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Abstract

Lithium (Li) is an essential element in modern energy production and storage devices.
Technology to extract Li from seawater, which contains ~ 230 billion tons of Li, offers

a solution to the widespread concern regarding quantitative and geographical limita-
tions of future Li supplies. To obtain green Li from seawater, we propose an unassisted
photoelectrochemical (PEC) Li extraction system based on an lll-V-based triple-junction
(3J) photoelectrode and a Li-ion selective membrane with only sunlight as an input.
A light-harvesting/catalysis decoupling scheme yielded a 3J photoelectrode

with excellent light-harvesting and catalysis reaction capabilities and superb stability
over the 840 h of the extraction process. It allows the system to successfully enrich
seawater Li by 4,350 times (i.e., from 0.18 ppm to 783.56 ppm) after three extraction
stages. The overall reaction of the unassisted PEC green Li extraction system achieved
2.08 mg kJ™' of solar-to-Li efficiency and 3.65% of solar-to-hydrogen efficiency.
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Graphical Abstract

Photoelectrochemical (PEC) lithium extraction device is designed to explore lithium
from seawater for the first time. The PEC cell with a triple-junction (InGaP/GaAs/Ge)
photoelectrode and light-harvesting/catalysis decoupling scheme is constructed,
offering a suitable operating potential and superb stability to the membrane-based
extraction process in the seawater. The device can successfully enrich lithium by 4,350
times (from 0.18 to 783.56 ppm).

Cathode

LAGP Membrane

Introduction

Since lithium (Li) has rapidly emerged as a strategically important resource [1-4], the future
security of Li supply has raised concerns throughout the energy sector. One-quarter of global
lithium reserves will be consumed by electric vehicles alone before 2050 [5, 6]. Besides,
the geographic distribution of land-based Li is highly uneven. The traditional Li exploita-
tion methods involve a long time and large quantities of reagents, leading to cost increases
and environmental pollution [7]. Fortunately, the ocean as a Li-rich source, containing four
orders of magnitude larger (~230 billion tons) than the Li reserves on land and overcoming
location-dependent limitations, provides an option for most countries to explore Li resources
infinitely and directly. Despite far lower concentrations of Li (0.1-0.2 ppm) in seawater than
other ions, all of which are over 13,000 ppm, various innovative strategies have demonstrated
the feasibility of extracting Li directly from seawater [6, 8—12]. The ceramic-based membrane
extraction process has been proved as a novel and promising technique with high selectivity
and continuity. However, current technologies do not eliminate the reliance on fossil fuels,
still facing energy shortage problems and environmental pollution issues.

The goal of carbon neutrality forces green energy and resource, like green hydrogen, to
become the central theme in the energy sector [13—-15]. Similarly, 'green Li'—extracted
from an inexhaustible resource using only renewable energy as an input—will be the ‘final
answer’ for the sustainability of Li-based industries. Solar energy is one of the most prom-
ising energy sources for the green Li extraction process as it is inexhaustible and envi-
ronmentally friendly. Photoelectrochemical (PEC) cells, which combine light-harvesting
and electrochemical processes to directly store solar energy in chemical bonds, offer the
possibility of eliminating external wiring and minimizing reliance on electrolyzers [16—
18]. The integrated systems also provide an opportunity to implement thermal manage-
ment, wherein the aqueous electrolyte solution cools the illuminated semiconductor,
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maintaining a high photovoltage. In contrast, the electrocatalyst/solution is heated, low-
ering the overpotential. PEC devices have been regarded as a promising platform that
provides a competitive and economical solution for medium- and long-term solar energy
utilization [19-21]. Therefore, combining PEC and Li-ion selective membrane technolo-
gies offers a feasible strategy to achieve consecutive green Li extraction.

