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Electro-driven direct lithium extraction from
geothermal brines to generate battery-grade
lithium hydroxide
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As Li-ion batteries are increasingly being deployed in electric vehicles and grid-
level energy storage, the demand for Li is growing rapidly. Extracting lithium
from alternative aqueous sources such as geothermal brines plays an impor-
tant role in meeting this demand. Electrochemical intercalation emerges as a
promising Li extraction technologydue to its ability to offer high selectivity for
Li and its avoidance of harsh chemical regenerants. In this work, we design an
economically feasible electrochemical process that achieves selective lithium
extraction from Salton Sea geothermal brine and purification of lithium
chloride using intercalation materials, and conversion to battery grade
(>99.5% purity) lithium hydroxide by bipolar membrane electrodialysis. We
conduct techno-economic assessments using a parametric model and esti-
mated the levelized cost of LiOH•H2O as 4.6 USD/kg at an electrode lifespan of
0.5 years. The results demonstrate the potential of our technology for electro-
driven, chemical-free lithium extraction from alternative sources.

The electrification of the transportation sector drives the rapid growth
of electric vehicles (EVs) and increasing demand for Li-ion batteries1–3.
The International Energy Agency projects a 42-fold growth of Li
demand during 2020–2040 to meet the climate goals set by the Paris
Agreement4. Despite the critical role of lithium in clean energy
transition5,6, current lithium mining supplies are insufficient to meet
the dramatically rising lithium demand in the coming decades. Pre-
sently, lithiumminingmainly relies on hard-rockpegmatites and salars
(salt flats)7. Recent studies showed an estimated 538,000-metric-ton
deficit in supply by 20308. This projected lithium deficit calls for
technological advancements to extract lithium from alternative sour-
ces to help meet the rapidly growing lithium demand and prevent the
depletion of continental Li resources9–12.

Considering energy consumption and extraction cost, several
alternative aqueous sources containing relatively high lithium con-
centration are considered potential lithium sources, including geo-
thermal brine, oil and gas produced water, and reject brines from

desalination10,13. Geothermal brines are a particularly promising can-
didate for lithium sources, especially the Salton Sea in California.
Minable lithium resource in the Salton Sea area is estimated at
600,000 tons annually, far exceeding U.S. annual lithium
consumption14. There are also detected lithium-rich geothermal brine
in deep tectonic sedimentary basins in Germany and France and in
volcano-sedimentary environment in Italy15 and also Qinghai-Tibet
Plateau in China16. There is an urgent need to develop robust, eco-
nomic, environment-friendly technologies to extract lithium from
geothermal brines.

Conventional Li mining from brines relies on solar evaporation
followed by chemical precipitation methods, which waste large
amounts of water resources. Recent developments of direct lithium
extraction have focused on Li sorbent materials17–20, Li selective
membranes21–26, and electrochemical technologies27–32. Electro-
chemical separation holds a great promise in resource recovery
because of high recovery selectivity and environmental friendliness11.
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Electro-driven lithiumextraction frombrines enables the generationof
raw materials for battery manufacturing with little or no chemical
inputs, reducing the total environmental impacts and carbon footprint
in lithium battery’s life cycle.

Inspired by Li-ion batteries, Li intercalation materials like lithium
iron phosphate (LiFePO4) have been demonstrated as promising
electrodes for selective lithium extraction from high salinity brines32,33

due to their unique lattice structure34,35. However, several key research
gaps remain. First, most lithium extraction studies generate lithium
chloride as a product and need further processing to produce raw
lithium materials (Li2CO3 or LiOH) for battery manufacturing.
Recently, lithium hydroxide (LiOH) has become a more desirable raw
material than lithium carbonate (Li2CO3) for the nickel manganese
cobalt battery cathode fabrication, because the former enables battery
cathode synthesis at lower temperatures and thus results in longer
lifespan and safer operation36. Bipolar membrane electrodialysis
(BMED) is a commercial technology mainly used for chemical
processing37 and acid and/or base production38 and holds a great
potential in lithium hydroxide production. Second, while most studies
of electrochemical intercalation have focused on salt flats and salt
lakes for testing lithium selectivity, there are very fewworks39,40 testing
realistic or synthetic geothermal brines with practical ion composi-
tions and achieving lithium selectivity over other metal ions.

In this work, for the first time, we report an economically viable,
electro-driven system to extract lithium from Salton Sea geothermal
brines in Imperial Valley, California and directly produce battery-grade
(99.5% purity) lithium hydroxide as the final product41. The system
consists of an intercalation deionization cell (IDI) and a BMED cell. We
designed a continuous-flow cell with an accurate control over inter-
calation potential.We achieved91.2% ±0.9% Limolar purity in released
solution froma synthetic geothermal brine containing Li+, Na+, Ca2+, K+,
Fe2+, and Mn2+. A second-step purification yielded a pure LiCl solution
with other cations under detection limit. Further, we successfully
produced99.6% ± 0.2%purity of LiOHsolution by feeding LiCl solution
in BMED and produced LiOH·H2O powder via crystallization. Finally,
we conducted techno-economic analysis (TEA) to evaluate the eco-
nomic competitiveness of this technology and estimated the levelized
cost of produced LiOH•H2O (LCOL) as 4.6USD/kg LiOH•H2O which is
about one-third of the market price as of January 202442,43.

Results
Design of the direct lithium extraction system
Figure 1a illustrates the proposed process of lithium extraction from
geothermal brine. The hot brine is first pumped from the production
well to the surface and stored in a flash tank. The hot steam generated
during this stage is utilized by power turbines for electricity genera-
tion. The cooled brine, considered as a waste by the geothermal
industry, serves as a source for lithiummining. The brine undergoes a
lithium extraction and refinement process, selectively capturing
lithium and leaving all other elements in the bulk solution, which is
then re-injected into the underground reservoir via an injection well.
The resultant lithium chloride solution is converted to produce a
lithium hydroxide solution. Finally, the concentrated lithium hydro-
xide solution is crystallized to form LiOH•H2O solid powder, which
serves as a rawmaterial for battery manufacturing. The entire process
employs renewable geothermal energy as the sole power input, elim-
inating the need for evaporation ponds, fossil fuels, or chemical
reagents.

