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H I G H L I G H T S

• A sandwich-structured garnet was prepared to enable continuous Li extraction.
• The La2Zr2O7 phase endows the pellet with unprecedented water stability.
• Li extraction rate can reach 126 μg cm− 2 h− 1 with current efficiency of 97.71 %.

A B S T R A C T

Lithium metal is an important strategic resource with diverse industrial applications such as glass, ceramics, and alloys. With the increasing demand for lithium,
lithium extraction from brines has become the focus of attention. However, due to the similarity of the radii of Li+ and Mg2+, conventional lithium extraction
methods are inefficient for lithium extraction from brines with a high Mg/Li ratio. Herein we propose a direct electrolytic extraction of lithium (DEEL) system based
on a sandwich-structured LLZTO (Li6.5La3Zr1.5Ta0.5O12) electrolyte with excellent water stability. The lanthanum zirconate (La2Zr2O7) on the surface of this
sandwich-structured LLZTO can achieve high stability to water and air while still maintaining high ionic conductivity (7.5 × 10− 4 S cm− 1) and low lithium interface
resistance (40 Ω cm2). This sandwich-structured LLZTO has been successfully demonstrated to stably extract lithium from simulated and natural brines. The current
density for lithium extraction can reach 0.5 mA cm− 2, corresponding to a lithium extraction rate of 126 μg cm− 2 h− 1; the electrochemical extraction devices can
stably work for 48 h; the current efficiency can reach 97.71 %. The extracted lithium metal exhibits a purity of 99.475 wt%. This work provides a highly efficient
approach for extracting lithium from brines by electrolysis.

1. Introduction

Lithium metal has attracted enormous attention due to its growing
applications in light alloys, electronic equipment, electric vehicles, and
power grid energy storage. One major thrust in developing next-
generation lithium-ion batteries, e.g., all-solid-state lithium batteries,
Li-S and Li-air batteries, is to use lithium metal anode because of its low
electrode potential (− 3.05 V vs. H2/H+) and high theoretical specific
capacity (3860 mAh g− 1) [1–3]. However, with the growing demand for
lithium in recent years, the sustainability of lithium resources has gained
more attention than ever. It is estimated that a total of 5.11 million tons
of lithium will be consumed by 2050 [4,5]. On the supply side, the
lithium resources mainly exist in solid phases like ores and aqueous
phases like salt-lake brine and seawater; the former is limited (about 10

%), unevenly distributed, and inefficient to extract from Ref. [6] and the
latter has a large reserve (about 90 %) and become promising to solve
the problem of lithium shortage [7,8].

Up to the present, various methods have been developed to extract
lithium in the form of lithium salts from aqueous resources, which
include chemical precipitation [9], evaporation crystallization [10],
solution extraction [11,12], ion exchange adsorption [13–15], electro-
dialysis [16,17], etc. Their pros and cons are summarized in Table S1.
One commonmethod for extracting lithium fromwaste lithium batteries
is through leaching [18], but the product is usually Li2CO3. The use of
clean energy such as solar energy for lithium extraction is an environ-
mentally friendly and suitable method for large-scale production [19,
20], but the product is usually LiOH rather than metallic lithium. For the
production of metallic lithium, electrolysis of the lithium salt of LiCl in
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the molten state is usually employed, which consumes massive amounts
of energy and produces noxious chlorine gas. This severely affects the
sustainable production and use of Li. In this regard, it is highly desirable
to develop an efficient method to directly extract lithium from salt-lake
brine with low lithium content (0.01–0.6 wt%) and high Mg/Li ratio
(>6) [21]. In fact, because of the similar physicochemical properties and
close radii of Mg2+ and Li+ (72 p.m. for Mg2+, 76 p.m. for Li+), a simple
chemical precipitation method will lead to excessive lithium loss [22].

In recent years, electrolysis based on solid electrolytes has been
proposed for lithium extraction from brines [22,23]. Under the action of
an electric field, Li+ ions in the brine are screened by the solid electrolyte
and deposited on an inert cathode. At the same time, Cl− and OH− lose
electrons on the anode surface to generate Cl2 and O2 gases, respec-
tively. The lithium extraction rate of such electrochemical devices rea-
ches 50 μg cm− 2 h− 1, which is about three orders of magnitudes higher
than conventional technologies such as ion exchange adsorption [13,
14]. The solid electrolyte used in this technology must have high ion
selectivity [24], high lithium-ion conductivity, good water resistance,
and stability to lithium. Compared with other solid electrolytes,
garnet-type solid electrolyte (Li7La3Zr2O12, LLZO) is more promising for
lithium resource extraction thanks to its decent ionic conductivity (10− 4

S cm− 1), good stability to lithium, wide electrochemical window (>5V)
and a high lithium-ion transference number (close to 1) [25–27].

However, previous studies suggest that LLZO has poor water stabil-
ity, as Yuta Shimonishi et al. [28] found that the grain boundary con-
ductivity of LLZO immersed in 1 mol L− 1 LiOHwas significantly reduced
because of the accumulation of decomposition products with high
resistance. Xia et al. [29] demonstrated that LLZO undergoes Li+/H+

exchange in contact with water, generating LiOH⋅H2O on the surface of
LLZO that cannot conduct Li+. As a result, when Zhao et al. tried to
employ LLZO for lithium extraction from brines, they had to use spark
plasma sintering (SPS) to synthesize LLZO with a relative density of 99.2
% to improve the water stability and the extraction duration was merely
1 h [23]. Recently, Zheng et al. [30] proposed a solvent-free route based
on a conventional solid-state reaction to prepare Li6.5La3Zr1.5Ta0.5O12
(LLZTO) pellets with ultrahigh moisture stability, which is featured with

high relative density, few grain boundaries, water-stable secondary
phase of La2Zr2O7 (LZO), and the Li+-deficient garnet lattice. It is of high
interest to explore this type of electrolyte to enable lithium extraction
for a prolonged time.

