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Solar transpiration-powered lithium extraction

and storage
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Lithium mining is energy intensive and environmentally costly. This is because lithium ions are typically
present in brines as a minor component mixed with physiochemically similar cations that are difficult
to separate. Inspired by nature’s ability to selectively extract species in transpiration, we report a
solar transpiration—powered lithium extraction and storage (STLES) device that can extract and store
lithium from brines using natural sunlight. Specifically, the device uses a hierarchically structured
solar transpirational evaporator to create a pressure gradient, which allows for the extraction of lithium
from brines through a membrane and its storage in a vascular storage layer. Long-term experiments,
various membrane tests, and different size assessments demonstrate the stability, compatibility,

and scalability of STLES. This solar-powered mining technology provides an alternative developing
pathway toward the sustainable extraction of critical resources.

ith the increasing demand for lithium

in renewable technologies (I), it is

imperative that lithium extraction be

environmentally and socially respon-

sible to ensure a sustainable future
(2-4). Currently, lithium is sourced mainly
from hard-rock ores through thermochemical
routes or from brines through an evaporative
process (5, 6). The evaporitic method, being
used in 87% of lithium mining facilities, has
limited Kkinetics, has intensive water usage,
and is suitable for high-grade brines only (7).
Sustainable technologies for extracting lith-
ium from various brines are critical to ensure a
clean and reliable lithium supply (8-11).

In nature, many living systems have evolved
to efficiently extract specific species. Particu-
larly, halophytes—plants that thrive in saline
habits—have developed an extraction-storage-
release (ESR) mechanism to take up nutrients
from high-salinity soil or waters without being
harmed (12). They exploit transpiration to
extract nutrients like other plants (Z3), but they
also have specialized organs to store and dis-
charge excess salts from their body. This ad-
ditional salt storage and release mechanism
is critical for halophytes’ survival in saline,
without which they would perish because of
drought (14).

With this inspiration, we developed a solar
transpiration-powered lithium extraction and
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storage (STLES) device, with the goal of greener
lithium mining. Its structure and working prin-
ciple are presented in Fig. 1, A to E. Our strategy
captures the main attributes of the ESR mech-
anism in halophytes and involves three main
steps: (i) Solar transpiration creates a high
capillary pressure within the evaporator; (ii)
this transpiration pressure is transmitted to the
membrane, resulting in an influx of lithium
from the brine to the lithium storage layer; and
(iii) water circulation transports the extracted
lithium to the reservoir and regenerates the
device.

To achieve efficient and stable solar trans-
piration-powered lithium extraction, a strin-
gent set of requirements must be satisfied. First,
the passively generated transpiration pressure
Pirans Within the evaporator by capillarity must
exceed the operating pressure of nanofiltra-
tion (NF). The Young-Laplace equation (I5) pre-
dicts that Pians = 4ycosd/d,, where vy is the
surface tension of water, 6 is the contact angle
of water on the evaporator, and dj, is the pore
diameter of the evaporator (Fig. 1F and sup-
plementary text, section 1). Considering that
NF typically runs at 5 to 20 bar (I6), the trans-
pirational evaporator must be hydrophilic (6 ~
60°) and nanoporous (d;,, < 288 nm). Second,
the evaporator must generate high transpira-
tion flux to enable high lithium productivity.
Theoretical analysis shows that transpiration
flux J is slightly dependent on 6 and d,,, but it
is predominantly governed by the temperature
of the evaporator T, (Fig. 1G and supple-
mentary text, section 2). A 30-fold increase in
flux (0.05 to 1.45 liter m~2 hour™) is observed
as Teyap increases from 300 to 350 K. In this
regard, an interfacial solar-driven evaporator
is ideal because it can harness solar energy to
accelerate transpiration with a high solar-to-
thermal conversion efficiency (>90%) (17-23).
Finally, the lithium storage layer must be able
to resist cavitation and salt deposits for stable
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lithium extraction (fig. S1) (24). Tight channels
that are smaller than the critical size of bubble
nuclei (D¢ = 47/ Pyans) are required to prevent
bubble-induced cavitation (blue region in Fig.
1H and supplementary text, section 3), and
high porosity is necessary to accommodate the
extracted salts.

