mA for 1h, then the membrane was washed in
flowing DI water for 2 min before the characterization). The
lithium concentration was the highest at the membrane interface
and decreased to a stable value for both the postreaction and the
pristine membrane, which is an intrinsic property of the LICGC
membrane, likely a result of the manufacturing process. The
Lit concentration in the membrane was slightly higher after
applying current (1.4%) than before applying current (0.8%).
The relative intensity proportion of Tit, SiT, and AT ions in
the postreaction membrane was lower, which can be explained
by the higher Li™ and Na™ ion intensity and the subtle intrinsic
differences between the two ceramic membranes. The prereaction
membrane did not exhibit any observable signal of sodium. For
the postreaction membrane, the NaT normalized intensity was
the highest (9.8%) at around 1 nm and diminished to 0% at
approximately 2 nm. At a current of 0.1 mA, it is evident
that Na™ penetration in the membrane was negligible, with

pnas.org
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Nat reaching only 0.001% of the thickness of the membrane,
and this is also supported by the absence of sodium in the
catholyte.

TOF-SIMS intensity patterns of LiT™ and Na™ for the
prereaction membrane, Membrane 1 (after 0.1 mA 60 min),
and Membrane 2 (after 0.2 mA 60 min) are shown in Fig. 3
F-K. Uniform distributions of Lit and Na® were observed
on all of them. Fig. 3 F—J illustrates a minimal Na signal in
the pristine membrane, a slightly higher signal in Membrane 1,
and a significantly higher signal in Membrane 2. In contrast,
the normalized Li signal was highest in the pristine membrane,
slightly lower in Membrane 1, and significantly reduced in
Membrane 2, as shown in Fig. 3 G-K.

The TOEF-SIMS results confirmed our hypothesis that, in
addition to LitT ions, Na1 ions were also adsorbed onto the
membrane surface. However, the adsorbed Nat ions were unable
to permeate through the membrane or be washed away by water.
Thus, Na™ remained trapped at the membrane surface, impeding
the transport of LiT through the membrane. Given that Na™
exhibited a higher energy barrier than Li™ for adsorption onto the
membrane surface, this phenomenon became more pronounced
at higher currents. To summarize, the results from TOF-SIMS
characterizations and electrochemical experiments aligned well.

These collective findings substantiate our hypothesis that Na™
adversely affects the transport of LiT by irreversible adsorbing
onto the membrane and obstructing the transport of LiT (as
schematically illustrated in Fig. 3 Dand E). Note that the LICGC
membranes can be regenerated partially by operating with LiCl
(1.00 M) solution in the middle layer and a pulse-rest method
can also slightly expedite the regeneration process, as shown in

SI Appendix, Fig. S3.

Electrochemical Performance in the Presence of Coexisting
Cations Beyond Nat.In addition to Na™, KT, Mg2+, and
Ca®t also coexist with Lit in geothermal brines. According
to the concentration of these ions in four different sources of
brines (87 Appendix, Table S1), we evaluated the electrochemical
performance of lithium extraction under the concentration ratios
of 1:1 for the Li+:Mg2+ and LitT:Ca?t systems, as well as 1:1
and 1:10 for LiT:K™" system. In the presence of a mixture of
0.01 M MgCI2 (Fig. 44) and 0.01 M CaCl, (Fig. 4B) with
0.01 M LiCl, the cell voltages remained stable at around 1.0V
for above 150 min, achieving a high t7;4 of 94.7 & 11.0% for
MgCl, and 97.8 £ 2.0% for CaCl,. Moreover, the cell voltages
of 0.01 M KCl and 0.1 M KCl mixed with 0.01 M LiCl exhibited
remarkable stability, almost overlapping in Fig. 4C. For the above
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Fig. 4. Electrochemical performance and TOF-SIMS images of the LICGC membrane with MgCl,, CaCl,, and KCl brines. (4) Cell voltage (yellow curve) and t;; -
for lithium recovery from a simulated brine (0.01 M MgCl, and 0.01 M LiCl) under 0.1 mA (25 pA/cm?). (B) Cell voltage (purple curve) and t;; for lithium recovery
from a simulated brine (0.01 M CaCl, and 0.01 M LiCl) under 0.1 mA (25 pA/cm?2). (C) Cell voltage (blue curve) and t;; for lithium recovery from a simulated
brine (0.10 M KCl and 0.01 M LiCl) under 0.1 mA (25 pA/cm2), and cell voltage (red curve) for lithium recovery from a simulated brine (0.01 M KCl and 0.01 M LiCl)
under 0.1 mA (25 pA/cm?2). (D) Cell voltage (blue curve) and t;; for lithium recovery from a simulated brine (0.01 M MgCly, CaCly, 0.01 M KCl, and 0.01 M LiCl)