Herein we design a direct electrolytic extraction of lithium (DEEL)
system based on a sandwich-structured LLZTO electrolyte with excellent
water stability that is fabricated using a modified solvent-free solid-state
reaction route. The lithium-deficient components on both sides, LZO,
result from natural degradation during sintering which can provide
water stability while hardly affecting the lithium interface resistance
(40 Ω cm2); the LLZTO in the middle maintains a high ion conductivity
(7.5× 10− 4 S cm− 1). After immersing the sandwich-structured LLZTO in
deionized water for two weeks, the pH of the water only increased to 9.8.
The garnet electrolyte with excellent water stability enables stable
electrolytic operation for 48 h, achieves a maximum lithium extraction
rate of 126 μg cm− 2 h− 1, and produces electrolytic lithium with a purity
over 99 wt% in a simulated brine with a Mg/Li ratio of 10.

2. Results

2.1. DEEL system design and construction

As schematically shown in Fig. 1, the proposed DEEL system includes
the following three main steps: preparation of garnet electrolyte, elec-
trolytic lithium extraction, and post-treatment of the brine (removal of
Cu2+ by adsorption). It, compared to conventional methods in Table S1,
possesses the following features: 1) it greatly simplifies the multi-step
process in traditional lithium extraction techniques, such as lithium-
ion enrichment, separation of impurity ions, and lithium salt precipi-
tation, and avoids the use of toxic reagents; 2) unlike traditional pro-
cesses where the product is lithium salts, this technology is expected to
achieve efficient direct extraction of metallic lithium and "produce
lithium in one step"; 3) renewable energy sources such as solar energy
could be used as the energy input of the system; 4) since brine lithium
sources are often distributed in areas rich in wind and solar resources,
this technology is conducive to the cross-regional transfer of renewable

Fig. 1. | Schematic illustration of the DEEL system with a Li-free configuration and a sacrificial anode. The DEEL process includes preparation of garnet membrane
electrolytic lithium extraction and post-treatment of the brine. The electric energy input can come from renewable sources such as solar energy, and the final outputs
are high-purity lithium metal that can be used as anode for lithium batteries.
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energy.
The working mechanism of the DEEL cell is depicted in the insert of

Fig. 1. The garnet electrolyte separates the cathode and anode parts. On
the cathode where lithium metal is deposited during the cell operation,
lithium can wet the electrolyte to make a Li/garnet configuration, or
liquid organic electrolyte (LOE) with a polymeric separator can be used
to make a Li-free configuration. On the anode side, the garnet electrolyte
directly meets brines and a complementary anode is needed to complete
the cell. Renewable energy resources such as solar panels can be used to
power the cell. During electrolysis, cations in the brine (Li+, Mg2+, etc)
are driven by the electric field to move from the aqueous solution toward
the lithium-ion-selective membrane, i.e., the garnet electrolyte. Due to
the good selectivity of the garnet membrane [25,31], only lithium ions

transport through the membrane and get reduced in the cathode
compartment and the other cations are blocked and remain in the brine.
Meanwhile, Cl− and OH− lose electrons on the anode surface to generate
Cl2 and O2 gases, respectively, if an inert anode is used; or the gas
evolution can be avoided if a sacrificial anode is used. The dissolved
Cu2+ needs to be recovered by, for instance, absorption before the
post-extraction brine is discharged back to nature.

As shown in Fig. S1a, the main components of a demonstration de-
vice include a stainless-steel connector, wedge-shaped polytetrafluoro-
ethylene collar, stainless-steel spring and gasket, upper and lower
rubber sealing rings, upper and lower housings, screws, bolts, and nuts
for tightening. The device mainly relies on the pressure between the
upper and lower housings to extrude the sealing rings for deformation,

Fig. 2. | Materials characterization of the water-stable sandwich-structured LLZTO. a, The pH changes of LLZTO after immersion in deionized water for 14 days. b,
The XRD patterns of LLZTO pellets after immersion in deionized water for 14 days. c, The ionic conductivity comparison before and after immersion in deionized
water for 7 days. d-f, Integral 2D distribution of specific diffraction peaks for the (d) Pristine-Surface, (e) 40 μm-Polished surface, and (f) 100 μm-Polished surface.
The value on the right is the ratio of the peak areas of LZO (29.1◦) and LLZTO (27.8◦). g, Waterfall XRD patterns of the cross-section of the sandwich-structured
LLZTO at different depths. h, TOF-SIMS test result of the sandwich-structured LLZTO.
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to achieve the sealing effect, and to avoid the corrosion of brine and air
with lithium on the cathode side. The actual setup is shown in Figs. S1b
and c. The effective contact area between LLZTO and brine is 1 cm2, and
the thickness of the LLZTO pellet is 1.5–2 mm.

2.2. Materials characterization of the sandwich-structured LLZTO

To apply the LLZTO membrane in the DEEL system, it is of para-
mount importance to verify the long-term stability in water. A water
immersion test was carried out for the as-prepared and polished LLZTO
pellets (Fig. S2). Here, the “Pristine-Surface” is the initial unpolished
surface; the “40 μm-Polished” and “100 μm-Polished” refer to the sam-
ples after 40 μm and 100 μm thick surfaces polished with sandpaper. The
exchange between H+ in deionized water and Li+ in LLZTO results in a
decrease in H+ content and an increase in OH− content in the water,
leading to an increase in the pH of the deionized water. As shown in
Fig. 2a, for the Pristine-Surface, the pH of the deionized water rises and
reaches a plateau after one day, and the final stable pH was about 9.8. In
contrast, for the 100 μm-Polished LLZTO, the pH of the deionized water
is stabilized at about 11.6 after 7-day immersion. The corresponding
concentration of the dissolved Li+ is 6.5 × 10− 5 and 3.98 × 10− 3 mol
L− 1, which proves that LLZTO before polishing has long-term stability to
water. It is worth mentioning that the mass concentrations of the above
two dissolved Li+ are 0.44 mg L− 1 (ppm) and 27.9 mg L− 1 (ppm)
respectively, while the concentration of Li+ in salt-lake brines varies
from tens to hundreds ppm [32,33]. This suggests that the dissolved
lithium from the pristine LLZTO is negligible, implying potential
application in lithium extraction from salt-lake brines. The XRD spec-
trum of LLZTO in Fig. 2b after immersing in water for 14 days shows
almost no impurity peaks, indicating good chemical stability of pristine
LLZTO in water. Impurity peaks associated with Li2CO3 are observed for
the 100 μm-Polished LLZTO sample. After immersing in water for one
week, the conductivity of unpolished LLZTO reduced from 7.5 × 10− 4

(Fig. S3) to 6.0× 10− 4 S cm− 1, while the conductivity of polished LLZTO
reduced from 8.2 × 10− 4 (Fig. S3) to 3.0 × 10− 4 S cm− 1, as shown in
Fig. 2c. SEM images (Figs. S4 and S5) suggest that little change is
observed on the cross-section images for the pristine LLZTO before and
after the water immersion test; while for 100 μm-Polished LLZTO, an
impurity layer forms on the pellet surface.