The working principle of extracting Li from geothermal brine
using the integrated electrochemical process is also illustrated in Fig. 1.
Figure 1b, c show the lithium chloride production by combining
intercalative and capacitive electrodes. IDI is one of the configurations
of electrosorption, an electric field-driven process to separate ions
fromwater based on the principle of ion storage in charged electrodes.
During the charging step, a potential bias is applied across the two

electrodes, and ions migrate to and are stored capacitively in the
electrical double layers within the porous carbonaceous electrodes or
inserted into the intercalation electrodes. During the discharging step,
the potential bias is released, and ions are released back to the bulk
solution.

LiFePO4 (LFP) was chosen in this work as the working electrode
because of its high Li selectivity, structural stability, and low Li inter-
calation energy barrier34,35,44. The crystalline structure of LiFePO4 is
shown in Fig. 1b. Lithium ions can intercalate in the crystalline host
materials and be stored in the lattice interstitial sites under electrical
potential and releasedwith reversed potential. Owing to the reversible
intercalation and deintercalation, lithium intercalation materials can
be used for lithium extraction in repeated cycles. During lithiation and
delithiation, the electrode potential should be within the water stable
window. Salton Sea geothermal brine for lithiumextraction has a pHof
around 5.514, which sets the water stablewindow between about −0.5 V
versus Ag/AgCl electrode to avoid H2 evolution and 0.7 V versus Ag/
AgCl to avoid O2 evolution (as shown in Fig. S1). Figure S2 shows the
cyclic voltammetry (CV) results for FePO4 in 1M LiCl solutions under
1mV/s scan rate. The CV curve shows a pair of symmetric redox peaks
indicating lithium capture and release. The theoretical potential pla-
teau of lithiation and delithiation for FePO4 is about 3.5 V versus Li
metal45, which is 0.26 V versus Ag/AgCl. The half-wave potential (E1/
2 = 0.20 V vs. Ag/AgCl) is close to the theoretical thermodynamic
values45. Figure S3 shows the flow cell system has a resistance of 6.8Ω
which is a small resistance similar to static beaker systems reported
previously33. Based on the current density applied, the voltage drop
caused by Ohmic resistance is ~5mV, which is negligible relative to the
applied potential; therefore, the potential reported in this study is not
iR corrected.

As-fabricated LiFePO4 was first pre-delithiated to FePO4 con-
firmed by X-ray diffraction (XRD) patterns (Fig. S4) and assembled in
the cell together with activated carbon (AC) as the counter electrode.
During the extraction stage, brine flows into the cell to allow lithium to
be selectively intercalated in the FePO4 electrode and chloride capa-
citively stored on the AC electrode; in the release stage, by switching
the feed source and reversing the potential, lithium ions are deinter-
calated and chloride ions are desorbed to obtain concentrated lithium
chloride as effluent. Lithium hydroxide production process is sche-
matically shown in Fig. 1d. BMED is one of the configurations of elec-
trodialysis (ED), a continuous electric-field-driven process to separate
opposite charged ions. With the potential bias applied, protons and
hydroxide ions are generated from each side of the bipolar mem-
branes. Lithium ions transport through the cation exchange mem-
branes, forming lithium hydroxide in the concentrate channel.

High selectivity of Li extraction from brines
Geothermal brines contain complex compositions with more than ten
elements detected46. This work examines Salton Sea brine as a repre-
sentative lithium-rich geothermal brine. Table S1a shows the molar
concentrations of major components for wellhead Salton Sea geo-
thermal brine47. Themolar concentration ratios of Li/Na, Li/Ca, Li/K are
about 1:77, 1:23, and 1:14, respectively. Because sodium is a main
competitor for lithium intercalation10, we employed Li and Na binary
solution and two synthetic geothermal brines to study Li extraction
performance. Four solutions were tested: 30mM Li+ and 30mM Na+

(Li/Na = 1:1); 30mM Li+ and 2.3M Na+ (Li/Na = 1:77); 30mM Li+, 2.3M
Na+, 690mM Ca2+, 430mMK+, and 1.5mM Mg2+ to simulate the main
ion components of wellhead Salton Sea brine (synthetic geothermal
brine A, Table S1a); and 42mM Li+, 3.1M Na+, 1070mM Ca2+,
540mMK+, 36mM Fe2+, and 47mM Mn2+ to simulate the Simbol feed
Salton Sea brine after power generation and silica removal (synthetic
geothermal brine B, supplied by the Idaho National Lab, Table S1b)
which can be regarded as silica-free realistic geothermal brine for
lithium extraction.
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We started with 1:1 Li-Na binary solution for lithium extraction,
using deionized (DI) water for lithium release to obtain LiCl. From
specific capacity vs. potential curve (Fig. S5), the electrode potential
increased to over 0.75 V vs. Ag/AgCl at the beginning of release pro-
cess, which is attributed to the high electrical resistance of DI water.
Voltage beyond water stability window will induce O2 evolution reac-
tion and can cause the electrode to undergo structural degradation.
Previous work used supporting electrolytes like magnesium chloride
or ammonium chloride for lithium release tomaintain a high electrical
conductivity29. However, this approach requires further purification of
LiCl from themixed electrolyte and is undesirable in practice. Here, we

replaced DI water with 5mM LiCl, which maintains the electrical con-
ductivity without introducing additional inpurities to the released
solution. Using 5mM LiCl as the solution for Li release, the initial
electrode potential increases gradually (Fig. S5) and is thus more
favorable for the electrode structural stability. We calculated lithium
concentration percentage in the released solution Li+released% (the total
selectivity coefficient48) as follows:

Li+released%=
creleased, Li+

creleased, Li + + creleased,Na+
× 100% ð1Þ
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Fig. 1 | Schematic demonstration of electro-driven lithium extraction and
lithium hydroxide conversion process. a Demonstration of the process train of
lithium extraction from geothermal brine; b demonstration of IDI lithium extrac-
tion process from brines (Inset: crystal structure of LiFePO4 for lithium

intercalation); c demonstration of IDI lithium chloride release process, and d BMED
for LiOH solution production. CEM indicates cation exchange membrane and BPM
indicates bipolar membrane.
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The lithium extraction selectivity (i.e., separation factor48) over
sodium PLi+

Na+ can be calculated as followed:

PLi +

Na+ =
creleased, Li +

creleased, Na+

� �
=

cf eed, Li +

cf eed,Na +

 !
ð2Þ

cf eed, Li+ and cf eed,Na+ are the lithium and sodium concentrations
in the feed solution, respectively; creleased,Na + is the sodium con-
centration detected in the released (or effluent) solution; creleased, Li + is
the lithium concentration detected in the released solution subtract-
ing 5mM.

With Li/Na = 1:1 feed solution, the molar fraction of Li reached
99.1% ± 0.5% in the released solution (Fig. 2a). The Li selectivity over
sodium PLi+

Na+ is calculated as 1.10 × 102 (Fig. 2c). This experiment con-
firmed that the hybrid IDI process can achieve highly selective lithium
extraction similar to beaker system reported previously10.

We next tested the Li extraction performance in 1:77 Li-Na binary
system; this molar ratio is the same as that in the Salton Sea wellhead
geothermal brine. Li purity is 96.4% ± 1.2% in the released solution
(Fig. 2b). The Li selectivity over sodium PLi +

Na+ is calculated as 2.05 × 103

(Fig. 2c). From the comparison of PLi +

Na+ with different feed solution
concentration ratio, selectivity dramatically increased for the 1:77 Li-Na
binary system because the Li concentration percentage in the feed
solution decreased significantly but the Li percentage in the released
solution remains higher than 95% enabled by the ultrahigh selectivity
of LFP electrode.

Following successfully extracting lithium chloride from high
sodium concentration brine in a flow cell, we conducted lithium
selectivity test with synthetic geothermal brine A which contains
sodium, calcium, potassium, and magnesium. Lithium molar fraction
in the released solution, Li +released% (the total selectivity coefficient),
can be calculated as follows:

Li +released%=
creleased, Li+

creleased, Li + +
P

creleased,Mn+
× 100% ð3Þ

The concentration percentage of other individual metal ions in
the released solution Mn+

released% can be calculated as follows:

Mn +
released%=

creleased,Mn+

creleased, Li + +
P

creleased,Mn+
× 100% ð4Þ

The lithium extraction selectivity (i.e., separation factor) over
another metal ion PLi +

Mn+ can be calculated as follows:

PLi+

Mn+ =
creleased, Li+

creleased,Mn+

� �
=

cf eed, Li +

cf eed,Mn+

 !
ð5Þ

cf eed,Mn+ and creleased,Mn+ are concentrations of a metal ion in the
feed solution and in the released solution, respectively.

Lithium molar fraction was around 0.9% in the feed solution and
increased to about 92.3% ± 1.0% in the released solution. The con-
centration of Li+ in the feed and released solution was 30mM and
9.6mM, respectively. Note that a 5mM LiCl solution was used as the
release solution; after accounting for this, 4.6mM Li+ was released
from the electrode. The concentrations of the other four ions sig-
nificantly decreased after the extraction process. Sodium decreased
from 66.6% in the feed to 7.2% in the released solution, calcium
decreased from 19.9% to 0.2%, potassium decreased from 12.5% to
0.3%, and since Salton Sea geothermal brine contains only 0.4% mag-
nesium, magnesium was undetectable in the released solution
(Fig. 2d). According to the selectivity calculation Eq. (5), lithium
selectivity over sodium PLi+

Na+ is 9.83 × 102, lithium selectivity over cal-
cium PLi +

Ca2+ is 1.48 × 104, and lithium selectivity over potassium PLi+

K + is
4.41 × 103 (Fig. 2f), all are remarkably high and demonstrate the high
selectivity of LFP.

We further conducted element mapping of the LFP electrodes at
different extraction stages using transmission electron microscopy
(TEM). Figure 3a shows that Li intensity is weak after pre-delithiation
and before extraction. Li takes the majority of the intercalation sites
after extraction as shown by the brighter Li mapping (Fig. 3b), and the
electrodes become Li-depleted again after release (Fig. 3c).
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The electrode elemental composition percentage (Table S2) shows
that sodium is always under 1% of the electrode mass in all extraction
stages. The negligible presence of sodium in electrodes suggests that
the sodium detected in the released solution may originate from a
small fraction of feed brine that was trapped in the dead spaces in the
flow channels, which can be reduced via improving reactor design and
operation.

To further evaluate the performance of the lithium extraction
system in more complex brines, we tested synthetic geothermal brine
B based on the Simbol Feed Brine (SFB; 04/20/2011 Report of Analysis,
Table S1b). The brine contains iron, manganese, boron, strontium, and
ammonia in addition to lithium, sodium, calcium, and potassium tes-
ted earlier. The brine preparation procedures are detailed in the
Method section. By conducting the same extraction and release IDI
experiments, lithium molar fraction is only around 0.7% in the feed
solution and increased to about 91.2% ± 1.1% in the released solution
according to Eq. (3) (Fig. 2e).