We develop a passive, floating STLES (Fig. 1A)
that consists of an aluminum-based hierarchical
membrane as the high-pressure (18 bar), high-
flux (1.8 liter m hour™) solar transpirational
evaporator (Fig. 1C); a size-controllable fused-
silica frit as the lithium storage layer (Fig. 1D);
and a NF membrane (Fig. 1E). The STLES can
extract and store lithium from brines using
natural sunlight, requiring no arable land or
additional energy input.

Solar transpirational evaporator

As an example of demonstration, we apply alu-
minum nanoparticles (Al NPs)-decorated anodic
aluminum oxide (AAO) as the solar trans-
pirational evaporator, which can be replaced
by less-expensive materials, such as hydrogel
membranes (25) and resin-based cellular fluid-
ics (26). The nanometer-sized matrix is impor-
tant to generate high transpiration pressure.
Cross-sectional scanning electron microscope
(SEM) (Fig. 1C) shows that the evaporator has
a highly porous matrix (surface porosity € =
0.5) with an average pore diameter of 100 nm,
which gives rise to a theoretical Py, of 18.5 bar
(0 = 50°). Pyans is further determined experi-
mentally by interfacing the evaporator with
osmosis and observing the magnitude of cor-
responding water flux J, (figs. S5 and S6 and
supplementary text, section 4) (27). According
to the solution-diffusion model, J,, = A(Pyrans —
IT), where A is the water permeability coeffi-
cient and IT is the osmotic pressure (28, 29).
Particularly, Jy, = 0 when Py, = [1. The zero-
water flux point in Fig. 2A suggests that our
evaporator has a practical Py.,,s of 18.7 bar.
This value is in good agreement with the the-
oretical Py..ns (18.5 bar) and is sufficient to
drive NF (16).

The hierarchical structure is essential for
achieving high-flux transpiration using solar
energy. As shown in Fig. 1C and fig. S7, it con-
sists of randomly distributed, different-sized
Al NPs (5 to 60 nm), Al film (~100 nm), and
nanoporous AAO matrix. This hybrid struc-
ture enables efficient and localized photo-
thermal heating, owing to coupling-enhanced
broadband absorption and strong nonradia-
tive plasmon decay (30, 3I). As a result, com-
pared with a conventional nonphotothermal
evaporator (32), our solar transpirational evap-
orator exhibits enhanced solar absorptance
(97% versus 11%; fig. S8), higher temperature
(354 versus 320 K under one-sun irradiation;
Fig. 2B), and improved transpiration flux (1.28
versus 0.59 liter m ™ hour™ under one-sun irra-
diation; Fig. 2C).
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Fig. 1. Concept and design of STLES. (A) STLES can float and extract lithium
from brines at scale using only ambient sunlight as the source of energy.

PV, photovoltaic array. (B) The operating principle of STLES involves solar-driven
transpiration, which creates a high capillary pressure within the evaporator.
This pressure is then transmitted to the NF membrane, causing an influx

of lithium from the brine to the storage layer. Water circulation transports the
extracted lithium to the reservoir and regenerates the STLES. (C to E) Cross-
sectional SEM images of the three critical components of STLES [same view

Lithium storage layer
The lithium storage layer in STLES is essen-
tial for (i) the delivery of water and pressure
between the evaporator and membrane, (ii)
mechanical support, and (iii) storage of ex-
tracted lithium salts. To ensure stable lithium
extraction, the storage layer needs to resist
both cavitation and embolism. On one hand,
transpiration-induced tension places the stor-
age layer’s water in a metastable state, making
it vulnerable to cavitation, which blocks water
transport locally with a vapor phase embolus
(25). On the other hand, the extracted salts may
accumulate in the storage layer or on the evap-
orator, which can slow down or even impede
transpiration (fig. S1).