In addition, the stability of the polished and unpolished LLZTO in the
air was tested. The Ag|LLZTO|Ag symmetric batteries were placed in the
air for one week and the lithium-ion conductivity before and after one
week was tested. The results are shown in Fig. S6. The conductivity of
unpolished LLZTO reduced from 7.5× 10− 4 to 6.2× 10− 4 S cm− 1, while
the conductivity of polished LLZTO reduced from 8.2 × 10− 4 to 5.8 ×

10− 4 S cm− 1. The reduction rate is 17.3 % and 29.3 % respectively,
proving that the unpolished LLZTO also has better stability in the air.

To explore the origin of the much-improved water stability of the as-
prepared LLZTO pellets, the crystal structure was examined with XRD.
The phase structures of Ta5Li-4, Ta5Li0, and Ta5Li4 samples are shown
by XRD in Fig. S7. Fig. S7b shows that the Pristine-Surface of Ta5Li0 has
only cubic garnet phase (PDF# 80–0457) and La2Zr2O7 (PDF#
50–0837). This implies that controlling the lithium excess can reduce
the lithium concentration on the surface of LLZTO and form a water-
stable LZO phase. Fig. S7b also shows that the LZO content decreases
when the top surface of the pellet is polished away. Specifically, the LZO
content is less on the 40 μm-Polished surface than on the Pristine-
Surface and this phase disappears on the 100 μm-Polished surface. A
similar trend appears in Ta5Li-4 (Fig. S7a) and Ta5Li4 (Fig. S7c). LZO
can still be detected on the 100 μm-Polished surface of Ta5Li-4, while
Ta5Li4 has a pure cubic phase structure on the 40 μm-Polished surface.
This is because the lithium content in Ta5Li4 is relatively high, so it will
not generate many lithium deficient LZO phases. Ta5Li-4 with relatively
low lithium content will generate LZO at deeper depths. By comparison,
it can be found that the LZO content on the Pristine-Surface of Ta5Li0 is
moderate, which can enhance the water stability of LLZTO without

losing the lithium-ion conductivity. The Ta5Li0 pellet with relative
density of 96.8 % (Table S2) and a diameter of 15.5 mm is composed of
densely packed micron-sized grains. So we chose Ta5Li0 for further
experimentation.

Furthermore, surface mapping and linear scanning of XRD were used
to obtain statistical phase compositions of the Ta5Li0 pellet. For map-
ping, 5 × 5 points with an interval of 0.5 mm were examined on the
Pristine-Surface, 40 μm-Polished, and 100 μm-Polished surfaces of the
Ta5Li0 pellet. The ratio of the LZO peak area at 29.1◦ to the LLZTO peak
area at 27.8◦ is shown in Fig. 2d–f. The red area with a larger ratio
represents more LZO on the Pristine-Surface, while the blue area of the
40 μm-Polished and 100 μm-Polished surfaces gradually increases,
meaning that the LZO content decreases with the increase of depth.
Besides the distribution of LZO, the orientation of the LLZTO grains may
also cause the uneven distribution because orientation of the grains may
lead to an increase or decrease in the intensity of the characteristic peaks
in XRD. Indeed, the orientation of the garnet grains was observed by
other researchers [34]. Fig. 2g shows the XRD linear scanning results of
the cross-section of the Ta5Li0 pellet. As the depth increases, the peak
intensity of LZO gradually decreases and completely disappears at 80
μm, which is consistent with the results in Fig. S7. The results of
TOF-SIMS are shown in Fig. 2h. An analysis crater size of 25 μm× 25 μm
is used so that the information of both the grains and the grain bound-
aries can be collected, and verified by the morphology inspection in
Fig. S8. As the depth gradually deepens, the signal intensity of the Li
element first decreases and then increases. The areas with strong lithium
element signals (red region) are associated with trace amounts of
lithium-containing impurities (Li2CO3 and LiOH⋅H2O) formed on the
surface of LLZTO pellet [35], which are too few to be characterized by
XRD; the areas with weak signals (light green region) represent the
lithium-deficient phase, H-LLZTO and LZO; the light blue region implies
the pristine LLZTO bulk phase. It can be concluded from Fig. 2 and S7
that a sandwich structure can spontaneously form for the LLZTO pellet
synthesized via the solvent-free solid-state reaction method.

The mechanism of the spontaneous formation of lithium-deficient
layers during synthesis is explored through theoretical calculations,
and the temperature at which LLZTO spontaneously loses Li2O to form a
lithium-deficient phase (Equation (1)) is determined. The results are
shown in Table S3. At room temperature (300 K), the Gibbs free energy
(ΔG) for the loss of Li2O is 2.02 eV, a value greater than 0, which in-
dicates that LLZTO will not spontaneously lose Li2O at this temperature.
As the temperature increases, ΔG gradually decreases. When the tem-
perature reaches 1000–1100 K, the ΔG of the reaction is below 0,
meaning that the reaction can proceed spontaneously. The sintering
temperature in this study is 1320 ◦C (≈1600 K), and the reaction ΔG
equals − 2.23 eV, suggesting that LLZTO can spontaneously lose Li2O
and form a lithium-deficient phase during sintering. According to the
previous research [30], the lithium-deficient LLZTO shows a more
positive ΔG reacting with water compared to stoichiometric LLZTO,
meaning that the lithium-deficient phase has less tendency to react with
water and subsequently higher water stability than stoichiometric
LLZTO. Furthermore, according to the calculation, after losing 7 Li2O
molecules, LLZTO undergoes lattice collapse and generates LZO as
shown in Equations (2) and (3).