Tremendous efforts have been undertaken to design and develop feasible unassisted PEC
cells that can efficiently perform various PEC reactions driven by sufficient photovoltage and
use only sunlight as energy input [22—24]. However, the membrane extraction process always
involved the electrochemical redox reactions on both electrodes and the migration of Li ions
in the membrane, which required high applied voltage (over 2 V) to drive the operation [25—
28]. To construct an unassisted PEC Li extraction device, an III-V-based (InGaP/GaAs/Ge)
triple-junction (3]) photoanode with an open-circuit potential (V) of 2.47 V was designed.
Moreover, the longtime stability of PEC operation in the seawater was another big concern
for the final application [29-34], as the nature of poor photo-corrosion resistance of III-V
semiconductors [35] and the corrosive chlorine gas producing near photoanode. Therefore,
an innovative decoupled scheme of PEC cell was proposed, which allows the light-harvesting
(front) side to be covered by a low-cost soda-lime glass as a transparent protective layer and
the electrolysis (back) side protected by a potent Ti layer. The decoupled scheme provides
the photoanode with excellent stability > 840 h for extraction process conditions. Combining
the decoupled scheme 3] PEC cell and Li-ion selective membrane, we successfully extracted
the high-purity green Li from seawater for the first time while storing solar energy as hydro-
gen energy with high efficiency. The PEC technology for green Li mining drives real progress
across a broad range of technological designs and manufacturing areas, which have pre-
sented inspiring results and may break the status quo of Li supply.

Results and discussion

Decoupling design for llI-V-based triple-junction PEC cells

Light-harvesting ability, electrolysis, and stability of the device are the main factors that
must be carefully adjusted in traditional monofacial PEC device configuration. This is
attributed to the fact that all major components of the device are mainly integrated on
the illuminated side of the device that is illuminated (Figure S1a). The light reflection and
parasitic absorption of opaque catalyst layer (R, and A_), along with the protection layer
(R, and A,), substantially block the light arriving at the photo-absorber. This limits the
photocurrent in monofacial PEC devices. In contrast, an innovative scheme was used in
our proposed device for Li extraction that decouples the optical absorption and electro-
catalytic interfaces (Fig. 1a and S1b). Moving the catalyst and protection layer to the back
of the device avoids the wastage of light that may be caused by the shadowing effect of co-
catalysts or gas products before it reaches the photo-absorber. In addition, a thick layer
of titanium (Ti) foils (~ 200 pm) was employed as a protective layer and co-catalyst sup-
porter to yield a PEC cell with excellent stability during the seawater Li extraction process
(as discussed in the "Stability of the PEC green Li extraction device" section).

The composition and structure of the photo-absorber in the proposed PEC cell
were revealed using high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) with elementary distribution mapping. As shown in
Fig. 1b, the composites of the top, middle, and bottom cells included InGaP, GaAs,
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Fig. 1 a Schematic representation of spatially and functionally decoupled Ill-V-based 3J photoanode. b
HAADF-STEM image of photo-absorber of PEC cell and the corresponding elemental mapping images. ¢ J-V
characteristics of the InGaP/GaAs/Ge 3J cell under 1 sun AM 1.5G illumination. d EQE measurement of the
InGaP/GaAs/Ge 3J cell

and Ge, respectively. Two highly doped wide bandgap materials were deposited as a
tunnel junction connecting the subcells in series to construct the 3j photo-absorber
for the PEC cell. Thus, the photovoltages of three subcells in the 3j PEC cell will
be added during illumination, and therefore the V  achieved is higher than the
potential required to drive unassisted Li extraction. In addition, multiple quantum
wells were introduced in the middle cell (GaAs junction) to broaden the absorption
spectrum. To quantitatively identify the V. and the light-harvesting ability, the PV
characteristics of the III-V-based 3] cells, which consist of top (InGaP, Egz 1.80—
1.85 eV), middle (GaAs, E,=140 eV), and bottom subcells (Ge, E,=0.67 eV) were
measured under AM 1.5 G simulated one-sun conditions. As shown in Fig. lc,
the V., short-circuit current density (J,.), fill factor (FF), and power conversion
efficiency were 2.47 V, 12.75 mA cm™?, 82.71%, and 26.05%, respectively. In addi-
tion, the external quantum efficiency (EQE) of the solid-state device was charac-
terized (Fig. 1d). First, the GalnP top subcell absorbed almost all photons with a
wavelength of 300-600 nm. After that, the photons that passed through the top cell
entered the GaAs middle subcell region, where photons of wavelength 600-900 nm
were absorbed. Finally, the remaining photons of wavelength 900-1,800 nm were
absorbed by the Ge bottom subcell. These results highlight high photovoltage and
excellent light absorption of the III-V-based 3] photoanode.
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PEC green Li extract setup

