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To meet the increasing lithium demands created by global electrification,

afast, flexible, inexpensive and sustainable mining process is needed,
whichisyettoberealized. Here we explore an untapped energy source
thatisinherentin allion-separation processes to achieve spontaneous Li
extraction with net energy production. The driving force comes from the
huge concentration difference of counter ions (usually chloride) between the
feeding and receiving solutions. Experimental results under various feeding
compositions can be well explained by the Gibbs-Donnan equilibrium.
Utilizing a Li-selective ceramic membrane and a chloride-storing silver
electrode, we successfully achieved Li extraction from simulated brine
withan energy output of 1.6 Wh mol,; ™. The systemis stable over 300 hours
of operation, maintaining a high Li/Mg selectivity of 450. Moreover,

even spontaneous enrichment can be achieved when the counterion
concentration is much greater than that of Liion in the feeding brine.

We anticipate that the concept of this work could not only reshape

the Lisupply chainbutalso seed a fundamental transformation of all
ion-separation processes.

The global production of Li has more than tripled during the past
decade, driven by the rapid growth of renewable energy storage and
the electric vehicle market'? Various studies have predicted that the
demand for Liwill triple again in the coming decade®*. Currently, global
Li production is dominated by evaporation-driven mining from con-
tinental brines, followed by chemical precipitation from minerals®®.
However, none of these traditional techniques provide a satisfying
solution to the ever-increasing Li demands. The evaporation process
isextremely slow, making Li productioninflexible and hard to respond
toshort-term changesin market demand’. Even with novel device struc-
tures and materials’ ", evaporation-based methods still waste large
amounts of water, which not only limits their energy efficiency but

alsoinduces damage to the environment®. Inaddition, such methods
are typically not suitable for resources with lower Li content, such as
oil-produced water and geothermal brines*".

Inrecent years, direct Li extraction techniques have emerged as
promising alternatives to traditional techniques due to their higher
efficiency, lower capital investment, better production flexibility and
environmental compatibility'*". lon pumping processes, especially
electrochemical Li extraction, havereceived alot of attentionin recent
years'™". Intercalation cathodes with inherent preference for Li over
other cations, such as LiCo0,?, LiFePO,*** and LiMn,0,%**%°, ensure
the high selectivity of ion pumping processes. Nonetheless, these tech-
niques have limited throughput because of necessary post-treatment
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Fig.1| Concept. Spontaneous Li extraction and enrichment with net energy output can be achieved using a Li-selective membrane with a pair of Ag/AgCl electrodes.
Repeatedly switching the Ag and AgCl electrodes enables semi-continuous Li extraction.

steps to regenerate the adsorbent and low current density to prevent
co-intercalation of impurities.

Membrane-based techniques such as electrodialysis, electroly-
sis and nanofiltration offer many advantages over other direct Li
extraction methods, such aslower chemical emission, higher selectiv-
ity and continuous operation*?, Although nanofiltration features
an outstanding rate and low energy cost, it often suffers from poor
selectivity towards Li as a result of insufficient pore size control. Li/
Na separation is particularly difficult because they cannot be distin-
guished by charge density like Li/Mg separation®’*°. To make things
worse, hydrated Li* actually has a larger radius than Na*, making most
nanofiltration membranes prefer Na over Li* "%, Fortunately, effective
Li/Na separation can be realized by solid Li electrolytes, which can
fully dehydrate Li* and Na* (making Li* smaller than Na*). Since the
first attempt by Itoh and co-workers in1999*, various types of solid Li
electrolyte, including NASICON-type Li, ;Al, sGe, s(PO,); (LAGP)*** or
Li, sAly sTi; s(PO,); (LATP)**, garnet-type Li ,La;Zr, ,Tay (O, (LLZTO) "
and perovskite-type Liy 33La, 54 TiO5 (LLTO)****"%%, have been employed
for electrodialytic or electrolytic Li extraction. Hoshino®* and Lai and
co-workers® used ceramic membranes to extract Li ion from seawa-
ter, whereas Zhou and co-workers® further developed an electrolysis
process to produce metallic lithium from seawater. Despite the good
selectivity and Faradaic efficiency, these processes employed the
water-splitting reaction or chlor-alkali process to drive the migration
ofLi,both of which are plagued by high thermodynamic potentials and
overpotentials****%, As a consequence, these devices usually operate
athighvoltages greater than 3V, severely increasing their energy con-
sumption. He, Lai and Huang and co-workers*** integrated photoelec-
trodes with Liextraction devices to utilize solar energy, but the delicate
semiconductor structure introduced additional challenges for fabrica-
tion. Very recently, two works by Cui and co-workers®® and Presser and
co-workers” have dramatically reduced the operation voltage to below
1Vbyintroducingreversible redox couples (hydrogen reduction/oxida-
tion, ferri/ferrocyanide redox) across the two electrodes®”°.