Li52La24Zr12Ta4O89 → Li50La24Zr12Ta4O95 + Li2O (1)

Li52La24Zr12Ta4O89 → Li38La24Zr12Ta4O89 + 7Li2O (2)

3Li38La24Zr12Ta4O89→5La2Zr2O7+ 31La2O3+ 12Li3TaO4+ 13Li6Zr2O7
(3)

2.3. Operation performance of the DEEL system

Here, we used a constant current power source as a consistent energy
supply to study the lithium extraction performance of the DEEL system,
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even though it could be replaced with clean energy sources such as solar
energy in the future. We first tested the Li/garnet configuration with a
sacrificial anode as shown in Fig. 3a. By spreading the molten lithium on
LLZTO, we obtained an intimate Li|LLZTO interface as displayed in
Fig. 3b. The Nyquist diagram of the Li|LLZTO|Li symmetric batteries is
shown in Fig. 3c. The high-frequency and intermediate-frequency re-
gions show a semicircle, and the low-frequency region shows a diffuse
tail. The x-intercept of the semicircle in the high-frequency region can be
attributed to the internal resistance of LLZTO, which is mainly the
impedance formed by lithium-ion transfer at the lattice and grain
boundary; the interface resistance (charge transfer resistance) can be
determined by the diameter of the semicircle, and the tail of low fre-
quency corresponds to the diffusion of lithium ions in the electrode.
Table S4 shows the resistance of bulk, grain boundary (gb), and Li|
LLZTO interface obtained through the equivalent circuit fitting in
Fig. 3c. The interfacial area-specific resistance (ASR) can be obtained by
multiplying the interface resistance by the area of the LLZTO pellet. The
interfacial ASR of Li|Pristine-Surface|Li and Li|100 μm-Polished|Li
symmetric cells is 40 Ω cm2 and 28 Ω cm2 respectively. Due to the
presence of a small amount of LZO on the pristine surface, the interface
resistance to lithium is slightly higher than that of the polished LLZTO
pellet.

The lithium extraction performance of the DEEL system with the Li/
garnet configuration is studied using a 1 mol L− 1 LiCl solution as the
simulated brine. During electrochemical lithium extraction, the elec-
trochemical reactions are as follows:

Li+ (aq) + e- → Li (s) (4)

Cu (s) → Cu2+ (aq) + 2e- (5)

On the cathode side, Li+ at the Li|LLZTO interface is reduced to

metallic lithium as Equation (4). The reaction of Cu as a sacrificial anode
occurs as shown in Equation (5). The working electrode is the coated Li
while the counter and reference electrode is the salt-lake side copper
electrode.

As shown in Fig. 3d, the Li/garnet configuration has been success-
fully operated for lithium extraction at different current densities (0.02,
0.04, 0.06, 0.08, and 0.10 mA cm− 2) for 1 h. The cell voltage reaches a
stable value within several minutes and the corresponding stabilized
voltage is 2.92 V, 2.96 V, 3.02 V, 3.09 V, and 3.16 V respectively. This
indicates that the lithium extraction rate can reach 26 μg cm− 2 h− 1. The
lithium extraction rate per square centimeter of LLZTO and per gram of
LLZTO per hour is calculated using Equations (6) and (7):

Quantity of electricity : Q= I× t = 0.1 mA× 3600 s = 0.36 C

Quantity of electrons : n=
Q
F
=

0.36 C
96485 C mol-1

= 3.7× 10-6 mol

Mass of Li : m=M× n = 7g mol-1 × 3.7× 10-6 mol = 26 μg

Lithium extraction rate
(
per cm2) :

26 μg
1 cm2 h

= 26 μg cm-2 h-1 (6)

Lithium extraction rate (per g) :
26 μg
2 g h

= 13 μg g-1 h-1 (7)

where Q is the quantity of electricity, I is the current, t is time, n is the
quantity of electrons, F is Faraday’s constant, and M is the relative
atomic mass of lithium.

To study the long-term performance, lithium extraction is carried out
at a current density of 0.05 mA cm− 2 for 10 h, as shown in Fig. 3e. With
the extraction of lithium, the polarization voltage gradually increases,

Fig. 3. | The lithium extraction performance of the DEEL device with a Li/garnet configuration. a, Schematic illustration of the device. b, SEM images of the Li|
LLZTO metal interface. c, Li|LLZTO|Li EIS spectra comparison of Pristine-Surface and 100 μm-Polished surface, inset shows the equivalent circuit used for fitting. d-e,
Operation performance with current densities of 0.02, 0.04, 0.06, 0.08, and 0.10 mA cm− 2 for 1 h (d) and 0.05 mA cm− 2 for 10 h (e).
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which may be related to the concentration polarization at the LLZTO|
brine interface. Fig. S9 shows the morphology of the Li|LLZTO cross-
section after lithium extraction for 10 h with the current density of
0.05 mA cm− 2. From the results of line scanning, it can be seen that the
thickness of Li metal extracted with a capacity of 0.5 mAh cm− 2 is ~2.5
μm, which is consistent with the theoretical value [36].

We then tested the Li-free configuration as shown in Fig. 4a. This
configuration can adapt to more extraction scenarios. The working
electrode is the Li deposited on Cu while the counter and reference
electrode is the salt-lake side copper electrode. Figs. S10 and S11 show
the voltage curves of lithium extraction in different concentrations of
LiCl simulated brine for 48 h at current densities of 0.10 and 0.20 mA
cm− 2, demonstrating that LLZTO can stably extract lithium for a long
time. Fig. 4b compiles the average cell voltage at different current
densities from 0.10 to 0.50 mA cm− 2 in simulated brines with Li +