A schematic of the PEC green Li extraction device designed in this study is shown
in Fig. 2a. The device was divided into two compartments: the enrichment cham-
ber (deionized water) on the cathode side and the feed chamber (seawater) on
the anode side. Both chambers were separated by a dense crystalline ceramic
membrane with a diameter of ~12 mm (Fig. 2b) and a thickness of 600 pm (Fig-
ure S2). A type of solid-state Li-ion superconductor, Li; ;:Al, sGe; ;(PO,); (LAGP),
was applied in this work. Due to its distinctive crystal structure, the LAGP mem-
brane usually has a Li-ion conductivity one order of magnitude higher compared
to the LijqLags6TiO; (LLTO) membrane reported in our previous study [25],
which is critical to achieving high Li* permeance. Besides, this dense membrane
can also provide a high selectivity of Li ions and successfully preserve other dis-
turbing ions (i.e., Na*, K™ Mg?", and Ca’") passing through (Figure S3) [6, 27,
28]. The obtained membrane was identified as LAGP using the X-ray diffraction
(XRD) spectroscopy pattern (Figure S4). The III-V-based 3] photo-absorber was
designed as a photoanode immersed in seawater. During the extraction process,
an imbalance in the charge was caused as Li ions passed through the LAGP mem-
brane from the feed chamber to the enrichment chamber driven by the 3] PEC
cell. Hence, the excess Cl™ in the feed chamber needed to be directly consumed
by the holes produced at the back side of the photoelectrode. Chlorine gas (Cl,)
was released via Reaction 1. Meanwhile, the electrons produced from the front
side were collected by the interdigitated Au/Ti grid and transferred to the Pt elec-
trode to consume the excess cations (H") in the enrichment chamber (Reaction
2). As the protons were continuously consumed, the pH in the enrichment cham-
ber would increase, resulting in the corrosion of the LAGP membrane. Therefore,
CO, was constantly introduced into the enrichment chamber during operation to
buffer pH changes. In addition, CO, can be fixed via the formation of a super car-
bonate in the final enrichment solution.
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Fig. 2 a Schematic illustration of the two-compartment PEC device to continuously enrich Li from the feed
solution to the cathode compartment and simultaneously generate H, and Cl, at the cathode and anode,
respectively, under 1 sun AM 1.5G illumination. b The digital and high magnification SEM image of the
surface of the LAGP membrane (~ 12 mm in diameter)
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Anode:

2ClI~ —2e~ — Cly 1 (Reactionl)

Cathode:

2C0O3 + 2H70 +2e~ — 2HCO3 + Hy 1 (Reaction2)

PEC green Li extraction process test

This work deliberately implemented a three-stage extraction process (each stage lasts
20 h) to obtain a high-purity Li* solution in the final enrichment solution. This can, in
turn, facilitate more accessibility to a solid-state Li product (as described at the end of
this section), which is indeed the preferable form in the Li extraction industry. To intui-
tively reflect the results of the PEC Li extraction process, the detailed concentrations of
the major ions in the seawater (Red Sea) and enrichment solutions after each stage were
listed in Table 1. Only the concentration of Li-ion was continuously enriched, whereas
those of other ions remained considerably low. In the 1% stage, the Red Sea water sample
was circulated in the feed chamber, and deionized water was used as the initial enrich-
ment solution. Under 20 h of illumination, the designed PEC Li extraction device con-
tinuously extracted the Li ions from seawater to the enrichment solution, eventually
reaching a concentration of 37.07 ppm, which was 200 times higher than the original Li
concentration in seawater. The PEC Li extraction device can also achieve a Li/Mg and
Li/Na selectivity of ~ 16 million and ~ 0.5 million, respectively. The Li/M selectivity (M
represents either Na™ or Mg?") is an essential index that could reflect the Li ion-selec-
tive capacity and purity in the final enriched solution. The high Li/Mg selectivity implies
the presence of fewer co-precipitated ions in the final solution allowing obtaining pure
solid-state Li products for direct precipitation in one of the later steps. The high Li/Na
selectivity presents fewer soluble ions, dramatically reducing the post-cleaning pro-
cess of solid products. After three extraction stages, the III-V-based photoanode finally
enriched Li* to 783.56 ppm with a lumped Li/Mg selectivity of over 50 million and a
lumped Li/Na selectivity of over 1.9 million. Except for the Na ions and Mg ions, the
PEC extraction process also exhibited good selectivities of other ions during the three
extraction stages, all summarized in Table S1.