Inthis Article, we leverage an untapped driving force embedded in
ion-separation processes, which not only eliminates the energy cost of
electrodialytic Li extraction but can even produce energy. The critical
improvementisfinding anelectrode reaction to exploit the tremendous
osmotic energy, which is aresult of the huge concentration difference
of counter ions between the feeding and receiving solutions. A ther-
modynamic model based on the Gibbs-Donnan effect is established
to describe the driving force quantitatively, which matches well with
experimental results. Practically, spontaneous Li extraction with an
energy output of 1.6 Wh mol,; ™ is demonstrated using an LAGP mem-
brane and a pair of Ag/AgCl electrodes. A high Li/Mg selectivity of 450
canbe maintained for 300 h, with close-to-unity Faradaic efficiency. Fur-
thermore, even spontaneous enrichment s feasible asindicated by both
theory and experiments. This work essentially combines the Liextraction
process with osmotic energy harvesting into one device, breaking the
conventional thinking that ion separation and enrichment should be
energy consuming. We expect that the concept and general principle
of this work is applicable to more ion-separation processes and can
potentially inspire a new field of carbon-negative resource extraction.

Results

Concept of spontaneous Li extraction

The working principle of spontaneous Li extractionis illustrated sche-
matically in Fig. 1. A piece of Li-selective membrane separates the pure
LiCl receiving solution from the feeding brine, which contains large
amounts of other cations (Na*, Mg?*and so on). When a pair of Ag and
AgCl electrodes are placed into the feeding and receiving chambers,
respectively, an electrochemical potential will be generated due to the
concentration difference of ions in the two chambers. Such a potential
candrive Li* through the single-ion conductive membrane, whereas
Clisincorporatedinto or released out of the Ag/AgCl electrodes. After
being fully discharged, the Agand AgCl electrodes canbe switched and
thedeviceisable todischarge again, hence achieving semi-continuous
Liextraction.
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Fig. 2| Equilibrium conditions of Li extraction processes. a, Schematics of a
spontaneous Li extraction cell at open circuit condition. b, Heat map of OCVas a
function of Li* and CI” concentration ratios across the membrane. The equilibrium
[l _ [Cllg
[Lilg ~ [Clg
of CI"and Li* across the membrane.F, feeding; R, receiving. ¢, Experimental OCV
versus Li* concentration ratio across the membrane at various Mg/Liratios in the
feeding solution. The blue dashed curve represents pure LiCl as the feeding

condition of canbe derived by matching the electrochemical potential

solution. The blue solid curves have 50 mM of MgCl,, whereas the red curves have
0.5 MMgCl,inthe feeding solution. The concentration of LiCl in the feeding
solutionis 0.3 mM and 30 mM for the curves with round and square symbols,
respectively.d, Comparison of equilibrium concentration of Li* measured by
experimentincversus predicted by theory inb. For each feeding LiCl
concentration, we have tested 2 feeding MgCl, concentrations: 50 mM and 500 mM.
Thelower points for each feeding LiCl concentration correspond to 50 mM MgCl,
concentration, and the higher ones correspond to 500 mM.

The thermodynamic driving force of this system purely comes
from concentration difference, inanother word, osmotic energy. How-
ever, the blocking of all cations other than Li* creates animbalance of
osmotic pressure for anions and cations. The much larger osmotic
pressure of CI”duetoits higher concentrationinbrine thanLi* provides
ample driving force for Li* that can even achieve Li enrichment.

Tounderstand the driving force quantitatively, let’s first consider
the open circuit voltage (OCV) of a spontaneous Li extraction cell
(Fig. 2a), which is the sum of the membrane potential difference Ag,,
and the electrode potential difference Ag,.

