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Spontaneous lithium extraction and 
enrichment from brine with net energy 
output driven by counter-ion gradients

Ge Zhang1, Yuqi Li    1, Xun Guan    1, Guoliang Hu1, Hance Su1, Xueer Xu1, 
Guangxia Feng    1, Sanzeeda Baig Shuchi2, Sang Cheol Kim    1, Jiawei Zhou1, 
Rong Xu    1, Xin Xiao    1, Allen Wu1 & Yi Cui    1,3 

To meet the increasing lithium demands created by global electrification, 
a fast, flexible, inexpensive and sustainable mining process is needed, 
which is yet to be realized. Here we explore an untapped energy source 
that is inherent in all ion-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 
with an energy output of 1.6 Wh molLi

−1. The system is stable over 300 hours 
of operation, maintaining a high Li/Mg selectivity of 450. Moreover, 
even spontaneous enrichment can be achieved when the counter ion 
concentration is much greater than that of Li ion in the feeding brine.  
We anticipate that the concept of this work could not only reshape 
the Li supply chain but also 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 market1,2. Various studies have predicted that the 
demand for Li will triple again in the coming decade3,4. Currently, global 
Li production is dominated by evaporation-driven mining from con-
tinental brines, followed by chemical precipitation from minerals5–8. 
However, none of these traditional techniques provide a satisfying 
solution to the ever-increasing Li demands. The evaporation process 
is extremely slow, making Li production inflexible and hard to respond 
to short-term changes in market demand7. Even with novel device struc-
tures and materials9–11, evaporation-based methods still waste large 
amounts of water, which not only limits their energy efficiency but 

also induces damage to the environment12. In addition, such methods 
are typically not suitable for resources with lower Li content, such as 
oil-produced water and geothermal brines4,13.

In recent 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 compatibility14,15. Ion pumping processes, especially 
electrochemical Li extraction, have received a lot of attention in recent 
years16–19. Intercalation cathodes with inherent preference for Li over 
other cations, such as LiCoO2

20, LiFePO4
21–23 and LiMn2O4

24–26, ensure 
the high selectivity of ion pumping processes. Nonetheless, these tech-
niques have limited throughput because of necessary post-treatment 
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In this 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 
improvement is finding an electrode reaction to exploit the tremendous 
osmotic energy, which is a result 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 molLi

−1 is demonstrated using an LAGP mem-
brane and a pair of Ag/AgCl electrodes. A high Li/Mg selectivity of 450 
can be maintained for 300 h, with close-to-unity Faradaic efficiency. Fur-
thermore, even spontaneous enrichment is feasible as indicated by both 
theory and experiments. This work essentially combines the Li extraction 
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 extraction is 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+, Mg2+ 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 
can drive Li+ through the single-ion conductive membrane, whereas 
Cl− is incorporated into or released out of the Ag/AgCl electrodes. After 
being fully discharged, the Ag and AgCl electrodes can be switched and 
the device is able to discharge again, hence achieving 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 as lower chemical emission, higher selectiv-
ity and continuous operation27,28. 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 separation29–40. To make things 
worse, hydrated Li+ actually has a larger radius than Na+, making most 
nanofiltration membranes prefer Na over Li41–45. 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 in 199946, various types of solid Li 
electrolyte, including NASICON-type Li1.5Al0.5Ge1.5(PO4)3 (LAGP)47–52 or 
Li1.5Al0.5Ti1.5(PO4)3 (LATP)53–56, garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZTO)57–63 
and perovskite-type Li0.33La0.56TiO3 (LLTO)46,64–68, have been employed 
for electrodialytic or electrolytic Li extraction. Hoshino64 and Lai and 
co-workers66 used ceramic membranes to extract Li ion from seawa-
ter, whereas Zhou and co-workers61 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 
of Li, both of which are plagued by high thermodynamic potentials and 
overpotentials49,64,66. As a consequence, these devices usually operate 
at high voltages greater than 3 V, severely increasing their energy con-
sumption. He, Lai and Huang and co-workers50,52 integrated photoelec-
trodes with Li extraction devices to utilize solar energy, but the delicate 
semiconductor structure introduced additional challenges for fabrica-
tion. Very recently, two works by Cui and co-workers69 and Presser and 
co-workers70 have dramatically reduced the operation voltage to below 
1 V by introducing reversible redox couples (hydrogen reduction/oxida-
tion, ferri/ferrocyanide redox) across the two electrodes69,70.
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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.
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The thermodynamic driving force of this system purely comes 
from concentration difference, in another word, osmotic energy. How-
ever, the blocking of all cations other than Li+ creates an imbalance of 
osmotic pressure for anions and cations. The much larger osmotic 
pressure of Cl− due to its higher concentration in brine than Li+ provides 
ample driving force for Li+ that can even achieve Li enrichment.

