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Revealing Rate-Determining Factors of Interfacial
Lithium-lon Transport for Efficient Membrane Lithium

Separation

Xiangming Yao, Shiming Chen, Hengyao Zhu, Wenguang Zhao, Bowen Nan, Hai Lin,

Yongli Song,* Huanting Wang,

Extracting lithium from seawater, which contains 70% of global lithium
reserves, is highly critical for the sustainable development of lithium-ion
batteries. However, low concentration of lithium-ion (Li*) and abundant
interfering cations in seawater requires highly selective and efficient Li*
transport at the solid-liquid interface. In this study, key factors influencing
interfacial Li* transport across the surface of a perovskite solid-state
electrolyte are investigated, including surface hydrophilicity, Li*
concentration, and interfering ions. The solvation structure of lithium ions at
the interface and near-surface regions is examined using depth-profiling
Raman spectroscopy for the first time. It is revealed that a surface with lower
hydrophilicity reduces the hydration degree of Li* at the surface, resulting in
lower desolvation energy, which in turn promotes Li* conduction at the
solid-liquid interface. Similarly, increasing Li* concentration or the presence
of other cations with high hydration capability will also promote the
de-solvation of Li*. By unveiling the rate-limiting factors of Li* transport at

* Luyi Yang,* and Feng Pan*

seawater has become an important way to
maintain the sustainable and sound indus-
trial growth of lithium battery, which con-
tains ~16 400 times more Li than is found
in the earth’s crust.[* However, the dilute
Li concentrations (~0.17 mg L™!) and high
concentration of interfering ions (i.e., Na*,
Mg?* and K¥) are two main difficulties for
Li extraction.[*>]

Nowadays, some novel methods have
been proposed to extract Li from sea-
water, including adsorption,l®’! liquid-
liquid  extraction,® 1%  electrochemical
extraction,>!!! and electrodialysis.['>13]
In terms of separation, membrane sepa-
ration methods are energy conservation
and environment protection methods
which have been widely used for precon-

liquid-solid interfaces, this study offers valuable insights for designing

practical lithium extraction membranes.

1. Introduction

In recent years, lithium (Li) has emerged as a strategically signif-
icant commodity accompanied by the development of advanced
portable devices and electric vehicles.['?] Current commercial Li
is mainly from salt-lake brines and high-grade ores which is un-
able to meet the increasing Li consumption (it has been pro-
jected with a compound annual growth rate of 20% over com-
ing decades).’] At this long-term trend, the residual Li reserve
on land will be exhausted by 2080. Hence, extracting Li from the

centration and Li extraction. However,
conventional nanofiltration processes ex-
hibit low selectivity of Li*/Na* and suffer
from severe inorganic scaling.'*°! Al-
ternatively, electrodialysis through ion
exchange membranes (e.g., organics
impregnated with ionic liquid and solid-state electrolyte) is effi-
cient for metal ions separation.['®!7] It is worth noting that the
membrane should be thin to enable ultrafast ion transport but
mechanically robust to maintain stable performances. For in-
stance, Lai et al. applied glass-type Lij;;La, 5, TiO; (LLTO) mem-
brane to separate Li* and other interfering ions, '8! realizing sta-
ble Li extraction.

To this date, most studies have focused on Li* transport
within the membrane, while few have investigated the solvation
structure and properties of the solid-liquid interface. It should
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Scheme 1. Schematic illustration of the various factors influencing interfacial Li* transport from aqueous solutions to solid electrolytes.

be noted that, during the Li extraction process, solvating H,O
molecules must be completely removed before Li* can enter
the membrane. This step consumes a significant amount of en-
ergy, thereby impeding the transport of Li*.['!] Therefore, un-
derstanding the de-solvation behaviors of Li* at the interface
is crucial.’*?%] The Li* de-solvation process at the interface
depends significantly on two primary factors: first, the struc-
ture of the solvation sheath in the bulk solution determines
the inherent de-solvation energies of Li*;[2122] second, the affin-
ity between the solvent (i.e., H,0) and the membrane governs
the concentration of solvents at the interface, thereby influenc-
ing the Li* de-solvation process.[?*?*l Therefore, conducting a
systematic study on these factors is crucial for developing a
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comprehensive understanding of the interfacial Li* transport
process.