In addition, Fig. 3a presents the photocurrent of the device at each stage over time.
The stable photocurrent indicated that all the main components in our device (the
photoanode and LAGP membrane) were robust for at least 20 h at the working condi-
tion. The plot of steady-state current and Li feed concentration (Fig. 3b) shows that
the current increased with the increase in Li* concentration in the feed solution,

Table 1 Concentration of the major ions in Red Sea water and enriched solutions

Li (ppm) Na (ppm) K (ppm) Mg (ppm) Ca (ppm)
Seawater 0.1840.02 10,565.04 4 97.86 665.56 = 14.08 161081 £2835 475874448
1% stage 37074085 4314004 0.3340.08 0024001 0.154+0.04
2" stage 265094125 8534005 2914108 0034004 0024001

39stage 783.56£11.73 23.69£0.15 2339£057 0.14£0.01 0.03£0.01
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Fig. 3 aThe chronoamperometric curve at each stage; integrating the area under the curve gives the total
charge passing through the membrane in Coulombs for each stage. b The average photocurrent vs. the Li
concentration in the feed solution at different stages. ¢ The number of different ions passing through the
membrane (bar chart) and the contributed faradaic efficiencies for each stage (red star). d The XRD pattern
of the LisPO, sediment collected from enrichment solution after three extraction stages. The inset shows the
enriched Li solution and the Li;PO, sediment

demonstrating that the available Li* in the feed compartment primarily limited the
entire photocurrent produced by the device. The Li-ion feed concentration was the
lowest in the 1% stage, indicating that the 1% stage is the rate-determining stage of the
entire extraction process. However, its extraction rate is determined to be 30.89 ug
ppm ! cm™ h™!, which still exhibits good performance compared to other extraction
technologies, as shown in Table S2.

Figure 3c shows the concentration of ions in the enrichment chamber after each PEC
extraction stage. In all three stages, the number of the major interfering ions (Na™,
K*, Mg?*, and Ca?") were negligible compared to Li ions. To further identify that the
source of the Li extracted in the enrichment chamber is seawater, we evaluated the
difference between the LiT amount before and after extraction (Ang,,) in the feed

chamber and the final amount (n, in the enrichment chamber ("Methods" sec-

enrichment)

tion). The result (Ang.4 ~ n demonstrated that almost all Li ions were directly

entichment)
extracted from the feed chamber, rather than the membrane dissolution (Figure S5).
Besides, in the 20 h PEC seawater extraction process, the total Faradaic efficiencies
of all stages, which represents the ratio of the total amount of charge brought to the
charge integrated by the photocurrent produced by the PEC cell, were almost 100%
(Fig. 3c). High Faradaic efficiency reflects that the ions in the enriched solution con-

tribute to constructing the entire circuit. This verifies that the majority of the Li ions
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were transported through the membrane, and Li* was successfully extracted from sea-
water. Furthermore, as there is no obvious change in the surface micromorphology of
the membrane (Figure S6) and no new feature peaks appearing in the XRD spectra
(Figure S4) after Li extraction process, the LAGP membrane presents good physical
and chemical stability during the extraction process. After the three extraction stages,
the solid-state Li product was directly precipitated at a concentration of ~800 ppm in
the enriched solution (Fig. 3d, inset). The XRD spectra (Fig. 3d) of the final products
fit well with the standard pattern of Li;PO, (PDF#25-1030), demonstrating that high-
purity solid-state Li products could be obtained from our PEC Li extraction device.
The PEC performance of the III-V-based 3] photoanode during the extraction process
was characterized using a three-electrode configuration (Fig. 4a). As shown in Fig. 4b, the
PEC chlorine evolution reaction (CIER) performance of the photoanode closely matched
the PV performance of the device, with ., and | Vg — E°| of 12.45 mA cm ™% and 1.86 V
vs. RHE, respectively (where ], is the saturation current density at E° for CIER; Vg
is the onset potential measured at a photocurrent density of 1 mA cm™2, and E° is the
equilibrium chlorine ion oxidation potential). The fact that the value of J;, measured in
the current study is similar to that of /.. measured in the air can be attributed to: i) the
neglectable series resistances caused by the excellent fabrication and integration of the
PEC cells into the Li extraction systems and ii) the superior light absorption capabil-
ity due to the decoupling of the light-harvesting and electrocatalysis components of the