To understand 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 Δϕm 
and the electrode potential difference ΔϕN.

OCV = Δϕm + ΔϕN (1)

With Ag/AgCl electrodes, ΔϕN, which represents the osmotic energy 
from Cl−, can be easily determined using the Nernst equation, where 
R is the ideal gas constant, T is the temperature, F is the Faradaic con-
stant, and [Cl]F and [Cl]R are the concentrations of Cl− in the feeding 
and receiving solutions:

ΔϕN = −RT
F ln (

[Cl]F
[Cl]R

) (2)

The membrane potential Δϕm 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 are ideal, all salts fully dissociate 
and the activity of each ion is the same as its concentration, we have the 
following condition for equilibrium at open circuit:

ΔμLi = RT ln (
[Li]F
[Li]R

) + FΔϕm = 0 (3)

Δϕm = −RT
F ln (

[Li]F
[Li]R

) (4)

Hence the open circuit voltage is:

OCV = −RT
F [ln (

[Li]F
[Li]R

) + ln (
[Cl]F
[Cl]R

)] (5)

Here Δϕm = ϕF − ϕR is the electrostatic potential drop across the mem-
brane, and [Li]F, [Li]R, [Cl]F and [Cl]R are the concentrations of Li+ and 
Cl− in the feeding and receiving solutions, respectively. Anion concen-
tration gradient clearly contributes more to the total driving force 
because typically [Cl]F ≫ [Li]F whereas [Cl]R = [Li]R. Because both Li+ 
and Cl− have higher concentrations in the brine, the OCV is negative 
based on the sign convention in Fig. 2a.

When the external circuit is closed, electrons will flow from the left 
Ag electrode (feeding) to the right AgCl electrode (receiving), which 
has higher electric potential, accompanied by Cl− intake/release on 
the left/right electrode. The spontaneous flow of electrons towards a 
positive electrode infers energy generation. This weakens Δϕm, allow-
ing continuous Li+ flow through the membrane to balance the charge 
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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 OCV as a 
function of Li+ and Cl− concentration ratios across the membrane. The equilibrium 

condition of [Li]F
[Li]R

= [Cl]R
[Cl]F

 can be derived by matching the electrochemical potential 

of Cl− and Li+ across the membrane. F, feeding; R, receiving. c, Experimental OCV 
versus Li+ concentration ratio across the membrane at various Mg/Li ratios in the 
feeding solution. The blue dashed curve represents pure LiCl as the feeding 

solution. The blue solid curves have 50 mM of MgCl2, whereas the red curves have 
0.5 M MgCl2 in the feeding solution. The concentration of LiCl in the feeding 
solution is 0.3 mM and 30 mM for the curves with round and square symbols, 
respectively. d, Comparison of equilibrium concentration of Li+ measured by 
experiment in c versus predicted by theory in b. For each feeding LiCl 
concentration, we have tested 2 feeding MgCl2 concentrations: 50 mM and 500 mM. 
The lower points for each feeding LiCl concentration correspond to 50 mM MgCl2 
concentration, and the higher ones correspond to 500 mM.
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of Cl−. Overall, LiCl migrates towards the receiving solution, getting 
separated from other salts in the brine.

As more 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:

[Li]R
[Li]F

=
[Cl]F
[Cl]R

(6)

On the basis of equation (6), equilibrium can only be achieved 
on the diagonal line in Fig. 2b where both Li+ and Cl− 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 
applications in Li extraction yet71.