OCV = Ay, + Ay (6]

With Ag/AgCl electrodes, Ag, which represents the osmotic energy
from CI', can be easily determined using the Nernst equation, where
Ristheideal gas constant, Tis the temperature, Fis the Faradaic con-
stant, and [CI]; and [Cl]; are the concentrations of CI” in the feeding
and receiving solutions:

Ay = _Em([c']r)

F\fa, @

The membrane potential Ag,,, can be determined by considering
the equilibrium condition for Li across the membrane. When brine
and receiving solution get in contact with a Li-selective membrane,
a tiny amount of Li* will diffuse towards the side with lower concen-
tration, breaking charge neutrality in the vicinity of the membrane
surface (Fig. 2a). The resulting electric field acts against the concen-
tration gradient of Li* to stop its further diffusion, which requires

the electrochemical potential of Li* to be equal on both sides of the
membrane. Assuming both solutions areideal, all salts fully dissociate
andtheactivity ofeachionisthe same asits concentration, we have the
following condition for equilibrium at open circuit:

AT = RTIn (%) + FAgm =0 3)
R
_RT, (ILi)
g ‘_TI"(E> @
Hence the open circuit voltageis:
RT [Li] [CI]
ocv =72 [in{ g5+ n (1 )| ©

Here A, = ¢ — Pris the electrostatic potential drop across the mem-
brane, and [Lil;, [Lilg, [CI] and [Cl] are the concentrations of Li* and
Cl inthefeeding and receiving solutions, respectively. Anion concen-
tration gradient clearly contributes more to the total driving force
because typically [Cl]; > [Li] whereas [Cl]; = [Li];. Because both Li"
and CI” have higher concentrations in the brine, the OCV is negative
based on the sign convention in Fig. 2a.

When the external circuitis closed, electrons will flow from the left
Ag electrode (feeding) to the right AgCl electrode (receiving), which
has higher electric potential, accompanied by CI” intake/release on
the left/right electrode. The spontaneous flow of electrons towards a
positiveelectrode infers energy generation. This weakens A¢,,, allow-
ing continuous Li* flow through the membrane to balance the charge
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Fig.3|Structural characterization of LAGP membranes. a, Photographs of
an H cell for spontaneous Li extraction. Inset: photo of an LAGP membrane fixed
ontoa plastic holder. b, Schematic of the crystal structure of Li; Al sGe, s(PO,)s.
¢, Transport channels of Li+ in the LAGP structure with size information of the

triangular bottlenecks. T, and T, represent the triangular bottlenecks in the Li
diffusion pathways. d, XRD patterns of a sintered LAGP membrane before and
after Li/Mg separation experiments. e, SEM image of the top surface of an LAGP
membrane. f, SEM image of the cross section of an LAGP membrane.

of CI". Overall, LiCl migrates towards the receiving solution, getting
separated from other saltsin the brine.

Asmore LiCl gets extracted, the driving force diminishes until OCV
becomes 0 according to equation (5). The system now reaches the final
equilibrium state satisfying the following condition:

[Lilg _ [Clle ©)
[Lile  [Cllg

On the basis of equation (6), equilibrium can only be achieved
on the diagonal line in Fig. 2b where both Li* and CI” have equal elec-
trochemical potential across the membrane. The theory has been
proposed by Gibbs and Donnan over a century ago but has not seen
applicationsin Li extraction yet’".

To verify the above theory, experimental measurements of the
OCV have been carried out, and the results are summarized in Sup-
plementary Fig. 1. In each set of experiments, the composition of the
feedingsolution s fixed whereas the concentration of LiClin the receiv-
ing solution is increased gradually. Figure 2c shows the average OCV
asafunctionof'the concentration ratio of Li* across the membrane. As
predicted by equation (5), the OCV is more negative when the ratio of
%and EHF arelarger. The curves move to the right as the ratio of Mg?*

R
(hence CI” as well) to Li* gets larger, which is also expected according
toequation (5). Onasemi-log plotsuchasFig.2c, the slope of the curves
isexpected tobe 118 mV per decade (10-fold change in the concentra-
tion) at room temperaturebecause[Li], = [Cl]g:

oCV = RTTIn (10) log ([Lilg[Cllg) + C @)

The experimental values of the slope range from 100 to 120 mV
per decade, which qualitatively matches the theory and substantially
exceeds the slope based on the Nernst equation of a single species.

The small deviation could be due to some non-ideality of the
Li-conductive membrane and the electrodes. For example, Li* in the
membrane may undergo slow exchange with proton in water if Li*
concentration is very low in solution’?, whereas surface complexation
of AgClwith excessive Cl” inthe solution may cause alower slope than
predicted by Nernst equation’., The constant Cin equation (7) is related
to the concentration of CI” and Li* in the feeding solution hence it is
fixed in the experiments above.