a Reference electrode: ) E 141 —o—dark
Wo;k'i‘ng electrode: A91A9C|" Count:tr;li::trode. Q‘E 12} ——light
otoanode :()
E 10+
2 8t
hv I g
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—o— 15! stage 1.8}
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Fig. 4 a Schematic illustration of a three-electrode configuration for the PEC test. b LSV curves of the 3J
photoanode measured in a three-electrode setup in Red Sea water (pH=238.2) under 1 sun illumination and
dark electrolysis of the Ru-Ir-TiO, co-catalyst. ¢ LSV curves of the photoanode under 1 sun illumination in a
three-electrode setup for each extraction stage. d Chronopotentiometry experiments at a current density of
2,96 mA cm. ™
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device. | Vs — E°| reflected the potential that the photoanode can provide after over-
coming the overpotential of the CIER. The difference (~0.6 V) between |V — E°| and
V.. was mainly due to the high onset potential of the co-catalyst (~1.61 V), as shown
in Fig. 4b. Integrating lower overpotential co-catalyst in PEC cell can be investigated to
optimize this process further. Figure 4c compares the PEC performance of the photoan-
ode at the three different extraction stages. The performance of the photoanode (onset
potential and incremental photocurrent) exhibited the following trend: 1% stage >3
stage > 2" stage, which presents the same trend as the Cl~ concentration in the elec-
trolyte. However, it should be noted that the photocurrents of the entire system in the
second and third stages (Fig. 3b) were higher than in the first stage. These results indi-
cate that the performance of the whole system is determined by the Li* transportation
process, which further proves the high Li-ion selectivity of the LAGP membrane.

Stability of the PEC green Li extraction device

Given that Cl, is corrosive and produced near the photoanode of PEC cells, the stability
of PEC devices used in seawater is a major concern in real-world implementation [36]. In
this work, more holes and Cl, were produced by the photoanode during the third stage
as the highest photocurrent density. This implies that the photoanode is more likely to
damage during the third stage than in the other two stages. Therefore, the stability of
the photoanode in the third stage, which can reflect its actual stability performance,
was carried out. Remarkably, the initial potential (vs. Ag/AgCl) of the photoanode was
retained over 840 h of operation without any noticeable degradation (Fig. 4d). Figure
S7 shows that the PEC stability demonstrated in the present study is better than those
presented in previous studies as most PEC cells cannot work in seawater for more than
10 h [29-32, 34]. This excellent stability benefits from the decoupling PEC configuration,
which allows a robust protection layer introduced in the system without compromising
the light-harvesting efficiency.

PEC green Li extraction performance evaluation

Given the difficulties surrounding the calculation of stored energy within Li, we rec-
ommend evaluating the solar-to-Li extraction efficiency (y¢7;;) by the Li quantity (mg)
against the incident solar energy (kJ), which can be derived using Eq. (1):

_ Jri/(nF) x Mg;

x 10° 1
P (1)

NSTLi (ng k1 71)
where Jj; is the average current density for PEC Li extraction caused by Li* transporta-
tion (mA cm™2), which is the product of the total current in the system and the Faradaic
efficiency of Li ions for each stage (Fig. 5a); n is the valence state of the Li-ion (+1); Fis
the Faradaic constant (96,485 C mol™'); M, is the atomic weight of Li (6.941 g mol %),
and P, is the incident optical power illuminating the PEC cell surface (100 m¥ cm™2).