As demonstrated in Scheme 1, in this work, we have inves-
tigated the interface Li* transport process of a perovskite solid-
state electrolyte (LLTO) through combining depth-profiling and
in situ Raman spectra. First, by applying an exterior glass phase
(45Li,0-42B,05-13Si0,, denoted as LBSO) coating layer, the in-
terfacial affinity with H,O is tuned. It is revealed that construct-
ing a relatively hydrophobic interface could reduce the interfa-
cial water enrichment in the inner Helmholtz plane and improve
the de-solvation rate of Li*, facilitating highly selective and rapid
Li extraction. Next, the coordination environment of interfacial
H,0 molecules is studied with various Li* concentrations and
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Figure 1. a) lonic conductivity of LLTO with different content of LBSO; b) Current curves of lithium separation tests for LLTO with various LBSO contents;
c) Steady-state current of lithium separation tests; d) Elemental content of the extract from lithium separation tests; €) Comparison of ion concentrations
of bay water and extract solution after 5 h test using LLTO-4%LBSO as cation exchange membrane; f) CV curves of systems using LLTO or LLTO-4%LBSO
as cation exchange membrane in the 1 mol L~ LiCl solution; CV curves of systems using LLTO g) or LLTO-4%LBSO h) as cation exchange membrane
in other cation solutions (1 mol L™ NaCl, 1 mol L™! MgCl, and 1 mol L™ KCl).

interfering cations (Na*, Mg?*, and K*). On the one hand, a
higher Li salt concentration would lead to a lower average Li*
solvation number; on the other hand, the introduced cations
could preferentially solvate with H,O molecules, weakening the
bonding strength between Li* and H,O. By revealing the rate-
determining factors of Li* transport at the interface between
aqueous solution and solid-state electrolytes, this study pro-
vides important insights for the design of practical Li extraction
membranes.

2. Results and Discussion

2.1. Li* Separation Performance

To investigate the effect of LBSO incorporation on LLTO, we first
measured the XRD patterns of LLTO with varying amounts of
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LBSO (Figure S1, Supporting Information). It can be observed
from the TEM images (Figure S2, Supporting Information) that
after high-temperature co-sintering, LBSO forms a uniform coat-
ing layer on the surface of LLTO. In this case, the introduction
of LBSO does not alter the crystal structure of LLTO, ensuring
the electrolyte membrane retains its Lit conductivity. The elec-
trochemical impedance spectra results (Figure S3, Supporting
Information) show that the LLTO with 2 wt% LBSO exhibits the
highest ionic conductivity (Figure 1a). Based on the electron back
scatter diffraction (EBSD) results (Figure S4, Supporting Infor-
mation), this improvement could be attributed to the improved
contact of LLTO at inter-grain boundaries, where LBSO serves as
a “binding agent” (Figure S5, Supporting Information).*) The
higher macroscopic density of LLTO with LBSO also indicates
a reduction in grain boundaries, thereby improving the ion
selectivity (Figure S6, Supporting Information). The energy
dispersive spectra (EDS) also confirm the homogeneous
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distribution of LBSO within the LLTO pellet (Figure S7, Support-
ing Information). As the amount of LBSO added increases, the
ionic conductivity of the membrane decreases, eventually falling
below that of pristine LLTO. This decline is likely due to the low
intrinsic ionic conductivity of LBSO.

To study the effect of different LBSO contents on the Li sepa-
ration efficiency, potentiostatic measurements were carried out
with LLTO with various LBSO contents (Figure 1b) in a H-
type electrochemical cell (shown in Figure S8, Supporting In-
formation). Although it does not have the highest ion conduc-
tivity, the membrane with 4 wt% LBSO exhibited the highest
steady-state current (Figure 1c) as well as the highest Li sep-
aration efficiency (Figure 1d). Therefore, it can be speculated
that there may be other factors influencing the Li separation
performance. Furthermore, we conducted seawater Li extraction
tests using LLTO with 4 wt% LBSO (denoted as LLTO-4%LBSO).
The results showed that after operating for 5 h under a 5 V
voltage (Figure S9, Supporting Information), the Mg?*/Li* ra-
tio in the obtained solution was reduced by 931 times com-
pared to that in the bay water (Figure le), demonstrating the
significant potential for Li mining from seawater. Similar re-
sults were found in the prepared solution system which con-
tains the same composition of seawater (Figure S10, Support-
ing Information). By analyzing the cyclic voltammogram (CV)
curves of LLTO-4%LBSO and pristine LLTO pellet (Figure 1f), it
can be observed that the CV curve of the former is symmetric,
while the latter exhibits a distinct relaxation phenomenon. This
relaxation may be due to the accumulation of Li* at the inter-
face of LLTO. From this, it can be inferred that the LBSO coating
can alter the transport behavior of Li* at the interface. Addition-
ally, similar phenomena can be observed for other selected ions
(Figure 1g,h).