We use a ceramic frit as the lithium storage
layer. It consists of uniform and percolative chan-
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nels and is synthesized by fusing monodisperse
silica microspheres together through spark
plasma sintering (Fig. 2D). This microsphere-
based lithium storage layer has four distinctive
characteristics. First, its channel size [ is exclu-
sively determined by the diameter of precur-
sor spheres (I = dspnere/4) and can be finely
controlled from nanometers to micrometers
through proper selection of dgppere. We choose
silica spheres with dgpere = 700 nm as the pre-
cursor (Fig. 2E), expecting / = 150 nm. Mercury
intrusion porosimetry confirms that the fab-
ricated storage layer has a void size of 151 nm
(Fig. 2F), smaller than D¢ (160 nm for Py, =
18.5 bar), thereby effectively reducing the cavi-
tation risk. Second, it consists of an intercon-
nected network of pores (Fig. 1D) that allow

for percolative water pathways to prevent em-
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direction as (B)]. From top to bottom, solar transpirational evaporator (C),
lithium storage layer (D), and NF membrane (E). Circles in (D) indicate the
water flow channels. (F) Transpiration pressure Pyans as a function of contact
angle 8 and pore diameter d,. (G) Transpiration flux J as a function of Teyap. 6,
and dj,. Larger J can be achieved by increasing 6, dp, and particularly Teyap.
(H) Critical nucleus size of cavitation versus Py.ns. | is the channel size of the
storage layer. When | < D¢ (blue region), nucleated bubble is suppressed by
geometrical confinement, and thus no cavitation inception occurs.

bolism (33). That is, even if extracted salts
block some water paths, water transport can
continue uninterrupted through adjacent un-
embolized paths (fig. S9). Third, the storage
layer, with a porosity of ~45% and a pore size of
151 nm, is sufficient for hosting extracted salts
(supplementary text, section 5). Fourth, the stor-
age layer, made of fused silica ceramic, has weak
interactions with salts, allowing for easy regen-
eration through water rinse (fig. S10).

To confirm the stable water flow in STLES, a
transpiration test was conducted continuously
under 500- and 1000-W m™? irradiations for
50 hours, representing cloudy and sunny days,
respectively. During the 50-hour transpiration
tests, no obvious degradation in transpiration
fluxes was observed, which suggests excellent
working stability (Fig. 2G).
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Fig. 2. Design and characterization of solar transpirational evaporator

and lithium storage layer. (A) Water flux J,, driven by transpiration as a
function of osmotic pressure I1. The practical Py ans is determined from

the zero-flux point and is 18.7 bar. IT is calculated using OLI Stream Analyzer
3.1 and is listed in table S1 (44). Error bars are the standard deviation of J,,
over three repetitions. (B) Light-driven temperature of photothermal evaporator,
traditional evaporator, and ambient. (C) Transpiration fluxes of photothermal
and traditional evaporators under different solar irradiances. Error bars are

the standard deviation of transpiration fluxes over three repetitions. (D) Schematic

Device fabrication and lithium

extraction performance

In light of the above designs, a proof-of-concept
STLES platform (Fig. 3A) has been developed
to demonstrate the feasibility of our approach.
The platform comprises an array of modules
(Fig. 3B and figs. S11 and S12), each with eight
layers (Fig. 3C). Various types of brines have
been examined because the performance of
lithium extraction is substantially influenced
by the brine chemistry, particularly the salin-
ity and the mass ratio of Mg>* to Li* (MLR)
(6, 7, 34). The lithium extraction performance
of STLES is assessed on the basis of two figures
of merit: Li* permeance (i.e., how quickly Li*
is extracted) and Li* selectivity (i.e., the degree
to which Li* purity is enhanced).

Figure 3D shows the dependence of lithium
extraction performance on the MLR of brines.
Feed solutions are LiCl-MgCl, mixtures with a
fixed salinity of 1.0 g liter ™" and varying MLRs
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(table S2). The apparently reduced Li* perme-
ance at higher MLRs is due to the decrease of
feed Li* concentration rather than the increase
of MLR. This is evidenced in fig. S13, which
shows that Li* permeance increases exponen-
tially with the feed Li* concentration. Addition-
ally, as the MLR of feed solutions increases, Li*
selectivity (Sy;) also increases. This is because Li*
rejection decreases from 70 to 26%, whereas
Mg?* rejection remains around 99% (fig. S14).
The reduced rejection of Li* at higher MLRs
is because of the stronger charge screening
effect, which promotes the permeation of C1~
and facilitates the transport of Li* (35).

To study the impact of feed salinity on lith-
ium extraction, LiCl-MgCl, mixtures with a
fixed MLR of 80 and varying salinities ranging
from 0.2 to 20 g liter " are used as the feed so-
lutions (table S3). Figure 3E shows that when
increasing the feed salinity, lithium perme-
ance increases first because salt partitioning
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of the fabrication process of the lithium storage layer. Monodisperse

silica microspheres are fused together through spark plasma sintering.