Figure 5b shows the J;; and #gr;; for each PEC Li extraction stage. In the first stage,
Ji; was 0.21 mA cm™2 In comparison, J;; reached 1.42 mA cm 2 and 2.92 mA cm ™2
in the second and third stages, respectively. The xgr;; improved from 0.15 to
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1.01 mg k]! in the second stage and finally reached 2.08 mg k]! in the third stage.
Hydrogen molecules were also produced in the enrichment chamber when Li was
extracted. The solar-to-hydrogen efficiency (xgpy) was calculated for the three
extraction stages using Eq. (2) [13]:

Rat H. ducti AG, — 1.23V
ate of Hy production x H24+02=H20 100 — J x < 100

Pin Pin
2)

where ] is the total current density for PEC Li extraction caused by all ion transporta-

nstH (%) =

tion (mA cm ™2, Fig. 5a). In the first stage, / was 0.22 mA c¢cm™2 It can reach 1.43 and
2.96 mA cm™? in the second and third stages, respectively (Figure S8). Correspondingly,
the #gry improved from 0.27 to 3.65%.

The first stage was the rate-determining stage of the PEC Li extraction process,
but even with its #gpy; of 0.15 mg kJ™!,~12.0 kg of Li, which is roughly required
by an electric vehicle, could be extracted from seawater by our system within a day
(an 8 h 1-sun illumination per day) with a 2,800 m? or roughly 2/5 football field
size PEC device. At the same time, this PEC system can also produce~ 1.5 kg H,
and fix~76.7 kg CO, in the form of bicarbonate in the final enrichment solution.
Although the value of the solar energy conversion efficiency was not comparable to
the highest efficiency of the PEC water splitting/CO, reduction [37, 38], the total
economic value produced by our system is as high as~US$ 1.7 m~2 per day, espe-
cially with the high value of Li products (cost of Li,CO;= ~US$ 75.0 kg™!). This
remarkable economic value indicates the future potential of this PEC Li extraction
method. The major challenge of the proposed system is associated with the feasi-
bility of scaling up the process while maintaining stable performance, especially for
the Li-ion selective membrane. Although the membrane exhibits high Li selectivity
performance, the presence of tiny cracks can result in leakage of other ions, which
can substantially impact the stability of the membrane. In addition, a long opera-
tion time (over 20 h) may result in Li* leaching from the membrane, which is highly

dependent on the fabrication process. Hence, the stability of the membrane should
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be accurately evaluated and improved in the future. Moreover, the mechanism of the
entire extraction process should be identified to ensure the practical use of this Li

extraction system.

Conclusions

Green Li extracted from an inexhaustible source using renewable energy provides a
promising solution to the present Li resource crisis and environmental issues. In the
present study, we proposed and implemented a system for green Li extraction from
seawater using an unassisted III-V-based 3] PEC cell and Li-ion selective membrane
for the first time. A decoupling scheme was employed on the PEC cell design, which
provided excellent stability for >840 h of active operation. The system can successfully
enrich Li through a three-stage extraction process from the base seawater concentra-
tion of 0.18 ppm to 783.56 ppm with negligible impurities. Currently, the final #g;; and
Hsy of the PEC system reached up to 2.08 mg kJ ! and 3.65%, even when the initial effi-
ciency at the first stage was 0.15 mg kJ ! and 0.27%, respectively. In addition, our PEC Li
extraction system may have huge potential to recovery Li from spent Li-ion batteries, as
spent Li-ion batteries can be regarded as an enormous Li resource with higher Li con-
tents compared to seawater [39-42]. To further optimize the proposed system, a highly
active co-catalyst should be integrated, the fabrication process for high stability and Li-
ion conductivity membrane should be optimized, and a more compact device configura-
tion should be explored. As global attention is focused on lowering carbon emissions
and struggling with a lack of reliable Li supplies, green Li extraction will be critical for
the energy storage system. The finding of our present study represents a significant mile-
stone for establishing circular and zero-carbon economies.