under 0.1 mA (25 pA/cmZ), and cell voltage (red curve) for lithium recovery from a simulated brine (0.01 M MgCl,, CaCl,, 0.01 M KCl, 0.01 M NacCl, and 0.01 M
LiCl) under 0.1 mA (25 pA/cm2). (E) Normalized intensity of O, Li™, Na™, K+, Mg2+, and Ca2+ on the surface (facing the Middle layer) of the LICGC membrane.
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three experiments, no peak of K™, Mg? ™, or Ca?* was observed
in the catholyte using IC.

In the absence of Na™ in the intermediate layer, a system
comprising 0.01 M of LiT, KT, Mg?™, and Ca?>* demonstrated
stable operation for a duration of 240 min, as illustrated by
the green curve in Fig. 4D. In contrast, the introduction of
Na™ into the system led to an increase in cell voltage, reaching
approximately 2.5 V within 120 min (red curve in Fig. 4D). This
outcome indicates that the presence of Na™ uniquely impedes the
transport of Li ™ ions. Subsequent TOF-SIMS analysis conducted
on the LICGC membrane after the operation with 0.01 M Li™,
Na+, KT, Mg2+, and Ca?t for 120 min (Fig. 4F) reveals that
the signal intensity of Na on the membrane surface was nearly
comparable to that of Li. The signal for K was lower, and the
signals for Mg and Ca were markedly low. The TOF-SIMS results
aligned with the electrochemical findings, emphasizing Na™ as
the ion most likely to undergo adsorption onto the surface of the
LICGC membrane, thereby obstructing the transport pathway
of Lit. Conversely, the presence of KT, Mg2+, and Ca?™ did
not adversely affect lithium extraction performance.

Conclusions

This study developed an electrochemical reactor featuring three
chambers separated by two CEMs. By directing brine flow
into the middle layer, the Cl™ concentration was reduced,
mitigating the CER on the anode side. Additionally, the middle
layer played a crucial role in buffering the H" concentration,
resulting in a 2.1-fold improvement in tz,+ on the cathode
side. The incorporation of a LICGC membrane to the three-
chamber reactor enabled the direct and continuous production
of LiOH, achieving an impressive t7;1 of 97.5% and a high Lit
to Nat, KT, Mg2+, and Ca?t selectivity. Control experiments
and TOF-SIMS analysis of the LICGC membrane surface were
conducted to elucidate the ion transport behavior within the
system. Our findings showed that Li™ adsorption onto the
LICGC membrane surface, particularly under higher applied
currents, obstructed LiT transport through the membrane,
leading to increased cell voltage. Conversely, the presence of KT,
Mg? ™, and Mg?™ did not adversely impact the transport of Li ™,
as evidenced by stable cell voltages and the TOF-SIMS results. To
enhance LICGC stability, surface coatings could be explored for
future studies, and a pulse-reverse method may aid in recovering
LICGC performance after fouling. Our research enhances the
understanding of selective cation transport mechanisms on the
interface of the LICGC, informs the design of advanced lithium-
conducting and selective membranes, and sheds light on the
development of more efficient and sustainable lithium extraction
technologies.

Materials and Methods

Materials and Chemicals. Lithium chloride (LiCl, 99%, 793620-500 G),
sodium chloride powder (NaCl, >99.5%, S7653-1 KG), Nafion-117 solution
(527084-25 mL), Dowex 50W X8 (200 to 400 mesh, 44509-100 g) were
purchased from Sigma Aldrich. Pt/C powder (20%-5 grams), hydrophobic gas
diffusion layer carbon paper (GDL, Sigracet 28 BC), and Nafion-117 membranes
were purchased from the Fuel Cell Store. 1r0, electrode was purchased
from the Dioxide Materials. The Lithium conductive ceramic membranes
(Lig-px-t-yAlxTig_SiyP3_y 01, LICGC™ SP-01) are purchased from Ohara.
Millipore water (18.2 MOhm- cm) was used throughout all experiments.