The interception points of these curves with the line of OCV=0
give the equilibrium composition of the receiving solutions under
different feeding conditions. When the receiving solution contains
only LiCl, [Li]z = [Cl]g and the equilibrium condition in equation (6)
canbe further simplified to:

[Lilgeq =/ [Lil¢[CllE (8)

This conclusion is validated by the results as shown in Fig. 2d,
where the experimentally measured equilibrium concentration of Li
matches closely with the prediction by equation (8).

Overall, the experimental results and the theory both demonstrate
that asubstantialamount of energy can be extracted when Li* is sepa-
rated from other cationsin the brine. Furthermore, the thermodynamic
driving force is strong enough to even enable spontaneous Li enrich-
ment without any energy input. Inthe theoretical limit, our approach
canenableal4.2-fold or 44.7-fold enrichment when the molar ratio of
Mg toLiis100 or1,000in the brine, respectively.

Demonstration of spontaneous Li extraction and enrichment

The experimental set-up for spontaneous Li extraction is shown in
Fig. 3a. The critical component for achieving spontaneous Li extrac-
tion is a highly selective membrane (Fig. 3a, inset). To achieve the
highest possible extraction performance, NASICON-type LAGP (Li, 5
Al,sGe, s(PO,);) is chosen in this work due to its high Li conductivity”
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voltage. b, EIS spectra of cells with and without NH,HCO, supporting electrolyte
inthereceiving solution, using 0.5 M MgCl, + 0.03 M LiCl as the feed. The
impedance-voltage dilemmais solved by using the supporting electrolyte.

b "
20 10
® 1 mM LiCl
® 5 mM LiCl
15 | 1 mM LiCl + 100 mM support
) A
S 10 | Feed: 0.5 M MgCl, +0.03 M LiCl
1S
1
° . o
051 @ %
o ¢
- %
o . . . .
0 0.5 1.0 15 2.0 25
Re(2) (Q) x10*
d Feed: 0.5 M MgCl, + 0.3 mM LiCl
0
\___—v_/—/—'—__'“’_ﬁ
. -0aF
b
(] \W_J/—'—m
()]
I S —
°
= 02 — 01mM
Recei — 0.3 mM
eceive: 1mM
— 3mM
_03 L L L
0 50 100 150 200
Time (s)

Im(2) and Re(Z) represent the imaginary and real parts of the cellimpedance.

¢, Voltage curves under various current densities using 0.5 M MgCl, + 0.03 M LiCl
as the feeding and 0.1 M NH,HCO, as the receiving. The current is turned off after
120s.d, Voltage curves under 10 pA current using 0.5 M MgCl, + 0.3 mMLiCl as
the feeding and 0.1 MNH,HCO; + 0.1to 3 mM LiCl as the receiving. The current is
turned on at 60 s. This demonstrates that spontaneous Li enrichment is possible.

and selectivity” at room temperature. Details of the preparation and
characterization procedures have been elaborated in Methods and
by previous works.

The LAGP crystal structure shown in Fig. 3b has a negatively
chargedbackbone, composed of corner and edge sharing Al-0, Ge-O
and P-0 polyhedra. Li* partially occupies the Wyckoff sites 6b, 18e
and 36", During the ionic transport, Li* has to pass through two
triangular bottlenecks, whose inscribed circles are less than 1.8 A in
diameter (Fig. 3c). Na* (1.9 A diameter) will encounter much larger
energy barrier than Li* (1.2 A diameter) when moving through these
small channels”. Whereas Mg** possesses similar dehydrated ionic
radii as Li*, it has nearly four times larger (de)hydration free energy,
which effectively blocks it from entering the LAGP crystal’®, Asaresult,
onlysmall, dehydrated Li* cations are able to move through the crystal
structure. The X-ray diffraction (XRD) pattern of sintered LAGP pellets
is consistent with the standard pattern of Li, ;Al, sGe, s(PO,); (Fig. 3d).
The crystal structure of the LAGP membrane remains unchanged even
after prolonged operation for 300 h in Li/Mg separation experiment
(Fig. 3d), confirming its excellent stability inaqueous solutions. Scan-
ning electron microscopy (SEM) images of the top surface (Fig. 3e)
and the cross section (Fig. 3f) of LAGP membrane both show a dense
structure with closely packed grains. Overall, the dense and crack-free
LAGP membrane prevents the crossover of water and any ions except
Li*, ensuring high selectivity for the extraction process.