Methods

Mixed metal oxide (Ru-Ir-TiO,) electrode synthesis

To obtain good catalytic performance of the oxidation reaction and ensure its stability
in seawater, a mixed metal oxide catalyst (Ru-Ir-TiO,) for the chlorine evolution reac-
tion (CIER) was fabricated. A thermal treatment method was used to synthesize the
electrode; this method yielded an electrode with compact morphology featuring mud
cracks (Figure S9) [43]. The dimensionally stable electrode was prepared as previously
described. Briefly, a Ti plate (thickness ~200 pm) was cleaned by sonication in acetone
and then etched as the substrate using 10% boiling oxalic acid solution for 2 h. A paint
solution (Ruw:lIr:Ti of molar ratio 25:25:50) was prepared by dissolving ruthenium(III)-
hydrated chloride (99.98% trace metals basis, Sigma-Aldrich), iridium(III)-hydrated
chloride (99.9% trace metals basis, Sigma-Aldrich), and titanium diisopropoxide bis-
2,4-pentanedionate (75% isopropanol solution, Thermo Scientific"). This paint solu-
tion was applied to the pretreated Ti substrate using a brush. Thereafter, the sample was
dried at 90 °C for 10 min in an oven and then sintered in a furnace at 450 °C for 10 min.
The operation was repeated until the nominal thickness of the electrode was~ 10 pm.
The electrode was finally annealed at 450 °C for 1 h.
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PEC cell fabrication

The Ga-In eutectic was applied on the top finger electrode to ensure Ohmic contact
without shorting the PEC device. A thin foil contact lead of Cu was taken out using the
protection of a high-grade polystyrene pipette tip. Thereafter, a thin quartz slide was
used to cover the top side of the III-V triple-junction (3]) cell. For the electrocatalytic
(back) side of the cell, a thin gold (Au) layer was used to ensure Ohmic contact by Fermi
level pinning near the valence band edge of Ge [44]. This further reduces the losses of
minority carrier recombination in Ge substrates and reflects back the unabsorbed pho-
tons with long wavelengths for reabsorption. Subsequently, the Ru-Ir-TiO, electrode was
attached to the Au layer using silver paste. The sample was finally embedded in Epoxy
(Hysol 1C) such that only the part covered by mixed metal oxide catalyst was exposed to
the electrolyte.

LAGP membrane fabrication

LAGP membrane was prepared using a solid-state reaction method. First, 18.60 g
Li,CO; (ACS reagent,>99.0%, Sigma-Aldrich), 8.157 g Al,O5 (particle size<50 nm,
Sigma-Aldrich), and 50.23 g GeO, (>99.99% trace metals basis, Sigma-Aldrich) were
dispersed in 200 mL of isopropanol. Subsequently, 110.04 g NH,H,PO, (99.5%, Sigma-
Aldrich) was added to the suspension by stirring. The mixture was then blended further
using a ball grinder, and thereafter, it was dried at 80 °C, sintered at 600 °C for 4 h, and
then sintered again at 900 °C for 6 h under air at heating and cooling rates of 2 °C min™".
The resulting white LAGP powder was ball-milled at 300 rpm for 12 h to obtain LAGP
nanoparticles. After that, the LAGP nanoparticles were loaded into a Tungsten carbide
pellet mold and pressed into disks to form the green bodies of the membranes, with
diameters of 12 mm. The green bodies were sintered in a high-temperature furnace at
600 °C for 2 h and then at 880 °C for 8 h to produce the LAGP membranes. The heating

and cooling rates of the sintering process were 2 °C min ™",

Unassisted photoelectrochemical Li extraction process

The PEC Li extraction process was performed in a customized H-shaped cell separated
by a LAGP membrane at 25 °C. The III-V-based photoelectrode was used as the anode
on the feed side, whereas a Pt coil electrode was used as the cathode immersed in the DI
water saturated with CO, gas on the enrichment side. In the system used in the present
study, the light-harvesting side was illuminated through a thin quartz window. In con-
trast, the catalyst layer was in contact with the electrolyte at the location where the CIER
proceeded. The process was measured on a BioLogic VMP3 potentiostat at 25 °C using
the standard two-electrode setup under chronoamperometric conditions without any
bias. A 150 W halogen-lamp-based solar simulator (Newport Corporation, AAA Class)
with Air Mass 1.5 Global (AM 1.5 G) solar filters was calibrated to 100 mW cm™2 (1
sun) using a certified standard power meter (RQN3724, ABET Inc.). The ions concentra-
tion of the enriched solution after 20 h extraction process was analyzed by ICP-OES. All
the samples were tested three times to reduce the random error. The seawater sample
was fetched from the Red Sea with location around 21°27°N 38°54’E. The water sample
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was filtered using fine filter papers (Whatman acid-treated and low metal grade, Sigma-
Aldrich) and then used without further treatment. During the extraction process, the
solution volume circulated on the feed side was 25 L for the first stage and 2.5 L for the
remaining two stages, whereas the solution volumes at the cathode were fixed at 1.5 mL.
During the extraction process, CO, was chosen as a buffer to balance the pH of the solu-
tion as it is cheaper and easily available compared to other solution buffers. Moreover,
CO, will not introduce other cations, which may interfere with the ICP testing, there-
fore, can reflect the actual results of the extraction process for every cation. After the
3'd extraction stage, the solution in the enrichment was taken out. And then added the
Na;PO, into it to get the final solid production Li;PO,.