The robustness of electrochemical lithium intercalation is further
demonstrated in two aspects. First, the high lithium selectivity is
maintained at elevated temperature simulating geothermal brines.
Geothermal brine produced from the reservoir (generally at a tem-
perature of 230 °C to 370 °C for Salton Sea) is first used for power
generation in a geothermal power plant using high-temperature steam
and would cool down to 80 °C to 110 °C prior to direct lithium
extraction49–53. To further evaluate the lithium selectivity with more
mimic situations, we increased the synthetic brine B temperature from
room temperature (RT) to 80 °C by conducting the same procedure.
Lithiummolar fraction still takes about0.7% in the feed solution before
the IDI extraction experiment and increased to 90.8%± 1.2% in the
release solution calculated from Eq. (3) (Fig. 2e). Second, the presence
of scale-forming irons, including Fe and Mn, in the brine does not
appreciably impact the lithium selectivity. In the presence of oxygen,
oxidation of ferrous ions (FeII) to ferric ions (FeIII) in the brine can result
in the precipitation of hydrous iron oxides. Since the whole system is

partially exposed to air, the oxidation of some ferrous irons is expec-
ted to occur. Although the brine contains colloidal particles that are
likely to cause scaling issues, lithium purity still remains over 90% in
the released solution, demonstrating the robustness of the
technology.

The Li extraction process needs to recover >80–90% Li in the
geothermal brine to make the process economically viable. One
technical barrier to achieving such a high extraction efficiency is that a
sudden concentration change of over 50% will cause the electro-
chemical potential for Li intercalation to change abruptly, basedon the
Nernst equation. Therefore, to maintain a stable potential, the Li
concentration change in thebrine in eachpassmust bewell controlled.
To maximize the extraction efficiency while also maintaining stable
electrical potential, we designed a stepwise extraction system with
cells arranged in series (See Fig. S6). The brine with partial lithium
extracted in the series 1 cell goes through the next series 2 extraction
cell untilmostof the lithium in the brine is extracted. Using this design,
we successfully achieved an extraction efficiency of over 85% in six
cells in series (Fig. S7). Note that further improving the extraction
efficiency to >90% is possible by including more cells, but the energy
consumption will also increase due to the low concentration of Li left
in the brine. Therefore, we opt to keep our extraction efficiency at 85%
to maintain a good balance between high Li recovery and low energy
consumption.

Mechanisms of Li selectivity revealed by density functional
theory (DFT) calculations
The intrinsic selectivity of LFP toward Li+ has been attributed to its
stronger bonding and/or smaller migration barrier than Na+, K+, Mg2+,
Ca2+, based on molecular simulations performed in battery systems in
the absence of water54. Here, we performed DFT calculations (detail in
Method section) to gain a mechanistic understanding of the Li selec-
tivity in aqueous solutions. Specifically, we simulatedmigration energy
profiles of cations (initial state Fig. 4a, final state Fig. 4b, also see
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Fe Na Li
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c

Fig. 3 | TEMCharacterization of FePO4 particles. a Before Li extraction; b after Li
extraction; c after Li release. From left to right: TEM image of FePO4 particle, Fe
Energy-dispersiveX-ray (EDX) elementalmapping, Na EDXelementalmapping, and

Li Electron energy loss spectroscopy (EELS) elemental mapping (the color bar
legend is only for Li elements).
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Supplementary Data 1) under the deintercalated limit along the [010]
diffusion direction within the interfacial layer of an FePO4 slab
immersed in water.

As shown in Fig. 4, Li+ not only exhibits a substantially smaller
activation barrier, ΔEact = E

T � EI , defined as the energy gap between
the transition and initial states, than any other cations but also solely
affords a negative enthalpy change, ΔHrxn = E

F � EI , which is the
energy difference between the initial and final states (Table S3). Its
small ΔEact of 0.063 eV is comparable with the thermal fluctuation
energy of kbT (i.e., ~0.025 eV) at room temperature, making its diffu-
sion nearly dynamically effortless. Moreover, Li+’s negative ΔHrxn of
−0.128 eV offers amoderate energetic driving force for its longitudinal
inward diffusion thanks to the negligible distortion of the FePO4 inner
layer, which forms shorter and stronger Li-O bonds than those on the

outer layer that underwent surface reconstruction. For instance, the
shortest Li-O in the final state is 1.97 Å, which is 0.04 Å shorter than its
counterpart in the initial state (Table S4). Nevertheless, this cation-
oxygen coordination that favors the inner-layer intercalation com-
petes fiercely with the solvation effect that oppositely prefers the
presenceof interfacial cations through electrostatic interactions. As an
example, when the bigger Na+ replaces Li+, the cation-oxygen coordi-
nation bonds become longer (i.e., from 1.97 to 2.13 Å), effectively
reducing the favoritism of inner-layer interaction and resulting in a
positive albeit small ΔHrxn of 0.082 eV. Similarly, a drastic increase of
ΔEact to0.404 eVwas alsoobservedbecause theweaker cation-oxygen
coordination notably destabilizes the transition state of Na+. Interest-
ingly, when an even bigger K+ is inserted, it cannot be stabilized at the
topmost intercalation site. Instead, it leaks into the implicit water
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Fig. 4 | DFT simulations to reveal the mechanisms for Li selectivity of LFP in
aqueous solutions. Initial (a) and final (b) states of nudged elastic band simula-
tions for Li+ diffusion along the [010] axis direction in an FePO4 slab implicitly
solvated by water. The oxygen, phosphorus, iron, and lithium atoms are colored
red, ochre, pink, and purple, respectively. c Simulated energy profiles of cation
diffusion along the [010] axis direction in a water-solvated FePO4 slab wherein the

reaction coordinates of the initial and final states are designated as 0.0 and 1.0,
respectively. d Calculated relative solvation energy profile of cations along the
[010] axis direction in a water-solvated FePO4 slab wherein the reaction coordi-
nates of the initial and final states are designated as 0.0 and 1.0, respectively.
Source data are provided as a Source Data file.
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phase during geometry optimization, suggesting that the oxygen
coordination cage of FePO4 is too small to host a K+ cation. Besides the
cation size, its valency plays an important role, too. For instance, Ca2+

and Na+ are about the same size. But, the ΔHrxn of Ca2+ is significantly
higher at 0.663 eV due to amuch stronger solvation effect arising from
its larger charge than Na+. This interplay between the size and valency
effects iswell demonstratedbyMg2+, which is smaller thanNa+ yet has a
higher valency. Specifically, theΔHrxn ofMg2+ is remarkably larger than
that of Na+ by 0.230 eV, while their ΔEact only differ by 0.119 eV. These
distinctpatterns canbe ascribed to the dependencyofΔHrxn andΔEact

on a cation’s valency and size, respectively. Taken all together, our
simulation results confirmed the exceptional extraction selectivity of
Li+ over other common cations (Na+, K+, and Ca2+) in aqueous solutions
by FePO4 observed in Fig. 2.