concentrations of 0.33, 0.6, and 1 mol L− 1. Obviously, there is a good
linear relationship between the voltage platform and current density.
The actual voltage profiles are depicted in Fig. S12. At a high current
density of 0.50 mA cm− 2, the voltage platform remains stable below 4.8
V, implying that the chemical and electrochemical stability of the system
ensures a stable lithium extraction process. It is noted that no evidence
of the electrolysis of H2O was observed during the lithium extraction
process in Fig. 4b based on two phenomena: 1) no oxygen bubbles form
on the counter electrode, 2) the current efficiency is about 97.71 %
(Table S5), meaning few side reactions including H2O decomposition.
This can be rationalized as follows: at the potential of approximately
4.5V (Fig. S12c), the Li+ ions in the brine migrate through the LLZTO
membrane and get deposited on the Cu working electrode. The Cu/LOE

interface, LOE, LOE/LLZTO interface, LLZTO, LLZTO/brine interface,
and brine will withstand the majority of the potential drop, as a result,
the potential on the counter electrode is not high enough to electrolyze
the H2O, similar to the aqueous rechargeable lithium battery using solid-
electrolyte-protected Li metal as anode [37]. The corresponding lithium
extraction rates are also shown in Fig. 4b, and a maximum lithium
extraction rate of 126 μg cm− 2 h− 1 and 63 μg g− 1 h− 1 has been
demonstrated.

As shown in Fig. 4c, when the Li+ concentration was reduced to 0.01
mol L− 1, equivalent to the real salt-lake brine, the lithium extraction
platform of the sandwich-structured LLZTO was still between 3.2 V and
4.4 V, indicating that the sandwich-structured LLZTO can be stably used
in environments with different Li+ concentrations and has little polari-
zation effect. As shown in Fig. S13, LLZTO can still achieve 27 h of
lithium extraction at a current density of 0.10mA cm− 2 in a LiCl solution
with a concentration of 0.01 mol L− 1.

In order to study the ion selectivity of the sandwich-structured
LLZTO, simulated brine with Mg/Li = 0 and 10 (molar ratio, CLi+ =

0.05 mol L− 1) was prepared for lithium extraction. As shown in Fig. 4d
and Fig. S14, the voltage profiles at different current densities from 0.10
to 0.50 mA cm− 2 are stable, proving that a Mg/Li ratio of 10 will not
affect the lithium extraction performance of LLZTO. In addition, the cell
has been successfully operated in both brines for 48 h. As shown in
Fig. 4e, the voltage plateau is 3.23 V at a current density of 0.10 mA
cm− 2. After the lithium extraction, the Cu current collector with the
deposited Li was put into 15 mL ultrapure water, the Li+ concentration
in the water was measured through conducted inductively coupled
plasma mass spectrometry (ICP-MS), and the current efficiency was

Fig. 4. | The lithium extraction performance of the DEEL device with a Li-free configuration. a, Schematic illustration of the device. b, Voltage platform and lithium
extraction rate with current density of 0.10, 0.20, 0.30, 0.40, and 0.50 mA cm− 2 in different concentrations of LiCl for 1 h c, Lithium extraction performance with
current densities of 0.10, 0.20, 0.30, 0.40, and 0.50 mA cm− 2 for 1 h. The LiCl concentration is 0.01 mol L− 1. d-e, Extraction in a solution of Mg/Li = 10 (mol:mol)
with the current density of 0.10, 0.20, 0.30, 0.40, and 0.50 mA cm− 2 for 1 h (d) and 0.10 mA cm− 2 for 48 h (e).
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calculated through Equation (8). As shown in Table S5, the current ef-
ficiency of lithium extraction in 0.05 mol L− 1 LiCl with the Mg/Li ratio
of 0 and 10 is 97.71 % and 86.74 %, respectively.

Fig. S15 shows the comparison of LLZTO surface morphology before
and after lithium extraction in brine with Mg/Li = 10, and a small
amount of impurity appears on the LLZTO|brine interface. XRD results
shown in Fig. S16a prove that the composition of the impurity is Mg
(OH)2 (After-Brine); Meanwhile, no impurities were generated on the
surface in contact with LOE (After-LOE), proving the stability of LLZTO
in LOE. After lithium extraction, the lithium-ion conductivity of LLZTO
decreased from 7.54 × 10− 4 to 5.27 × 10− 4 S cm− 1 (Fig. S16b), still
maintaining at a considerable level, and the water stability of LLZTO has
been further testified.

In order to further investigate the lithium extraction performance of
sandwich-structured LLZTO in LiCl solutions containing different im-
purity ions (Na+, K+, Mg2+), LiCl solutions containing only one impurity
ion were prepared according to the ratio in Table S6. The lithium
extraction performance of sandwich-structured LLZTO in simulated
mother liquor is shown in Fig. S17. At a current density of 0.10 mA
cm− 2, the voltage platforms of K-simulated qualified solution and Na-
simulated qualified solution are relatively stable. However, in the Mg-
simulated qualified solution, there was an unstable voltage phenome-
non after 30 h of lithium extraction. This can be explained by the gen-
eration of Mg(OH)2 on the surface of LLZTO mentioned earlier. The Mg
(OH)2 impurity hinders the contact between LLZTO and the simulated
qualified solution, causing an increase in polarization voltage.

Fig. S18 shows the lithium extraction performance of the sandwich-
structured LLZTO in the brine from Chaerhan Salt Lake in Qinghai
Province, China. The brine composition is shown in Table S7. The
sandwich-structured LLZTO can stably extract lithium with a current
density ranging from 0.05 to 0.08 mA cm− 2. The concentration of Li+

and Mg2+ in the brine is determined through ICP-MS to be 335 mg L− 1

and 1.5 × 105 mg L− 1, respectively, so the Mg/Li molar ratio is
approximately 130. The ability to maintain a lithium extraction rate of
20 μg cm− 2 h− 1 in such a high Mg/Li environment demonstrates the
promising application prospects of the sandwich-structured LLZTO in
lithium extraction. On the one hand, the impurity ion of Mg2+ does
affect the current efficiency, and more work is in progress to this end; on
the other hand, this current efficiency is higher than other
electrochemistry-based lithium extraction techniques (57.82 % [38], 65
% [39], and 79 % [23]).