(E) Particle size distribution of silica microspheres determined by dynamic
light scattering. (F) Channel size distribution of lithium storage layer
determined by mercury intrusion. The average channel size (151 nm) of the
lithium storage layer is below D¢ (160 nm), suggesting excellent ability to
stabilize the thermodynamically metastable water flow. (G) Water fluxes by
transpiration through the lithium storage layer over the course of 50 hours at

into the membrane is enhanced at higher sa-
linities, resulting in higher salt flux. This trend
changes above 1.0 g liter ", and lithium perme-
ance declines gradually with the feed salinity
because greater osmotic pressure at higher sa-
linity decreases the effective transmembrane
pressure. Li* flux is maintained up to a sa-
linity of 15 g liter * with an osmotic pressure of
10.7 bar (table S4). The progressively decreas-
ing Sy; as feed salinity increases is attributable
to the accumulation of Mg?* near the mem-
brane surface, which compromises the rejec-
tion of Mg>* (10, 35).

To further explore the feasibility of STLES, it
was applied to diluted aged brines from China’s
three major salt lakes (36). These brines have
a salinity of 1 g liter ™ and contain various ions,
such as Li*, Na*, K*, Mg>*, Ca**, CI', SO, and
others, which could greatly affect the extrac-
tion of lithium (6). Compositions of brines
before and after transpiration-driven lithium
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Fig. 3. Device fabrication and lithium extraction performance. (A) Stand-
alone STLES array floats on water. (B) Side-view image of STLES. Scale bar,
1cm. (C) Optical images of the eight layers of STLES. Scale bar, 1 cm. (D) Li* flux
and Li* selectivity of STLES as a function of the MLR of brines. Feed solutions
are LiCl-MgCl, mixtures with a fixed salinity of 1.0 g liter™ and varying MLRs.

(E) Li* flux and Li* selectivity of STLES as a function of the salinity of brines.

extraction are given in table S5. Figure 3F dem-
onstrates that STLES can successfully extract
lithium from brines, with the selectivity of
extraction depending on the brine compo-
sition. Qarhan, which has the lowest Li* frac-
tion in the feed, exhibits the highest S;; of 7,
which agrees with our findings in Fig. 3D.
These results confirm the effectiveness of our
approach in real brines. Additionally, selec-
tivity can be further enhanced through mem-
brane advancement, as explained in more
detail below.

Song et al., Science 385, 1444-1449 (2024)

Operating time (h)

Similar to halophytes, a specific advantage
of STLES is its operating stability under salty
conditions because it has abundant pores to
accommodate the extracted salts and can be
regenerated through water circulation. To con-
firm these benefits, we assessed STLES’s long-
term lithium extraction performance in a brine
with a salinity of 1.0 g liter " and a MLR of 80
under simulated daily cycles, with 1.0-kKW m™
irradiation for 12 hours followed by 12 hours
of darkness. STLES maintained both produc-
tivity and selectivity after 528 hours with only

27 September 2024

Feed solutions are LiCI-MgCl, mixtures with a fixed MLR of 80 and varying
salinities. (F) (Left) Lithium content in the feed and permeate of STLES for aged
brines from China's three major salt lakes. (Right) The corresponding lithium
selectivity. (G) Stability test of STLES under simulated daily cycles, with 1.0-kW
m~2 irradiation for 12 hours followed by 12 hours of darkness. Feed solution is a
LiCI-MgCl, brine with a salinity of 1.0 g liter® and a MLR of 80.

2 hours of regeneration in total (Fig. 3G). The
collection-regeneration process has negligible
impact on productivity (<0.1%) because it oc-
curs at night when the transpiration flux is
lower and only requires a small portion of time
(supplementary text, section 6).