Moreover, the solvation effect on the cation diffusion along its
pathway was quantified by the relative solvation energy, ΔΔEsolvðrcÞ,
defined as Esolvent rc

� �� Evacuum rc
� �� Esolvent 0ð Þ+ Evacuumð0Þ where rc

is the reaction coordinate, Esolvent and Evacuum are the system’s energies
with and without the implicit water solvent, respectively. As shown in
Fig. 4d, the values of ΔΔEsolvðrcÞ tend to be predominantly positive
when rc >0:5, suggesting a well-stabilized initial state of all cations at
the water interface by the solvation effect.

Generation of battery-grade lithium hydroxide using BMED
To produce battery-grade LiOH, pure LiCl solution is desired as feed
into the BMED system. Therefore, we conducted a one-step purifica-
tion with the same IDI system. When using 90% Li and 10% Na solution
as the feed, Na was not detected in the released solution and therefore
a pure LiCl solution was obtained (Fig. S8). When pure LiCl and DI
water flow into the BMED system with a potential applied, electrolysis
occurs on the bipolar membranes, H+ is released from the cation
exchange layer and OH− is released from the anion exchange layer. Li+

migrates through the cation exchangemembrane and forms LiOHwith
generatedOH−. Figure 5a shows the concentration of ions in the dilute-
in channel as a function of time. LiOH was gradually generated in the
channel, and Cl− concentration is always negligible. The PurityLiOH was
calculated as followed:

PurityLiOH%=
cOH�

cCl� + cOH�
× 100% ð6Þ

cCl� and cOH� are the concentrations of Cl− and OH−; cOH� was
calculated from the pH value (Fig. S9). The average purity of LiOH
produced is 99.6% ± 0.2% which reaches battery manufacturing grade.
The collected LiOH solution was further subjected to rotary evapora-
tion, which facilitates the crystallization process to form LiOH·H2O
white power solid (Fig. 5b). The LiOH·H2O crystal structure was con-
firmed by XRD patterns (Fig. 5c).

Techno-economic assessment of the process
To understand the economic competitiveness of our technology, we
further conducted techno-economic assessments (TEA) for our lithium
extraction process using intercalation material by leveraging tools
developed in our recent work on electrochemical desalination55 and
lithium hydroxide conversion according to base production using
BMED in previous work. The details for the TEA are presented below.
We consider the contribution of both capital and operating costs to
levelized cost of lithium (LCOL, USD/kg LiOH·H2O extracted).

Capital costs (Capex) include the costs of electrodes, IEMs, aux-
iliarymodule components (spacer, current collector, andhousing), the
balance of system components (sensors, pumps, valves and piping,
electrical controls, and energy recovery devices), and indirect cost.
Indirect cost is calculated fromdirect capital cost and total capital cost

factor, which accounts for equipment installation, building and sto-
rage, design and engineering, and miscellaneous cost.

The actual Li adsorption capacity (LAC,mg/g LFP) of the electrode
is calculated based on real experimental data using the following
equation:

LAC =
αCin, exprVexpr

MLFP, expr
ð7Þ

where Cin, expr is the concentration of the solution before the lithiation
[mg L–1]; α is the extraction efficiency; Vexpr is the volume of the cir-
culated solution [L], MLFP, expr is the active LFP mass [g].

The mass-normalized average Li adsorption rate, ALARm

[mg g–1 h–1], is calculated using Eq. (8) from LAC, and the duration of a
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Fig. 5 | Lithium hydroxide production from BMED system. a Li+, OH−, and Cl−
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after crystallization; c XRD patterns of produced LiOH·H2O solid. Source data are
provided as a Source Data file.
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charge-discharge cycle (τ, h):

ALARm =
LAC
τ

ð8Þ

The productivity of the extractionunit [kg day–1], PLi + , or themass
of Li+ extracted by the plant per day could be calculated by Eq. (9):

PLi+ =
αcinQoutηLFntrain

Rw
ð9Þ

where cin is the Li concentration in the inlet of DLE; Qout [m
3/d] is the

feed brine flow rate; Rw is brine recovery, defined as the percentage of
brine volume recovered after DLE; and ηLF is plant load factor, which is
the ratio of average brineflow rate to an installed capacity of brineflow
rate. The load factor accounts for the capacity utilization rate and
downtime in the DLE plant.

The mass of electrodes (Melec, kg) required for initial capital
investment is calculated by:

Melec =
PLi+

24ðALARmÞ
ð10Þ

Based on the estimated total electrode mass, we determined the
electrode area in eachmodule, which is then used to estimate the cost
of IEMs and auxiliary module components.

Operating costs (Opex) include electricity, module replacement,
maintenance, labor, and chemical costs. Electricity consumption
includes electricity for charging the electrodes and pumping brine.

The energy consumed during extraction contains the energy used
by cells and pumps:

Eextr = Epump + Ecell ð11Þ

The pumping energy consumption is calculated based on the
water pumped during the process Qin and specific pumping energy,
SPE [kWh/m3]:

Epump = SPE�Qin ð12Þ

The energy supplied to the IDI cells is calculated by the
productivity PLi + and the specific energy consumption (SECextr),
[kWh/kg Li+]:

Ecell = PLi+ �SECextr ð13Þ

The SECextr is obtained using numerical integration of real-
experimental energy consumed during lithiation and delithiation half-
cycles.