Even though the Li/garnet configuration avoids using flammable
organic electrolytes, it is difficult to achieve scale production due to the
following presumable reasons. First, when using a large piece of garnet
pellet, it is prone to cracking due to uneven thermal field distribution
during the high-temperature Li-melting process. Second, the wetting
step needs a considerable amount of molten Li. Third, the extracted Li is
difficult to separate from ceramic pellets, which poses problems in cell
disassembly and lithium characterization. On the other hand, using a Li-
free configuration is beneficial for separating and analyzing extracted
lithium metal, and holds a greater chance for scale application. Addi-
tionally, the Cu foil used in the Li-free configuration could be replaced
with other scaffolds or lithium-free anode (e.g., Si-based anode) to do
electrochemical prelithiation. A roll-to-roll prelithiation process has
been proposed for such a purpose. The prelithiated anode via the DEEL
system could be directly used for lithium-ion batteries [40]. Moreover,
as shown in Table S8, the lithium extraction rate using the Li-free
configuration is 5 times higher than that of the Li/garnet configura-
tion thanks to the solid/liquid contact instead of the solid/solid contact
in the latter, which means more efficient and faster lithium extraction.
Because the uneven Li deposition (Fig. 3b) may cause loss of the sol-
id/solid contact during Li extraction in the Li/garnet configuration, the
cell voltage increases dramatically, exceeding the range that the
equipment and LLZTO can withstand. In contrast, solid/liquid contact
can ensure good contact and maintain a stable impedance during Li
extraction. As a result, the current density and lithium extraction rate

are larger for Li-free configuration than for Li/garnet configuration, as
shown in Figs. 3d and 4b.

2.4. Characterization of the lithium product

The digital photo of the extracted lithium on Cu foil from the brine
with Mg/Li = 10 is shown in Fig. 5a. The lithium deposition is uniform,
showing a grayish-white color with a metallic luster. Through the SEM
image, it can be seen that the morphology of lithium at the edge is
uniformly arranged wormlike dendrites (Fig. 5b), while the dendrites in
the center overlap and bond with each other, forming a porous structure
(Fig. 5c). It is noted that as the extraction proceeds, Li dendrites may
accumulate and penetrate the LLZTO membrane, limiting the areal ca-
pacity (thickness) of the deposited lithium. In the future, various stra-
tegies in Li metal battery such as using lithiophilic deposition substrates,
using 3D scaffold to accommodate the volume change, artificial SEI
engineering, etc. [41] might help increase the system’s maximum pro-
duction capacity. The XRD characterization of Cu foil after lithium
deposition is shown in Fig. 5d. The peak at 36.2◦ is the characteristic
peak of Li, while the other three are the characteristic peaks of Cu and no
impurity peaks associated with LiOH or Li2CO3 are present, which
suggests that the purity of the electrolytic metal lithium is high.

The purity of the obtained electrolytic Li was evaluated via ICP-MS
measurements. For comparison, commercial lithium foil with a purity
>99.9 % was also measured by the same method. As shown in Fig. 5e,
the purities of our deposited Li are close to the commercial Li. The mass
fraction of the extracted lithium is 99.48 wt%, meeting the standard of
Li-4 specified in GB/T 4369-2015. Remarkably, after extracting lithium
in a solution with Mg/Li = 10, no signal of Mg was detected, indicating
excellent ion selectivity of LLZTO. In the garnet lattice, Li+ ions hop
between vacancies to achieve transport; when Mg2+ ions, with an ionic
radius of 72 p.m., very close to that of Li+ (76 p.m.), occupy the Li+

vacancy, the charge imbalance prevents it from hopping because the
charge amounts of Li+ and Mg2+ are different. In fact, the energy barrier
of Li+ is much smaller than that of impurity ions (e.g. 0.3 and 0.9 eV for
Li+ and Na+, respectively) [42]. The high purity of the extracted Li
confirms the high selectivity and high quality of the LLZTO solid
electrolyte.

The comparison of the Li extraction rate between LLZTO-based de-
vices and conventional extraction methods is shown in Table S8.
Although lithium extraction materials such as MnO2 and H2TiO3 as
adsorbents have high adsorption capacity, their lithium extraction rates
are far lower than 1 μg cm− 2 h− 1 [43,44]. It can be seen that the lithium
extraction device based on LLZTO in this study has a very high lithium
extraction rate in simulated brine, which is more than 10,000 times that
of conventional adsorption methods.

The rough estimation of the overall cost of the DEEL process is shown
in Supplementary Note. The overall cost consists of the costs of garnet
sintering, lithium extraction and post-treatment of brine. Due to the
characteristics of electrolysis, the DEEL system could be scaled up based
on garnet pellets by using a parallel cell configuration (Fig. S19) or
assemble the pellets into large membrane (Fig. S20). Alternatively, large
garnet plates could be prepared by slip-casting process (Fig. S21) and
assembled into modules (Fig. S22). If we can produce 17.5 m2 of 500 μm
thick garnet electrolyte per day for 15 days, and use them to extract
lithium for 350 days, the total cost of the DEEL process is $73,105. On
the product side, considering that the Li extraction rate is 126 μg cm− 2

h− 1, the current efficiency is 97.71 %, and the purity of the extracted Li
is 99.475 %, the amount of extracted Li in 350 days is 2700 kg, valuing
$450,900 (~$167 kg− 1). This will make an annual profit of $377,795.
Admittedly, other factors such as equipment investment, transport dis-
tances, wages, pack design may need to be further included for more
realistic case.

The comparison between the DEEL process with the conventional
lithium extraction method is illustrated in a radar plot in Fig. 5f based on
Table S1 and some review papers [45–47]. Traditional lithium
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extraction methods have multiple disadvantages, such as the use of
highly corrosive solvents and complex steps [45–47]. Our electro-
chemical lithium extraction method can be powered by clean energy
sources such as solar and wind energy, without the need for additional
thermal energy input during the lithium extraction process, and there
are basically no by-products that cause environmental pollution.
Moreover, the DEEL cell based on the sandwich-structured garnet elec-
trolyte can directly extract lithium metal from simulated brines and
natural brine. The DEEL system produces high purity lithium metal
(99.48 %) at a rate of 126 μg cm− 2 h− 1 in a single operation. In addition,
the high purity of the product lithium and the feasibility of developing
electrochemical prelithiation based on the DEEL system have the po-
tential of smooth feeding into the existing battery manufacturing supply
chain.