Ag/AgClelectrodeis selected as the driving electrode and CI” car-
rier for our experiments due to its stable electrode potential, small
overpotential, ease of fabrication and absence of hazardous materials.
The overall electrode reaction is:

AgCI(s) + e~ = Ag(s) + Cl (aq)

As oxidation occurs, the silver atom loses an electron and dis-
solves away from defect sites. Due to the low solubility of AgCl, it will
gradually precipitate on the surface of silver metal to form a porous
film, ranging from hundreds of nanometres to tens of micrometres
in thickness’. Such a process probably goes through some soluble
intermediate species such as AgCl,”, which can diffuse away from Ag
dissolution sites and re-deposit at a different location®’. As the AgCl
layer grows, chloride ions are stored in a solid form on the electrode.
In the receiving solution, reduction of AgCl goes through the reverse
process as oxidation and releases the stored chloride. Loading silver
particlesontoaporous C paper substrate provides a larger surface area
for AgCl deposition, compared to a planar metal surface. This could
help to reduce the transport resistance and prevent AgCl passivation
after repeated cycling.

To achieve spontaneous Liextractionin practice, afinite amount
of current needs tobe applied to the device. Therefore, itisimportant
toreducetheinternal resistance of the cell to minimize resistance loss
and maximize energy output. The total resistance consists of several
parts, including the charge-transfer resistance of the electrodes, the
electrolyte resistance of the feeding and the receiving solution, and
the resistance of the Li-selective membrane. Electrochemical imped-
ance spectroscopy (EIS) reveals that the total resistance isdominated
by the resistance of the receiving solution in most cases, due to its
low concentration (Supplementary Fig. 2). At 1 mM concentration,
the overall resistance of the cell exceeds 15,000 Q, which prevents Li
extraction at any meaningful rates. Increasing the LiCl concentration
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in this particular figure. b, Energy versus capacity curve, showing that the

output energy diminishes as the concentration gradient across the membrane

decreases. ¢, Amount of Li extracted and Faradaic efficiency versus capacity.

d, Amount of Mg leakage to the receiving side and Li selectivity versus capacity.

inthereceivingsolution by 100 times could lower the resistance to less
than 500 Q (Fig. 4a). However, this comes with the cost of adiminished
driving force, reducing the OCV to only 23 mV as shown in Fig. 4a and
Supplementary Fig. 2a.

Introducingasupportingelectrolyte helps to resolve the dilemma
between a high resistance and alow OCV. As demonstrated in Fig. 4b,
theimpedance of the cellisreduced by nearly two orders of magnitude
after adding 100 mM of NH,HCO; into the receiving solution. Mean-
while, the driving force will not be sacrificed because a very low concen-
tration of LiCl canbe used on the receiving side (Supplementary Fig. 3).

Galvanostatic discharge tests have been carried out to explore the
feasibility of extracting energy from spontaneous Li extraction with
the help of asupportingelectrolyte. With 0.5 M MgClI, + 0.03 M LiCl as
the feedingand pure 0.1 MNH,HCO; as the receiving solution, the cell
delivers an OCV of —0.25 V. Figure 4c proves that such a condition can
produce net energy output with a notable voltage (|U| > 0.1V) uptoa
currentdensity of 0.25 mA cm™ (based on the area of the membrane).
The maximum power density of 0.028 mW cm™ occurs at a current
density of 0.2 mA cm™as Supplementary Fig. 4a shows. After 2 min of
polarization under various current densities, all voltage curves relax
back to theinitial OCV because the short periods of discharge have not
changed the electrolyte concentration by much.

Furthermore, spontaneous Li enrichment has also been realized
whenafeeding solution with a higher Mg/Liratiois employed (Fig. 4d).
Using 0.5 MMgCl,and 0.3 mM LiClin the feeding solution (Mg/Li molar
ratio =1,667), Li can be transported to a receiving solution with 10
times higher Li* concentration (3 mM LiCl + supporting electrolyte),
while still outputting energy. However, the current density is limited to
about10 pA cmdueto the very low concentration of LiCl in the feed-
ing solution. Higher current density leads to ahuge overpotential and
apositive cell voltage, which will consume rather than produce energy
(Supplementary Fig. 4b). This is probably due to Li* depletion near the

surface of the LAGP membrane in the feeding solution, as validated
previously by simulation®,