SECextr =

R te
tov tð ÞIdt

Cin, expr � Cout, expr

� �
Vexpr

ð14Þ

where to is the beginning of lithiation; te is the end of the cycle; v tð Þ is
the voltage profile during the cycle; I is the current [mA]. During
delithiation, the current is reversed, and some supplied energy during
the lithium capture stage can be recovered in the delithiation stage.

The productivity of the conversion unit is the mass of LiOH pro-
duced per day:

PLiOH =βQBMEDcLiCl ηLFMw=1000 ð15Þ

where β is the conversion rate from LiCl to LiOH; QBMED is the influent
flowrate of BMED process [m3/d]; cLiCl is the inlet LiCl concentration

[mM]; ηLF is the load factor of the plant; Mw is the molar mass of
LiOH•H2O[g/mol].

The total capital cost CC is the sum of the membrane stack cost
and the peripherals cost

CCBMED =Cmem +CPeri ð16Þ

where the membrane stack cost is calculated as

Cmem =AðCIEMnIEM +CBPMnBPM +CspnSPÞ ð17Þ

where A is the area of cross-sectional area; CIEM ,CBPM ,Csp are the unit
cost of IEM, BPM, and Spacer; nIEM , nBPM ,nSP are the numbers of IEMs,
BPMs, and spacers.

The peripherals cost is calculated as CPeri = FPCmem, where Fp is
the Peripherals factor.

The operational cost is calculated as

OCBMED =OCML +OCElec ð18Þ

where the maintenance & labor cost is OCML = FMLCC, where FML is
maintenance & labor factor. The electricity cost per year is
OCElec =365VCelectriðPLiOH �SECBMED +QBMED�SPEÞ, whereVCelectri is the
unit price of electricity; SECBMED is the specific conversion energy
[kWh/kg LiOH•H2O], SPE is the specific pumping energy.

The annualized capital cost is ATCCBMED =CCBMEDCF , where CF is
the capital factor. So, the annualized total cost is
TOCBMED =ATCCBMED +OCBMED, and the levelized cost of Lithium
conversion [$/kg LiOH•H2O] is LCOLconv =

TOCBMED
365PLiOH

:

Considering the freshwater usage for washing the flow cell system
between extraction and release process, the water cost could be cal-
culated by followings:

rwash =Qwashtwash=massLi+ cycle ð19Þ

Vwash year = rwashmassLi + year ð20Þ

LCOLwater =
Vwash yearpricewater

massLiOH year
ð21Þ

LCOLwater is the levelized cost for washing in this process, in USD/
kg. Freshwater consumption is estimated as 24.8 L/kg LiOH•H2O, and
the cost of freshwater contributes to 0.04 USD/kg LiOH•H2O which is
less than 1% of total cost.

Based on this analysis (see Tables 1, S5, and S6 for a full list of
parameters), we estimated the unit cost for extracting Li (Fig. 6a, b).
IEM and electrode are major contributors to the cost of Li extraction
mainly due to the costof replacementwhen the electrode comes to the
end of life. The LCOL, with a unit of USD/kg LiOH•H2O, decreases with
increasing Li extraction efficiency (i.e., the ratio of the moles of Li
recovered to the moles of Li in the feed). LCOL strongly depends on
the electrode lifespan; increasing the electrode lifespan from 0.2 to 1
year reduces LCOL by over 70%. With the system baseline parameters
used in our analysis (electrode lifespan0.5 years, seeTables S5, S6), the
LCOL is 4.6 USD/kg LiOH•H2O and about one third of market price for
LiOH•H2O as of January 202442,43.

Discussion
Our integrated electrochemical lithium extraction technology pre-
sents three unique advantages: (1) high selectivity for Li over mono-
valent andmultivalent competing cations in geothermal brines; (2) the
lithium capture and release processes are driven entirely by electricity,
with no consumption of harsh chemicals; (3) electro-driven generation
of battery-grade lithium hydroxidemonohydrate at competitive costs.
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As revealed by our DFT simulation, LiFePO4 electrochemical
intercalation offers high Li selectivity owing to thermodynamic pre-
ference and small energy barrier for Li migration in the intercalation
hosts. FePO4 has a unique lattice structure, and due to its channel
dimensions, Li+ can be selectively separated from Ca2+, Mg2+ and K+

after full dehydration34,35. LiFePO4 possesses high intrinsic selectivity
for Li in aqueous solutions. However, realizing high Li selectivity in a
continuous flow cell necessitates system design that allows for accu-
rate control of intercalation potential. We design a three-electrode
flow systemwith lithium intercalationmaterials to achieve high lithium
selectivity over competing ions underwell-controlled potential. Three-
electrode configuration is commonly used in static beaker system by
previous studies27,29. In flow cell ion separation, two-electrode config-
uration is widely applied in capacitive deionization and IDI56,57. How-
ever, as both Li+ and Na+ are able to intercalate into FePO4 interstitial
sites but at different plateau potentials10, it is difficult to control the
working electrode potential when the counter electrode that captures
anions is used as the reference. Our IDI system with a reference elec-
trode allows accurate control over the potential for lithium intercala-
tion and thus enables an ultrahigh selectivity over Na+ and other
cations in the flow cell.