Compatibility and scalability

This STLES design is showcased as a proof of
concept and can be further enhanced by in-
tegrating advancements in the fields of solar
evaporation (I8), membrane (37), microfluidics
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Fig. 4. Compatibility and scalability of STLES. (A) Lithium selectivity of
STLES using different NF membranes. Feed solutions are a LiCI-MgCl,
mixture with a salinity of 1.0 g liter™ and a MLR of 80. (B) Multistage lithium
extraction. (Left) Schematic of staged extraction. (Right) MLR of brines

and the corresponding lithium selectivity as a function of the number of

(26), and others. STLES is compatible with dif-
ferent types of membranes, which implies that
its lithium extraction performance can benefit
naturally from the advancement in membrane
technology. To demonstrate this, we fabricate
and test STLES using both laboratory-made
and commercial NF membranes (see mem-
brane details in the materials and methods).
Figure 4A shows that STLES can work with var-
ious types of NF membranes, achieving lithium
selectivity as high as 24. Additionally, transition-
state theory reveals that STLES’s selectivity is
governed by the energy barrier difference pre-
sented by the NF membrane to Mg>* and Li*
transport (AE): Sy; = exp(AE/kgT), where kg is
Boltzmann’s constant and 7 is the tempera-
ture (supplementary text, section 7). This sug-
gests that the Li* selectivity in our approach
can be improved by deliberate shaping of en-
ergy barriers for solute transport through the
NF membrane. This can be achieved by mod-
ification of membrane charge (38, 39), varia-
tion of pore size (40, 4I), and incorporation
of specific chemical functionality (42, 43).
In addition to material advancement, STLES’s
performance can also be enhanced through
system design. As illustrated in Fig. 4B, mul-

tiple STLES are connected in series, where

Song et al., Science 385, 1444-1449 (2024)

Collect extracted lithium via water circulation

Salt revervoir

excellent scalability.

permeate from the previous stage becomes
the feed for the next stage. We studied the
feasibility and performance of this multistage
lithium extraction system to treat a mixture of
LiCl and MgCl, with a salinity of 1.0 g liter™
and a MLR of 422. The MLR of the brine de-
creases with the number of lithium extraction
stages (Fig. 4B, right). After four extraction
stages, the MLR is reduced from 422 to 2.5,
corresponding to Sy; = 168, which is about two
orders of magnitude higher than that of a single
stage (Sy; = 2.3 to 5.9; Fig. 3D). The superliner,
exponential dependence of lithium selectivity
on the number of stages suggests that the lith-
ium extraction performance in our approach
can be further improved with process engi-
neering, such as multistage extraction (9).
The modular configuration enables the com-
bination of multiple STLES to create a large
platform that can extract lithium at scale. To
demonstrate scalability, we tested four STLES
platforms containing 1, 4, 9, and 16 modules,
respectively (Fig. 4C, left). In the test, STLES
are first placed on a LiCl-MgCl, brine with a
salinity of 1.0 g liter * and a MLR of 80 to ex-
tract lithium. After 24 hours, STLES are taken
out, and the extracted lithium salts are collected
through water circulation (Fig. 4C, right). The
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lithium extraction stages. (C) Setup used to characterize the outdoor
lithium extraction performance of four STLES platforms containing 1, 4, 9,
and 16 modules, respectively. (D) Lithium productivity of a STLES
platform scales linearly with the number of modules used, demonstrating

stand-alone STLES is able to produce 33.2 mg ;
m~2 day ! from 3-mgy; liter * brine under am-
bient outdoor conditions—average solar irradi-
ance, temperature, and relative humidity are
240 W m™2, 28.9°C, and 65%, respectively (fig.
S15). The lithium productivity of the STLES
platform scales linearly with the number of
modules adopted, which highlights the excel-
lent scalability of our approach (Fig. 4D).

Conclusions

This work reports the design and demonstra-
tion of a STLES device that extracts lithium
from brines at ambient conditions by using
natural sunlight, requiring no arable land, and
generating near-zero greenhouse gas. STLES
presents several advantages over current and
emerging lithium extraction approaches. First,
once installed, its passive fashion allows for cost-,
energy-, and carbon-effective lithium mining.
Second, it can be seamlessly integrated with
existing evaporation ponds, which are used
in 87% of lithium mining facilities (7), lower-
ing installed costs. Third, it can float on brines,
reducing land footprints. Finally, it is expected
that the use of a high-transpiration pressure
evaporator [e.g., hydrogel membrane (25, 32)]
in STLES would facilitate the treatment of
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hypersaline brines with osmotic pressures up
to 400 bar, fivefold greater than the pressure
limit of current membrane filtration systems.
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