3. Discussion

We developed a DEEL system based on LLZTO solid electrolyte as the
selective membrane. Through the design of the sandwich-structured
LLZTO, LZO is spontaneously formed on the LLZTO surface due to
lithium volatilization during high-temperature sintering to improve
water stability. The LLZTO without any polishing has high ionic con-
ductivity (7.5× 10− 4 S cm− 1), low ion activation energy (0.368 eV), and
low interface resistance to lithium (40 Ω cm2). After two weeks of long-
term immersion in water, the pH of deionized water only increased to
about 9.8, and the corresponding concentration of dissolved lithium ions
was only 0.44 ppm. The lithium extraction rate of the sandwich-
structured LLZTO in simulated brine is 126 μg cm− 2 h− 1. Additionally,
it has good ion selectivity in simulated brine with Mg/Li = 10. The
technoeconomic analysis shows that this DEEL strategy has a signifi-
cantly reduced environmental impact and propitious potential profit
compared with the traditional extraction methods. Moreover, the high
purity of the product lithium can guarantee a smooth feeding into the
existing battery manufacturing supply chain. For instance, the copper
current collector deposited with the extracted lithium metal could be
directly used as the anode of a lithium battery; or the DEEL process could
be used as an effective pre-lithiation technique. The high efficiency,
super stability, and low cost make the LLZTO-based DEEL device have
great potential to extract lithium resources from salt-lake brines in the
future.

4. Methods

4.1. Preparation of the sandwich-structured LLZTO

LLZTO with a garnet structure was synthesized by a modified
solvent-free solid-state sintering method [30]. The preparation process
is summarized in Fig. S23. Briefly, raw materials were LiOH⋅H2O (AR,
Shanghai Lingfeng Chemical Reagent Co., Ltd.), La2O3 (99.95 %,
Shanghai Meiruier Chemical Technology Co., Ltd.), ZrO2 (99.97 %,
Sinopharm Chemical Reagent Co., Ltd.) and Ta2O5 (99.99 %, Aladdin
reagent). It is named Ta5Li-4, Ta5Li0, and Ta5Li4 according to the
content of Ta element (0.5) and Li element. The sample with 4 % less
LiOH⋅H2O added than the stoichiometric ratio is called Ta5Li-4, the
sample with 4 %more than the stoichiometric ratio is called Ta5Li4, and
the sample with the stoichiometric ratio is called Ta5Li0. The raw ma-
terials were weighed and dry-milled in a polyurethane milling jar at 175
r min− 1 for 2 h. The as-mixed powders were pre-sintered at 950 ◦C for 6
h. The powders were dry-milled again at 175 r min− 1 for 2 h and sieved
with a 200-mesh screen. Green pellets were pressed using the 12mm and
18 mm stainless-steel die and were put into a magnesium oxide crucible
without any mother powder for secondary sintering. The temperature
was raised to 1320 ◦C at a rising rate of 5 ◦C min− 1 and furnace cooling
after 10 min. Finally, the obtained LLZTO pellets were polished with SiC
sandpaper of 250#, 500#, 1000#, and 2500# to prepare 40
μm-Polished and 100 μm-Polished pellets, and then were transferred to
the glove box filled with argon (H2O < 0.1 ppm and O2 < 0.1 ppm) for
storage. The thickness of the LLZTO pellets before and after polishing
was measured with a micrometer caliper.

4.2. Morphology and structure characterization of the sandwich-
structured LLZTO

Field emission scanning electron microscopy (SEM, RISE-MAGNA,
Czech) was used to characterize the micromorphology of LLZTO
ceramic pellets. The crystal phase was characterized by an X-ray
diffractometer (XRD, Rigaku, 40 kV) using a Cu-Kα line with a 2θ range
of 15◦–60◦, and the scanning speed was 5◦ min− 1. Linear scanning and
surface mapping of LLZTO was performed by XRD (Bruker, D8 discover,
Germany) with a 2D detector and a 2θ range of 25◦–32◦. Depth analysis
of sandwich-structured LLZTO was performed using a high-resolution

Fig. 5. | Characterization of the product of lithium metal comparison of the DEEL system with conventional methods. a, A digital photo of Cu foil deposited with Li.
b-c, SEM images of the edge region (b) and the middle region (c). d, XRD patterns of Cu deposited with Li. e, Comparison of metal ion concentration of extracted
lithium and commercial pure lithium. f, Comparison of the DEEL system with the three conventional methods using radar charts.
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scanning electron microscopy focused ion beam time-of-flight secondary
ion mass spectrometer (TOF-SIMS, TESCAN, Czech Republic, 30 kV, 20
nA) to detect the relative intensity of lithium element signals.

The relative density of LLZTO was measured based on Archimedes’
principle. The mass difference of the LLZTO pellet before and after im-
mersion in the ethyl alcohol was used to calculate its volume. The
relative density is equal to the mass before immersion divided by the
product of volume and theoretical density (5.394 g cm− 3).

4.3. Chemical and electrochemical properties of the sandwich-structured
LLZTO

The conductive silver paste (Conduction, Guangzhou) was coated on
both sides of the LLZTO ceramic pellets and dried at 65 ◦C for 30 min to
obtain Ag|LLZTO|Ag symmetric batteries. The ion conductivity of
LLZTO in an Ag|LLZTO|Ag symmetric battery was measured with an
impedance analyzer (Solartron 1260). The frequency range is 13 MHz to
1 Hz, and the voltage amplitude is 10 mV. The ion activation energy of
LLZTO was calculated and fitted based on the Arrhenius equation by
measuring different impedances in the range of 30~70 ◦C (take a test
temperature every 10 ◦C). The Li|LLZTO|Li symmetric battery was
prepared by hot melt infiltration. The lithium on the Ni plate was heated
at 350 ◦C to melt, and the surface between lithium and LLZTO was
continuously rubbed until wetted. The interface impedance of Li and
LLZTO in Li|LLZTO|Li symmetrical battery was measured with the fre-
quency range of 13 MHz to 0.1 Hz, and the voltage amplitude is 10 mV.