The electrification of lithium mining, or the substitution of che-
mically intensive lithium extraction processes with electricity-driven
processes to produce battery rawmaterials with equivalent grade, will
be critical to decarbonizing the battery manufacturing and electrical
vehicle industry. Compared with other direct lithium extraction
methods (Table S7) summarized in recent work9, IDI extraction shows
outstanding lithium selectivity and minimizes the mining environ-
mental impacts. Lithium sorbents/ion exchangers and some organic
solvents have a high affinity for Li+ but suffer from drawbacks of using
harsh acid for regeneration and the potential release of organic

solvents to the environment, respectively58–61. Some lithium sorbents
like layered double hydroxide can be regenerated by freshwater62,
which, however, is a scarce resource in remote and arid locations
where many lithium brines are found. Recently, there have been
extensive studies on lithium separation by membrane-based technol-
ogies including pressure-driven and electrical-field-driven membrane
process21,63–67. While most membrane-based lithium extraction tech-
nologies show selectivity for lithium over multivalent cations, they
often struggle to achieve high selectivity (>5) for lithium over mono-
valent cations such as Na+ and K+ (see Table S7), which is needed to
produce high-purity lithium hydroxide monohydrate.

Our integrated electrochemical process allows chemical-free
production of high-quality lithium hydroxide monohydrate from
geothermal brines using electricity as the input, thus enabling on-site
lithium extraction and refinement within geothermal power plants. In
addition, electrochemical cells can be fabricated as modular devices,
and easily scaled up to fit the needs of desired brine flow rate and
lithium extraction capacities. Continuous flow systems will reduce the
brine storage burden within the geothermal power plants. We antici-
pate that our technology works not only for geothermal brines,
but also holds promise in lithium extraction from continental salt
flat brines as well as alternative lithium sources like oil/gas-produced
water and desalination brines. The sources for electricity could vary by
extraction sites; potential sources include geothermal, solar, wind,
or other renewable energy sources, thus minimizing the environ-
mental impacts of the lithium mining industry. Finally, our techno-
economic assessment shows that our electrochemical lithium extrac-
tion processes can be cost-competitive against conventional lithium
mining if the electrodes have sufficient longevity. Our recent work
has demonstrated that the faradaic efficiency of LFP electrode
was maintained at near 100%± 2.5% after 100 cycles in simulated Ata-
cama brine7.

To further commercialize electrochemical direct lithium extrac-
tion technologies, there are barriers needed to overcome for scaling
up. First, electrode fabrication needs to be optimized for industrial-
scale manufacturing. The drop casting method used in the lab is only
capable of producing electrodes in the centimeter size range; for
manufacturing electrodes with larger areas in the meter range, more
scalable methods including roll-to-roll coating68, slot-die coating69, or
spray coating70 should be employed. Second, the Li extraction cells
need to have the ability to handle high-temperature brines for long
periods of time, and automated control systems need to be added to
maximize system efficiency. Third, the geothermal brine and other
alternative lithium sources have complex water composition, con-
taining foulants and mineral scalants which might cause deterioration
of electrode performance over extended cycling. Further improving
the capacity retention of the electrode while maintaining high Li
selectivity through the optimization of electrode fabrication and
device operation will be critical to enhancing the economic competi-
tiveness of electrochemical Li extraction from geothermal and other
alternative lithium brine sources.

Methods
Preparation of electrodes
All FePO4 electrodes were prepared by casting a slurry of LiFePO4 (MTI
Corporation, Model Number: P198-S20), Super P carbon black (MTI
Corporation; ItemNumber: Lib-SP; average particle size ~40 nm;purity
≥99.5%), and polyvinylidene fluoride (Thermo Fisher Scientific, CAS:
24937-79-9, MP: 155–160 °C) with a mass ratio of 80:10:10 in 1-methyl-
2-pyrrolidone (Thermo Fisher Scientific, ACS grade, 99.0+%). The
electrode slurry was drop-casted by adjustable volume dingle channel
pipettor (eppendorf) on a 3 × 3 cm2 geometrical surface of a porous
carbon cloth (ELAT-H, FuelCellEtc, 406 μm in thickness, 80% porosity)
and dried in an oven at 80 °C overnight (Fig. S10). The active material
mass loadings ranged between 5 ±0.5mg/cm2.

Table 1 | Important parameters for the techno-economic
assessment

Financial
parameters

Variable Value Unit Source/Note

Plant service life Lpl 20 Year 80

IEM lifespan LIEM 8 years 81

Electrode lifespan Lelec 0.5 years 10

Activated carbon Ccar 10 $/kg Kuraray

BPM cost CBPM 1350 $/m2 82

IEM cost CIEM 60 $/m2 83,84

Electricity cost VC_electri 0.07 $/kWh U.S. EIA

Discount rate i 7 % 85

Case specifications Variable Value Unit Source/Note

Brine Li
concentration

cin 232 mg/L 47

Brine flow rate Qout 37.85 m3/day

Brine recovery ratio Rw 80 % Experimental
data

Li Extraction
efficiency

α 18 % Experimental
data

Li Conversion rate β 25 % Experimental
data

Specific extraction
energy
consumption

SECextr 4 kWh/kg Li+ Experimental
data

Specific pumping
energy

SPE 0.1 kWh/m3

water
pumped

Specific conversion
energy
consumption

SECBMED 2.45 kWh/kg
LiOH·H2O

Experimental
data
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Brine preparation
The recipe-salts (Table S1b) were completely dissolved with stirring,
after sparging deionized (DI) water (Millipore, Milli-Q, 18.2MΩ cm
resistivity) with nitrogen for 30min. The brine pHwas then adjusted to
~5.5 with sodium hydroxide (Sigma-Aldrich, ACS reagent, ≥97%) and
hydrochloric acid solutions (Sigma-Aldrich, ACS reagent, 37%) (as
needed).

Electrochemical methods
All electrochemical operations were performed on a potentiostat (Bio-
Logic VSP) at room temperature (20~25 °C). During pre-delithiation
process, a LiFePO4 (LFP) working electrode was paired with a Pt
counter electrode (Sigma) and an Ag/AgCl (3M KCl) reference elec-
trode (BASi Research Product Inc, MF-2056) for galvanostatic Li-ion
deintercalation in 100mL 1M LiCl with 0.1 C rate (1 C is equivalent to
147mA/g specific current), i.e., 14.7mA/g current density (Fig. S11).
After pre-delithiation, electrodes were rinsed with DI water to remove
adsorbed Li+ and ready for the intercalation process.