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 
feeding solution is fixed whereas the concentration of LiCl in the receiv-
ing solution is increased gradually. Figure 2c shows the average OCV 
as a function of the concentration ratio of Li+ across the membrane. As 
predicted by equation (5), the OCV is more negative when the ratio of 
[Li]F
[Li]R

 and 
[Cl]F
[Cl]R

 are larger. The curves move to the right as the ratio of Mg2+ 

(hence Cl− as well) to Li+ gets larger, which is also expected according 
to equation (5). On a semi-log plot such as Fig. 2c, the slope of the curves 
is expected to be 118 mV per decade (10-fold change in the concentra-
tion) at room temperature because [Li]R = [Cl]R:

OCV = RT
F ln (10) log ([Li]R[Cl]R) + C (7)

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 solution72, whereas surface complexation 
of AgCl with excessive Cl− in the solution may cause a lower slope than 
predicted by Nernst equation73. The constant C in equation (7) is related 
to the concentration of Cl− 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]R = [Cl]R  and the equilibrium condition in equation (6) 
can be further simplified to:

[Li]R,eq = √[Li]F[Cl]F (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 a substantial amount of energy can be extracted when Li+ is sepa-
rated from other cations in the brine. Furthermore, the thermodynamic 
driving force is strong enough to even enable spontaneous Li enrich-
ment without any energy input. In the theoretical limit, our approach 
can enable a 14.2-fold or 44.7-fold enrichment when the molar ratio of 
Mg to Li is 100 or 1,000 in 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 (Li1.5

Al0.5Ge1.5(PO4)3) is chosen in this work due to its high Li conductivity74 
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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.
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and selectivity75 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 
charged backbone, composed of corner and edge sharing Al–O, Ge–O 
and P–O polyhedra. Li+ partially occupies the Wyckoff sites 6b, 18e 
and 36f49,51,76. During the ionic transport, Li+ has to pass through two 
triangular bottlenecks, whose inscribed circles are less than 1.8 Å in 
diameter (Fig. 3c). Na+ (1.9 Å diameter) will encounter much larger 
energy barrier than Li+ (1.2 Å diameter) when moving through these 
small channels77. Whereas Mg2+ 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 crystal78. As a result, 
only small, 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 Li1.5Al0.5Ge1.5(PO4)3 (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 in aqueous 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/AgCl electrode is selected as the driving electrode and Cl− 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:

AgCl(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 thickness79. Such a process probably goes through some soluble 
intermediate species such as AgCl2

−, which can diffuse away from Ag 
dissolution sites and re-deposit at a different location80. 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 
particles onto a porous 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 Li extraction in practice, a finite amount 
of current needs to be applied to the device. Therefore, it is important 
to reduce the internal 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 is dominated 
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 Ω, which prevents Li 
extraction at any meaningful rates. Increasing the LiCl concentration 
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in the receiving solution by 100 times could lower the resistance to less 
than 500 Ω (Fig. 4a). However, this comes with the cost of a diminished 
driving force, reducing the OCV to only 23 mV as shown in Fig. 4a and 
Supplementary Fig. 2a.

Introducing a supporting electrolyte helps to resolve the dilemma 
between a high resistance and a low OCV. As demonstrated in Fig. 4b, 
the impedance of the cell is reduced by nearly two orders of magnitude 
after adding 100 mM of NH4HCO3 into the receiving solution. Mean-
while, the driving force will not be sacrificed because a very low concen-
tration of LiCl can be 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 a supporting electrolyte. With 0.5 M MgCl2 + 0.03 M LiCl as 
the feeding and pure 0.1 M NH4HCO3 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| ≥ 0.1 V) up to a 
current density of 0.25 mA cm−2 (based on the area of the membrane). 
The maximum power density of 0.028 mW cm−2 occurs at a current 
density of 0.2 mA cm−2 as Supplementary Fig. 4a shows. After 2 min of 
polarization under various current densities, all voltage curves relax 
back to the initial OCV because the short periods of discharge have not 
changed the electrolyte concentration by much.

Furthermore, spontaneous Li enrichment has also been realized 
when a feeding solution with a higher Mg/Li ratio is employed (Fig. 4d). 
Using 0.5 M MgCl2 and 0.3 mM LiCl in 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 
about 10 µA cm−2 due to the very low concentration of LiCl in the feed-
ing solution. Higher current density leads to a huge overpotential and 
a positive 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 simulation69.

Performance and stability of spontaneous Li extraction
As the major source of Li for industry today, continental brines contain 
nearly 60% of the identified Li resources on shore. Li concentration in 
these salt lakes usually ranges from 50 to 1,000 ppm, whereas the con-
centration of chloride well exceeds 1 mol l−1 (35.45 g l−1) in most cases12,81.