The Li/Mg selectivity (S;yg) and Li/Na selectivity (Sy;x,) for each stage were calcu-
lated by the following Egs. (3) and (4):

CMg,i

CrLi;
)/(
CLi,sw CMg,sw

) (3)

Stiymg = (

Clrii Y CNa,i
CLi,sw CNu,sw

Sti/Na = ( ) (4)
where Cp;5 Cygir Cnapp Clisw Cumgsw and Cyy g are the mole concentrations of Lit,
Mg?*, and Na™ in the i enriched solution and seawater, respectively.

To identify the validation of the selectivity of the LAGP membrane, a constant voltage
(2.5 V) was supplied by a potentiostat to drive the extraction process instead of a PEC
cell and pure LiCl solution (50 mL, 1 ppm Li") was prepared to replace the seawater in
the feed chamber with other conditions remaining fixed.

The economic value produced by the PEC extraction system was calculated as follows:

As the solar to lithium efficiency (ngyy;) is 0.15 mg k]! and assuming there is 8 h 1-sun

illumination per day, the mass of lithium per m? per day can be calculated:
myi = Py, x time x ns7r; = 1kWm ™2 x (8 x 3600)s x 0.15mgk] ' = 4.3¢

In addition, the mass percentage of Li in Li,CO; is 18.79%, Therefore, ~ 22.8 kg Li,CO4
can be obtained per m? per day. Finally, the price of Li,CO, in April 2022 is around
US$75 per kg. The total economic value produced by our system is as high as~US$
1.7 m~2 per day.

Photoelectrochemical and electrochemical characterization

The Ru-Ir-TiO, dark electrodes and III-V-based photoanodes were characterized in
a three-electrode configuration: the (photo)anode as the working electrode, an Ag/
AgCl/3 M KCl (Metrohm AQG) reference, and a platinum coil counter electrode. LSV was
typically conducted at a scan rate of 2 mV s~ The potentials were converted to RHE by
using the following Nernst equation:

Erne (V) = Eagjagat(V) + Eqgjager(V) + 0.0591 x pH (5)

E 4g/44cy) 1s the experimentally measured potential, and EO(Ag/AgCl) is the standard poten-
tial at 25 °C.
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Microstructure characterization

Morphology of samples was observed using SEM (FEI© Magellan) with a beam energy of
5 kV. In addition, XRD patterns were recorded at 25 °C using a Bruker D8 Advance pow-
der diffractometer (German Bruker) equipped with a LynxEye detector and a Cu source.
ICP-OES was carried out using ICP-OES-Agilent 5110 equipment with an autosampler.
Mixed standards (Li*, Na™, K*, Mg*", and Ca*") with concentrations of 0.1-100 ppm (4
points per magnitude) were calibrated. Liquid samples were diluted using 1% aqueous

nitric acid to obtain the required concentration range.

Abbreviations

Li Lithium

PEC Photoelectrochemical

3J Triple-junction

HAADF-STEM High-angle annular dark-field scanning transmission electron microscopy
FF Fill factor

EQE External quantum efficiency
LAGP Li; sAlysGe; 5(PO,)5

XRD X-ray diffraction

CIER Chlorine evolution reaction
Nstii Solar-to-Li extraction efficiency
NsTH Solar-to-hydrogen efficiency
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