Performance and stability of spontaneous Li extraction
Asthe major source of Li forindustry today, continental brines contain
nearly 60% of the identified Liresources onshore. Li concentrationin
these salt lakes usually ranges from 50 to1,000 ppm, whereas the con-
centration of chloride well exceeds 1 mol I (35.45 g I'!) inmost cases'>®.,
To test the overall performance and long-term stability of the
spontaneous Li extraction process, we have used a feeding solution
with 0.5 MMgCl,and 0.03 M LiCl (-200 ppm Li) to represent the typical
brines. The amount of Liin 50 ml of the feeding solution (1.5 mmol or
40 mAh) greatly exceeds the available capacity of the Ag electrodes,
hencetheelectrodes need toberepeatedly switched after exhausting
their capacity. Asdiscussed above in Fig. 1, this canbe achieved with just
one pair of electrodes, only requiring washing between each switching.
Ascanbeseen fromFig. 5a, the voltage profile of spontaneous Li extrac-
tionresembles the voltage curvesingalvanostatic discharge of batter-
ies, featured with a plateau and a sudden drop of voltage towards the
end. The concentration difference of CI across the membrane will get
smaller as more Li is extracted from the feeding to the receiving side.
In consequence, the discharge voltage decreases with the increasing
number of switching as shown in Fig. 5a. Correspondingly, the energy
output from the extraction process also decreases from 0.35 mWh
(4.7 Whmol;"or0.68 Wh g, ) inthe first cycle toless than 0.02 mWh
inthelastcycle (Fig. 5b). Onaverage, the energy output from the spon-
taneous Li extraction processis about 1.6 Wh mol,; " or 0.24 Wh g, ™.
Figure 5c shows that the Faradaic efficiency of the extraction pro-
cess maintains around 100% for over 300 h of continuous operation
under 0.1 mA cm™ (15 times of switching). The quantity of extracted Li
grows linearly with the amount of charge passed through the device,
which also illustrates the stability of this process. The spontaneous
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the receiving solution reaches half of the equilibrium concentration. ¢, Molar
Gibbs free energy change of Li extraction as a function of extraction fraction
with different ratios between counterion and Li. d, Comparison of experimental
results and theoretical prediction of the Molar Gibbs free energy change during
Li extraction.

extraction also features a high selectivity thanks to the LAGP mem-
brane, with less than 4% of Mg impurities in the extracted product
(Fig. 5d), achieving aLi/Mg molar selectivity of 450. The small amount
of Mg crossover has probably been carried to the receiving side by the
electrodes during switching, because simple washingisnot guaranteed
to remove all Mg trapped in the porous electrodes.

In theory, the driving force of spontaneous Li extraction comes
almost purely from entropy change, which can be calculated using
the following formula:

ASior = —RVcy [yln( +In(1-y)

yZ
A-y)(a+1-y) ) )
+(@+Dln (““_y)]

a+l

where Ristheideal gas constant, Vis the volume of feeding or receiving
solution, ¢, (equivalentto[Li]; o) is theinitial concentration of Liin the
feeding solution, y = [Li]/[Li]¢ o is the extraction fraction defined as
Liconcentrationinthereceiving solutiondivided by c,, and a +1is the
ratio between counter ion and Li (hence a is the ratio between co-ion
and Li). The detailed derivationis included in Supplementary Note 1.

As shown in Fig. 6a, the equilibrium point corresponds with the
maximum value of the entropy change, and it moves towards larger
extraction fraction as a increases. The negative value of Gibbs free
energy change (AG =-TAS) increases with the ratio between counter
ionandLi (Fig. 6b), whichinfers that more useful work can be generated
by the Li extraction process. As the extraction fraction moves closer
totheequilibriumvalue, less energy canbe produced from the system
per unit of Li extracted (Fig. 6b,c). In practice, energy loss due to the

internal resistance and electrode overpotential of Liextraction devices
decreases the output energy of Li extraction process. The resistance
lossis nearly constantbecause the cellresistanceisrelatively stable. As
aresultthe energy efficiency drops from 60% to 40% when the extrac-
tion fractionincreases from 0.1to 0.4 (Fig. 6d).

Discussion

Compared with other direct lithium extraction methods, our process
not only provides a good selectivity and a high rate, but more impor-
tantly, it produces energy rather than consumingit.InFig. 7, the nega-
tive energy consumption (net energy production) of spontaneous Li
extraction forms adramatic contrast with all other prototypes reported
inprevious literature. This work focuses on demonstrating the feasibil-
ity of spontaneous extraction, hence there is still plenty of room for
performance improvement.