The IDI cell consists of rectangular acrylic plates (McMaster),
rubber gaskets, a plastic mesh spacer, a pair of graphite plates as
current collectors (McMaster-Carr), a piece of LFP electrode, a piece of
carbon electrode andAg/AgCl (3MKCl) reference electrode (Edaq Inc,
ET073-1). 3D schematic and assembling details of the device are shown
in Fig. S12. The sizes of the electrodes were 3 × 3 cm. An anion
exchange membrane (AMI-7001, Membrane International Inc., 3 cm×
3 cm×0.46mm) was placed between the positive electrode and the
mesh separator.

All IDI experiments were performed in the flow-by (i.e., solution
flows in parallel to the electrode pairs) mode with single-pass opera-
tion (i.e., effluent does not recirculate back to the feed). Prior to
experiments, the carbon electrodes were infiltrated with the working
solution in vacuum for 30min. The assembled IDI cell was then equi-
librated with the working solution for overnight. During the lithium
extraction step, solutions were continuously flowed through the IDI
cell at a flow rate of 0.5mL/min with 0.1 C rate. During the lithium
release step, 5mM LiCl solution was continuously flowed through the
IDI cell at a flow rate of 0.05mL/min with 0.1 C rate. DI water flowed
into the cell for washing between the lithium extraction and release
processes. The cation concentrations after release process were mea-
sured using an inductively coupled plasma-optical emission spectro-
meter (Agilent Technologies 5800 ICP-OES; Agilent Technologies SPS
4 Autosampler).

Potential Electrochemical Impedance Spectroscopy measure-
mentswereconducted to analyze the total resistancebetweenworking
electrode (WE) and reference electrode (RE) in the cell system. A
constant potential of 0.025 V was applied to imitate the lithiation
reaction during the process and the impedance spectrawere recorded

over a frequency range from 100 kHz to 10mHz with an AC amplitude
of 10mV. The data was obtained through fitting with the Bio-Logic EC-
lab software, using the “Randomize + Simplex method” with 5000
iterations (Fig. S3).

BMED cell (PCCell ED 64004) was assembled with bipolar mem-
branes (FuelCell, Fumasep FBM, 110 × 110 ×0.1mm) and cation
exchange membranes (PCCell, 110 × 110 ×0.1mm) 10mM LiCl and DI
waterwas fed in as dilute-in and concentrate-out streams, respectively,
at a flow rate of 5mL/min. 2.0 Vwas applied as constant voltage for 2 h.
N2 (purity > 99.998%) was continuously purged into the solution to
minimize dissolved CO2 in the solution. The Li purity was measured
using an inductively coupled plasma-optical emission spectrometer
(Agilent Technologies 5800 ICP-OES; Agilent Technologies SPS 4
Autosampler) and the anion concentrations were measured using an
ion chromatograph (IC) (Dionex ICS-1100; Dionex IonPac AS18 col-
umn) with 10mMNaOH as the eluent at 0.25mL/min eluent flow rate.

Density functional theory (DFT) simulation methods
Since the extraction selectivity of various cations (i.e., Li+, Na+, K+, Mg2+,

and Ca2+) from aqueous solutions by FePO4 is primarily decided by
their associatedmigration energy profiles, they were calculated by the
density functional theory (DFT)71 in conjunction with the nudged
elastic band (NEB)72 method. In our simulation, a 2 × 2 supercell of
FePO4 slab with a normal direction of [010] and a thickness of ~12.0 Å
was adopted (Fig. 4), leading to a surface area of 9.72 Å × 19.83 Å given
the experimental crystal structure of olivine FePO4

73. After adding a
cation to the FePO4 slab, there are 193 atoms in our simulation system,
where its top layer of oxygen is designated as the water/slab interface
and thus is set as the plane acwith b =0 as its longitudinal coordinate.
Aiming tomodel the solvation effect on the interfacial layer, an implicit
solvation model74 with a dielectric constant of 78.4 was applied to the
region with b >0 (Fig. 4). Unless otherwise specified, all simulations
were performed using the open-source CP2K software75 with
Perdew–Burke–Ernzehof (PBE) exchange-correlation functional76,
Goedecker–Teter–Hutter (GTH) pseudopotential77, and polarized-
valence-double-ζ (PVDZ) basis set78. Specifically, the NEB’s initial
state is defined as the optimized structure with the added cation
residing in one of the topmost intercalation sites (Fig. 4a), while its
counterpart immediately along the [010] axis direction is the NEB’s
final state (Fig. 4b). A total of 16 NEB images connected by a spring
constant of 9.72 eV/Å2 were employed to search for the transition state
using the doubly nudged elastic band (D-NEB) algorithm79.

Lithium hydroxide monohydrate crystallization
LiOH•H2O powder was collected under reduced pressure using a
BUCHI rotavapor R-300. The solution was heated to 80 °C and placed
under 0mbar pressure to remove water. The damp solid was
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lyophilized for 48 h using as a labconco FreeZone benchtop freeze
dryer system. The remaining LiOH•H2O solid was ground into a fine
powder for imaging.

Materials characterization
Scanning transmission electron microscope-Energy dispersive spec-
troscopy (STEM-EDS) mapping was acquired using an Oxford X-Max
100TLE windowless SDD detector equipped with JEOL ARM 200F.
Electron energy loss spectroscopy (EELS) spectra were acquired using
a Gatan GIF Continuum ER with a dwell time of 0.03 s per pixel. XRD
patterns were obtained with a Bruker D2 Phaser X-ray diffractometer
using Cu Kα radiation and a LYNXEYE XE-T detector.

Data availability
Source data are provided in the Source Data file with this paper. The
raw data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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