To test the overall performance and long-term stability of the 
spontaneous Li extraction process, we have used a feeding solution 
with 0.5 M MgCl2 and 0.03 M LiCl (~200 ppm Li) to represent the typical 
brines. The amount of Li in 50 ml of the feeding solution (1.5 mmol or 
40 mAh) greatly exceeds the available capacity of the Ag electrodes, 
hence the electrodes need to be repeatedly switched after exhausting 
their capacity. As discussed above in Fig. 1, this can be achieved with just 
one pair of electrodes, only requiring washing between each switching. 
As can be seen from Fig. 5a, the voltage profile of spontaneous Li extrac-
tion resembles the voltage curves in galvanostatic discharge of batter-
ies, featured with a plateau and a sudden drop of voltage towards the 
end. The concentration difference of Cl− 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 Wh molLi

−1 or 0.68 Wh gLi
−1) in the first cycle to less than 0.02 mWh 

in the last cycle (Fig. 5b). On average, the energy output from the spon-
taneous Li extraction process is about 1.6 Wh molLi

−1 or 0.24 Wh gLi
−1.

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−2 (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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Fig. 5 | Long-term stability of spontaneous Li/Mg separation with energy 
output. a, Voltage curves under 0.1 mA current using 0.5 M MgCl2 + 0.03 M 
LiCl as the feeding and 0.1 M NH4HCO3 as the receiving. The pair of electrodes 
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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 a Li/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 washing is not guaranteed 
to remove all Mg2+ 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:

ΔStot = −RVc0 [yln (
y2

(1−y)(α+1−y)
) + ln (1 − y)

+(α + 1)ln ( α+1−y
α+1

)]
(7)

where R is the ideal gas constant, V is the volume of feeding or receiving 
solution, c0 (equivalent to [Li]F,0) is the initial concentration of Li in the 
feeding solution, y = [Li]R/[Li]F,0 is the extraction fraction defined as 
Li concentration in the receiving solution divided by c0, and α + 1 is the 
ratio between counter ion and Li (hence α is the ratio between co-ion 
and Li). The detailed derivation is 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 α increases. The negative value of Gibbs free 
energy change (ΔG = −TΔS) increases with the ratio between counter 
ion and Li (Fig. 6b), which infers that more useful work can be generated 
by the Li extraction process. As the extraction fraction moves closer 
to the equilibrium value, less energy can be 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 Li extraction devices 
decreases the output energy of Li extraction process. The resistance 
loss is nearly constant because the cell resistance is relatively stable. As 
a result the energy efficiency drops from 60% to 40% when the extrac-
tion fraction increases from 0.1 to 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 consuming it. In Fig. 7, the nega-
tive energy consumption (net energy production) of spontaneous Li 
extraction forms a dramatic contrast with all other prototypes reported 
in previous 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 electrodes82–89, 
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 LATP90. 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 membranes in Na-rich solutions 
needs to be improved. In addition to Li/Mg separation, Li/Na separation 
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 operation in Na-rich brines. Both Li selectiv-
ity and Faradaic efficiency begin to drop continuously after operating 
for about 40 h in 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 Na brines, whereas no such defects are 
formed in Mg brines (Supplementary Fig. 6d). The equilibrium condi-
tions in Li–Na systems also deviate severely from the theory, especially 
at high Na/Li ratio (Supplementary Fig. 6e). When simply immersed 
in Na+-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 
has exchanged with Na+ from the solution. Due to the larger ionic radii 
of bare Na+ 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 a role in the stability of the membrane. NH4HCO3 
(pH 8.6 at 0.1 M) has been chosen over other supporting electrolytes 
such as (NH4)2SO4 (pH 5.6 at 0.06 M), because alkaline solution tends 
to be less corrosive towards LAGP than acidic solution and results in 
a higher Faradaic efficiency (Supplementary Fig. 9). This observation 
is consistent with recent publications, which demonstrated that LAGP 
can operate stably for more than 40 h even in a strongly alkaline solu-
tion of 3 M LiOH49.

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 a near-unity Faradaic efficiency for 300 h of operation, whereas 
outputting 1.6 Wh molLi

−1 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 
in ion-separation processes, which could be applied to greatly lower 
the energy cost of recovering various valuable elements91,92.