PNAS 2024 Vol. 121 No. 47 e2410033121

Preparation of Pt/C Electrodes for HER Reaction. Typically, 40 mg active
catalyst (Pt/C) and 80 pL of Nafion-117 binder solution were mixed with 4 mL
of Isopropyl alcohol (Sigma-Aldrich). After sonication in ice water for 30 min,
the obtained homogeneous ink was air-brushed onto a 5 x 5 cm? hydrophilic
GDL electrode at 60 °C. Then the prepared electrode was further dried at room
temperature before use.

Electrochemical Measurement. The cathode side was supplied with DI water
for HER reaction. The water flow rate was controlled by a syringe pump at 0.5
mL/min. The flow rate at the outlet was calibrated using a measuring cylinder. In
the middle chamber, the styrene-divinylbenzene sulfonated copolymer Dowex
50W X8 hydrogen form cation conductor was employed as the solid electrolyte
(SE).The simulated brine flowed into the SE layer controlled by a syringe pump at
1.0 mL/min. All cell resistance was measured by potentiostatic electrochemical
impedance spectroscopy, and all the cell voltages in our work were reported
without any IR compensation. The transference number of a cation it (t;,.) in
the cathode is calculated using the following equation:

Gy -F-f
t = - .100%, [
Jtotal

where C; is the concentration of i (mollL), F is the Faraday constant (96,485
Cmol="), fis the flow rate (L/s), and jiqy) is the total current (mA).

Lit/Na™T selectivity Factor. The LiT and Nat concentration is measured
using ion chromatography (IC, Shimadzu Corporation), calibrated using
sodium and lithium standards purchased from Sigma Aldrich. The phosphate
concentration is measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES), calibrated using phosphorus standard purchased from
Sigma Aldrich. The Lit/Na™ selectivity ratio is calculated using the following
equation:

Cii(out)  Cya(in)

LiT /Nat selectivity = Coalout)  Cylim)’
a /

[2]

where Cj; (out) and Cy, (out) are the Lit and Nat concentrations in the
cathode outflow, Cj; (in)and Cy,(in) are the LiT and NaT concentrations in the
middle-layer inflow.

Chlorine Titration. The active chlorine produced in the anode side is
quantified using the titration method with Sodium thiosulfate (NapS;03).
The active chlorine is first captured using the 5 mL 0.1 M KOH solution
(Cly + 2KOH = KCIO + KCI + Hy). The pH was then adjusted back to acidic
using T mL 0.5 M HyS04. 1 mL 20% KI was then added to the solution
(KCI) 4 2KI 4 2HF = Iy 4 2K* + H,0), and the solution was kept in the
dark for 5min. Finally, 0.017 M Na25203 solution was used for the titration
(2NaS»03 + Iy = NayS404 + 2Nal), and the endpoint of the titration is
indicated by starch.

TOF-SIMS Analysis. TOF-SIMS measurement was performed using a TOF-SIMS
NCS instrument, which combines a TOF.SIMS5 instrument (ION-TOF GmbH,
Miinster, Germany) and an in situ scanning probe microscope (NanoScan,
Switzerland) at Shared Equipment Authority from Rice University. A bunched
30- keVBi®+ ions (with a measured current of 0.15 pA) was used as the primary
probe for analysis (scanned area 150 x 150 pm?) with a raster of 128x 128
pixels. A charge compensation with an electron flood gun has been applied
during the analysis. An adjustment of the charge effects has been operated
using appropriate surface potential and adapted extraction bias depending
on the analysis area and the polarity. The cycle time was fixed to 100 ps
(corresponding to m/z = 0 to 911 a.m.u mass range). The primary ion dose
density has been limited to 1.1012 ions/cm? to preserve the analyzed surface.
Depth profiling of the membrane was performed to map out the different
samples to characterize the in-depth chemical distribution of the element ions
of interest. The primary probe for depth profiling had a field of view of 150 x
150 um?, with a raster of 64 x 64 pixels and then the sputtering was performed
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using Cs ions at 2 keV with a typical current around 105 nA, raster area
500 x 500 umZ. The beams were operated in noninterlaced mode, alternating
1 analysis cycle and 5 sputtering cycles (corresponding to 7.5's) followed by a
pause of 3 s for the charge compensation with an electron flood gun. Again, an
adjustment of the charge effects has been operated using a surface potential.
During the depth profiling, the cycle time was fixed to 90 ps (corresponding
to m/z = 0 to 738 a.m.u mass range). All of the data have been treated and
extracted using SurfaceLab 7.3. lon signals from spectra and from ion mappings
have been normalized using the total ion signal to standardize the values and
to help for the comparison between the different samples or the area.

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