First, the rate of extraction may be further increased by minimiz-
ing the cell impedance, increasing the current density and feeding
concentration of Li. Reducing the distance between the electrodes,
using a thinner membrane with higher ionic conductivity and tuning
the structure of the electrodes to reduce overpotential could greatly
reduce the total resistance. We have already shown in Fig. 4c that the
system could still output energy even when the current density is
increased by a factor of 2.5. Some of the highest extraction rates in
literature were achieved using feeding solutions with Li concentration
greater than 0.5 M (refs. 51,66), showing the large impact of feeding
concentration. Second, cheaper and more durable materials for the
chloride-storing electrode and membrane might be used to reduce the
system cost. BiOCl and layered double hydroxide have been explored
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as promising candidates for low-cost chloride-storing electrodes®**,

which could reduce the cost of electrode material by over ten times. The
unit cost of the membrane could be decreased by fabricating thinner
composite membrane of LAGP and polymer or by employing lower-cost
Si-doped LATP?°. Third, the spontaneous Li extraction process could
become more scalable and fully continuous by introducing a stacked
device structure similar to reverse electrodialysis. By staking multiple
pairs of LAGP and anion exchange membrane, the cell voltage could
be high enough to induce a water-splitting reaction so that electrode
switching is no longer needed, and the processing capacity could be
substantially improved.

Finally, the stability of Li-selective membranesin Na-rich solutions
needstobeimproved. Inadditionto Li/Mgseparation, Li/Naseparation
was also performed in this work, which results in similar energy output
(Supplementary Fig. 5). However, the device experiences a stability
issue over long periods of operationin Na-rich brines. Both Li selectiv-
ity and Faradaic efficiency begin to drop continuously after operating
for about 40 hin Na brines, and the Li extraction slows down as more
impurities are transported (Supplementary Fig. 6a-c). Post-mortem
examination reveals that multiple cracks have formed on the LAGP
ceramic membrane operated in Nabrines, whereas no such defectsare
formedin Mgbrines (Supplementary Fig. 6d). The equilibrium condi-
tionsinLi-Nasystems also deviate severely from the theory, especially
at high Na/Li ratio (Supplementary Fig. 6e). When simply immersed
inNa‘-containing solutions, LAGP has been observed to release up to
40% of its Li into the solution (Supplementary Fig. 6f). Using multiple
characterization tools, we have confirmed that the Li* in LAGP lattice
hasexchanged with Na* from the solution. Due to the larger ionic radii
ofbareNa*ions, such an exchange leads to lattice expansion and stress
(Supplementary Figs. 7 and 8), which eventually develop into mac-
roscopic cracks, causing membrane failure. The pH of the receiving
solution also plays arole in the stability of the membrane. NH,HCO,
(pH 8.6 at 0.1 M) has been chosen over other supporting electrolytes
such as (NH,),SO, (pH 5.6 at 0.06 M), because alkaline solution tends
to be less corrosive towards LAGP than acidic solution and results in
ahigher Faradaic efficiency (Supplementary Fig. 9). This observation
is consistent with recent publications, which demonstrated that LAGP
can operate stably for more than 40 hevenin a strongly alkaline solu-
tion of 3 MLiOH®.

In summary, we introduce the concept of spontaneous ion sepa-
ration driven by counter-ion gradients. Through both theory and
experiments, we have verified that such a mechanism not only can

produce energy during Li/Mg separation but also shows potential for
spontaneous Li enrichment from brines. Using LAGP as a Li-selective
membrane, our prototypic set-up retains a good Li/Mg selectivity of
450 and anear-unity Faradaic efficiency for 300 h of operation, whereas
outputting1.6 Wh mol,;? of energy. The principle demonstrated in this
work paves the way for carbon-negative Li extraction, which has never
been thought of. It also opens the gate to a new energy source hidden
inion-separation processes, which could be applied to greatly lower
the energy cost of recovering various valuable elements” %

Methods

Preparation of LAGP membrane

LAGP powder was purchased from MSE Supplies LLC. The LAGP powder
was pressed in a die set under constant uniaxial pressure of 20 MPa
for1min. The green pellet was then sintered at 850 °Cfor 6 hinatube
furnace. The sintered LAGP pellets had a diameter of about 16.0 mm.
The pellets were attached onto acircular holeinanacrylic panel using
epoxy glue. The exposed area of LAGP is designed as 1 cm?.