The stability of the sandwich-structured LLZTO to water and air was
tested. The water stability was characterized by the degree of Li+/H+

exchange. The pellets were immersed in 30 mL of deionized water for
two weeks, and the pH was tested with a pH meter (SX-620, Shanghai
Sanxin) on the 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, and 14th days respec-
tively. To characterize the stability of LLZTO to air, the battery was
placed in the atmosphere for one week, and the change of conductivity
before and after storage was tested.

Li|LLZTO semi-battery is prepared by the lithium wetting method
[48] and is packaged with the device shown in Fig. 1a. A Cu electrode
was used as the counter electrode and reference electrode, and 1 mol L− 1

LiCl (Yonghua, analytical pure) solution was used as the simulated
brine. The constant current lithium extraction is carried out on the test
system of Neware (Neware, Shenzhen, China). The current density of
lithium extraction is 0.02 mA cm− 2, 0.04 mA cm− 2, 0.06 mA cm− 2, 0.08
mA cm− 2, and 0.10 mA cm− 2, respectively. The lithium extraction time
is 1 h. In addition, the long-time constant current lithium extraction is
carried out with a current density of 0.05 mA cm− 2 and a lithium
extraction time of 10 h.

80 μL of 1 M LiPF6 in EC/DEC/EMC (v:v:v = 1:1:1) liquid organic
electrolyte (LOE) (Nanjing Mojiesi Energy Technology Co. Ltd) was
added onto the surface of LLZTO pellet, copper foil was put on top as the
collector to deposit lithium, and a polypropylene diaphragm (Celgard,
USA) was used to separate Cu and the LLZTO pellet. Cu electrode was
used as the counter electrode and reference electrode, and LiCl solutions
of different concentrations (1, 0.6, 0.33, 0.2, 0.01 mol L− 1) were used for
lithium extraction. The current densities were 0.1 mA cm− 2 and 0.2 mA
cm− 2, and the time was 48 h. At the same time, 0.05 mol L− 1 LiCl and
0.5 mol L− 1 MgCl2 (Macklin, AR, 99.5 %) + 0.05 mol L− 1 LiCl solutions
were prepared for the LLZTO ion selectivity test.

The copper foil was wrapped with Kapton adhesive to isolate air, and
the structure of lithium deposition on Cu was characterized by XRD
(Rigaku, 40 kV). Cu deposited with lithiumwas put into 15 mL ultrapure
water, and inductively coupled plasma emission spectrometer (ICP,
Platinum Elmer, Singapore) was used to test the lithium-ion concen-
tration in the solution, so as to calculate the amount of lithium metal
extracted; By utilizing the theoretical capacity of lithium (3860 mAh
g− 1) to obtain the amount of lithium that can be extracted from the input
capacity theoretically, the current efficiency, η, can be calculated by
Equation (8).

mA =CLi+ × 0.015 L

mT =
C× 1000

3860 mAh g-1

η =
mA

mT
× 100% (8)

where mA is the actual extraction amount (mg), mT is the theoretical
extraction amount (mg), CLi+ is the concentration measured by ICP (mg
L− 1), C is the input capacity (mAh), and η is the current efficiency.
Commercial lithium foil (China Energy Lithium Co., Ltd, 99.9 %) with a
mass of 100 mA was weighed and put into 1500 mL of ultrapure water,
and the concentration of Li+, Mg2+, Zr4+, Ta5+, and La3+ was measured
by ICP.

4.4. Computation details

All density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) [49] based on the
projector augmented wave (PAW) [50] method. The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
[51] functional was used as the exchange-correlation functional. The
plane-wave energy cutoff was set to 520 eV, and a k-point density of at
least 64/Å− 3, similar to those used in theMaterials Project (MP) [52]. To
obtain the initial structure of Li52-2xLa24Zr12Ta4O96-x, starting from the
experimentally reported disordered structures of LLZO, and then all
symmetrically distinct configurations of Li/Ta/O/Vacancy were created
using the enumeration method implemented in Pymatgen code [53],
Lastly, the ground state structure of Li52-2xLa24Zr12Ta4O96-x was deter-
mined by ranking their DFT energies. Temperature-dependent Gibbs
free energies were calculated by using the Phonopy package [54].
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[50] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (24) (1994)
17953–17979, https://doi.org/10.1103/PhysRevB.50.17953.

[51] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (18) (1996) 3865–3868, https://doi.org/10.1103/
PhysRevLett.77.3865.

[52] A. Jain, S.P. Ong, G. Hautier, W. Chen, W.D. Richards, S. Dacek, S. Cholia,
D. Gunter, D. Skinner, G. Ceder, K.A. Persson, Commentary: the Materials Project: a
materials genome approach to accelerating materials innovation, Apl. Mater. 1 (1)
(2013), https://doi.org/10.1063/1.4812323.

[53] S.P. Ong, W.D. Richards, A. Jain, G. Hautier, M. Kocher, S. Cholia, D. Gunter, V.
L. Chevrier, K.A. Persson, G. Ceder, Python Materials Genomics (pymatgen): a
robust, open-source python library for materials analysis, Comput. Mater. Sci. 68
(2013) 314–319, https://doi.org/10.1016/j.commatsci.2012.10.028.

[54] A. Togo, I. Tanaka, First principles phonon calculations in materials science,
Scripta Mater. 108 (2015) 1–5, https://doi.org/10.1016/j.scriptamat.2015.07.021.

N. Zhang et al. Journal of Power Sources 630 (2025) 236119 

11 

https://doi.org/10.1002/adfm.202205778
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.4812323
https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1016/j.scriptamat.2015.07.021

	Direct electrolytic extraction of lithium metal from brines based on sandwich-structured garnet electrolyte
	1 Introduction
	2 Results
	2.1 DEEL system design and construction
	2.2 Materials characterization of the sandwich-structured LLZTO
	2.3 Operation performance of the DEEL system
	2.4 Characterization of the lithium product

	3 Discussion
	4 Methods
	4.1 Preparation of the sandwich-structured LLZTO
	4.2 Morphology and structure characterization of the sandwich-structured LLZTO
	4.3 Chemical and electrochemical properties of the sandwich-structured LLZTO
	4.4 Computation details

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