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 
for 1 min. The green pellet was then sintered at 850 °C for 6 h in a tube 
furnace. The sintered LAGP pellets had a diameter of about 16.0 mm. 
The pellets were attached onto a circular hole in an acrylic panel using 
epoxy glue. The exposed area of LAGP is designed as 1 cm2.

Preparation of Ag and AgCl electrodes
Ag electrodes were prepared by applying silver paste (Silver Print II, 
22-023, GC Electronics) onto carbon paper (AvCarb P50) and then dry-
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 cycled in 0.5 M NaCl solution under 0.16 mA cm−2 
current density for five cycles before being used for Li extraction. The 
mass loading of Ag paste was about 0.01 g cm−2 and the available capac-
ity was about 2.5 mAh.

Material characterization
The crystalline structure of LAGP membranes was analysed by X-ray 
diffraction (XRD; PANalytical Empyrean with a Cu(Kα) X-ray source). 
Diffraction patterns were collected from 10° to 70° using a step size of 
0.01°. A scanning electron microscope (SEM; Thermo Fisher Scientific 
Apreo) was used to investigate the microstructural evolution of LAGP 
during Li extraction. An energy-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 III 
with a monochromatized Al(Kα) X-ray source) was used to characterize 
the change of surface elemental compositions in the 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 
a clamp. Each of the two chambers contains 50 ml of solution and was 
continuously stirred with a magnetic stirrer. The feeding solution was 
0.5 M MgCl2 with various concentrations of LiCl as indicated in the main 
text. The receiving solution was 0.1 M NH4HCO3 unless mentioned oth-
erwise. The Ag and AgCl electrodes were attached onto titanium holder 
clips and placed into the feeding and receiving chambers, respectively. 
For the long-term stability test, after the cell was discharged at 0.1 mA 
for 20 h, the two electrodes would be taken out and washed with deion-
ized water. The two electrodes were then switched and the process was 
repeated until the discharge capacity was less than 1 mAh with a cut-off 
voltage of 0 V. Between each switching, 50 µl of the feeding solution and 
receiving solution were collected and then diluted with a 2% aqueous 
nitric acid solution for inductively coupled plasma mass spectrometry 
analysis (Thermo Scientific XSERIES 2 Quadrupole).

The impedance of the cell was determined by the electrochemi-
cal impedance spectroscopy (EIS) (Biologic VMP3 system) with a fre-
quency range from 1 MHz to 0.1 Hz and a perturbation voltage of 10 mV 

Ref. 70
Ref. 51
Ref. 50
Ref. 55
Ref. 54
Ref. 46
Ref. 66
Ref. 65
Ref. 68
Ref. 69
This work

Extraction rate (gLi m
–2 h–1)

10–1 101100

En
er

gy
 c

on
su

m
pt

io
n 

(W
h 

g Li
–1

)

–100

–10–1

0

10–1

100

101

102

103

Fig. 7 | Comparison of energy consumption and extraction. Comparison of the 
energy consumption and extraction rate of spontaneous Li extraction with other 
direct lithium extraction methods.

http://www.nature.com/natwater


Nature Water

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

at room temperature. 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, Li selectivity and energy output
The Faradaic efficiency was calculated by

FE =
ZFVΔCLi+

Q

where Z is the charge number of Li ion, F is the Faraday constant, V is 
the volume of the receiving solution in the cell, ΔCLi+ is the variation of 
Li ion concentration in the receiving solution and Q is the charge con-
sumption. The nominal Li selectivity was calculated by

Li selectivity =
ΔCLi+

(ΔCLi+ + ΔCMg2+ )

where ΔCMg2+ is the variation of Mg-ion concentration in the receiving 
solution.

The nominal Li selectivity (sometimes called purity in other litera-
ture) was used throughout the paper in all figures and would always take 
a value between 0 and 100%. In comparison, the Li/Mg binary selectivity 
(or separation factor) of 450 reported in the abstract was defined as:

Li/Mg selectivity =
ΔCLi+ /CLi+,i

ΔCMg2+ /CMg2+,i

where CLi+,i and CMg2+,i  are the initial concentrations of Li and Mg ions 
in the feeding solution.

The energy output was calculated by

Energy output = QU
VΔCLi+MLi+

where U is the average applied voltage and MLi+ is the molecular weight 
of Li ions.

Data availability
All data are presented in the article and its Supplementary Information.
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