Preparation of Ag and AgCl electrodes

Ag electrodes were prepared by applying silver paste (Silver Print I,
22-023,GCElectronics) onto carbon paper (AvCarb P50) and thendry-
ing on a hotplate at 80 °C overnight. The dimension of the electrodes
was around 1.5 by 2.5 cm. AgCl electrodes were obtained by electro-
chemically oxidizing the Ag electrodes in 0.5 M NaCl solution, using
pristine carbon paper as the counter electrode. A pair of Ag and AgCl
electrodes were then cycledin 0.5 MNaClsolution under 0.16 mA cm™
current density for five cycles before being used for Li extraction. The
mass loading of Ag paste was about 0.01 g cm2and the available capac-
ity wasabout 2.5 mAh.

Material characterization

The crystalline structure of LAGP membranes was analysed by X-ray
diffraction (XRD; PANalytical Empyrean with a Cu(Ka) X-ray source).
Diffraction patterns were collected from10° to 70° using a step size of
0.01°. Ascanning electron microscope (SEM; Thermo Fisher Scientific
Apreo) was used to investigate the microstructural evolution of LAGP
during Liextraction. Anenergy-dispersive X-ray (EDS) detector (XFlash
6|60 SDD) integrated into the SEM was used to map the elemental
distributions. X-ray photoelectron spectroscopy (PHI VersaProbe Il
withamonochromatized Al(Ka) X-ray source) was used to characterize
the change of surface elemental compositionsinthe LAGP membrane
after exposure to brine.

Electrochemical cell assembly and direct Li extraction
The H-shape electrochemical cell was purchased from Adams & Chit-
tenden Scientific Glass. The acrylic panel with LAGP was sandwiched
between the two chambers of H cell, sealed with two rubber O-rings and
aclamp. Each of the two chambers contains 50 ml of solution and was
continuously stirred withamagneticstirrer. The feeding solution was
0.5 MMgCl,with various concentrations of LiCl as indicated in the main
text. Thereceiving solution was 0.1 MNH,HCO; unless mentioned oth-
erwise. The Agand AgClelectrodes were attached onto titanium holder
clipsand placed into the feeding and receiving chambers, respectively.
For the long-term stability test, after the cell was discharged at 0.1 mA
for20 h, the two electrodes would be taken out and washed with deion-
ized water. Thetwo electrodes were then switched and the process was
repeated until the discharge capacity was less than1 mAh with a cut-off
voltage of 0 V.Between each switching, 50 pl of the feeding solutionand
receiving solution were collected and then diluted with a2% aqueous
nitricacid solution forinductively coupled plasma mass spectrometry
analysis (Thermo Scientific XSERIES 2 Quadrupole).

The impedance of the cell was determined by the electrochemi-
calimpedance spectroscopy (EIS) (Biologic VMP3 system) with a fre-
quencyrange from1MHzto 0.1 Hzand a perturbation voltage of 10 mV

Nature Water


http://www.nature.com/natwater

Article

https://doi.org/10.1038/s44221-024-00326-2

atroomtemperature. For the OCV and EIS experiments, the composi-
tion of the feeding solution was fixed whereas the LiCl content in the
receiving solution was ramped up by adding 3 M LiCl solution.

Faradaic efficiency, Liselectivity and energy output
The Faradaic efficiency was calculated by

g _ ZFVAG:
TQ

where Zis the charge number of Li ion, Fis the Faraday constant, Vis
the volume of thereceiving solutionin the cell, AC, + is the variation of
Liion concentrationinthe receiving solution and Qis the charge con-
sumption. The nominal Li selectivity was calculated by

. .. ACLrr

Li selectivity = —————
(MG + ACy )

where ACygis the variation of Mg-ion concentrationin the receiving

solution.

ThenominalLiselectivity (sometimes called purity in other litera-
ture) was used throughout the paper inall figures and would always take
avaluebetween 0 and100%. In comparison, the Li/Mgbinary selectivity
(or separation factor) of 450 reported in the abstract was defined as:

ACLi+ /CLi*,i

Li/Mg selectivity = ————
ACygr /Cugrs

where C;;+ ;and .- ; are the initial concentrations of Li and Mg ions
inthe feeding solution.

The energy output was calculated by

QU

Energy output = ———
&y P VACLi*MLi+

where Uis the average applied voltage and M, ;+is the molecular weight
ofLiions.

Data availability

Alldataare presentedinthearticle and its Supplementary Information.
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