2.2. Influence of Solid Interface

To study the impact of the electrolyte-liquid interface on Li*
desolvation behavior, we first analyzed the Li*-H,O structure
in the inner Helmholtz plane under static conditions using
depth-profiling Raman spectroscopy (see the schematic setup in
Figure S11, Supporting Information).!?*! By measuring the disap-
pearance position of the Raman peak corresponding to the Ti-O
bond vibration along the c-axis (553.4 cm™"), we can identify the
solid-liquid interface (Figure S12, Supporting Information).l”]
Significantly intensified peaks corresponding to the O-H stretch-
ing modes of H,0 (3155 and 3350 cm™) and the vibration modes
of interactions between H,O and Li* (3540 cm™') were detected
near the interface of pristine LLTO pellet (Figure 2a).[?®] By sharp
contrast, the above peaks became weaker near the surface of
LLTO-4%LBSO (Figure 2b). The above results show that solvated
Li* is enriched on the surface of LLTO, indicating a stronger
Li*-H, O coordination; however, when the surface is coated with
LBSO, solvated Li-ions tend to move away from the interface. Be-
sides, depth-profiling Raman spectra of LLTO with 2 wt% LBSO
were also studied (Figure S13, Supporting Information). It is
worth noting that intensified peaks corresponding to the H,0
and the interactions between H,O and Li* were observed near
the solid surface compared with LITO-4%LBSO, which is con-
sistent with the performance trends observed in electrochemi-
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cal lithium extraction. Therefore, it can be speculated that under
the premise of similar solid electrolyte interphase conductivity,
the solvation structure at the interface plays a more significant
role. To verify the experimental data, ab-initio molecular dynam-
ics (AIMD) was further carried out to simulate the interfaces of
LLTO and two different structural units in LBSO (represented
by LiBSiO, and LiBO,) with the solution. The simulations re-
vealed that each Li* at the LLTO interface is coordinated with
4 H,0 molecules; whereas at the LiBSiO, interface, the coordi-
nation number is only 3 (Figure 2¢; Figures S14 and S15, Sup-
porting Information), which agrees with the depth-profiling Ra-
man spectra. The energy barriers associated with the Lit-4H,0O
de-solvation process show that a lower number of coordinated
H, O molecules correlates with a reduced interfacial de-solvation
energy barrier for Li*, thereby facilitating an easier de-solvation
process (Figure S16, Supporting Information).??] Additionally,
the radial distribution functions (RDF) curves indicate that the
Li*-H,O coordination distance for solvated Li* at the LLTO in-
terface (1.88 A) is shorter compared to that of LiBSiO, (2.05 A)
(Figure 2¢), further confirming a weakened Li*-H, O interaction
on LSBO.

Next, in order to unveil the origin of different interfacial Li*-
H,O coordinating behaviors, density functional theory (DFT)
calculations of the binding energy between different surfaces
with H,O were performed (Figure 2d). The results show that
LLTO surface exhibits a much higher binding energy with H,O
(=2.55 eV) than that of LiBO, (—1.10 eV) and LiBSiO, (—0.80 V).
The DFT results are supported by the contacting angles mea-
surements (Figure S17, Supporting Information), where the con-
tact angles between de-ionized water and electrolyte pellets in-
crease with the amount of LBSO. Both experimental and com-
putational evidence indicate that the LLTO surface becomes less
hydrophilic after LBSO modification. Therefore, the impact of
the surficial structure of solid electrolyte membrane on interfa-
cial ion solvation structure is illustrated in Figure 2e: a highly
hydrophilic solid surface is more likely to result in a H,O-rich
solvation structure for Li* at the interface, hence higher desolva-
tion energy; by applying a thin coating layer with moderate hy-
drophilicity tend to form a H,O-deficient solvation structure at
the solid-liquid interface, kinetically favoring the Li* desolvation
process.

To further demonstrate the impact of different solid phase in-
terfaces on the Li* desolvation process, in situ, Raman analy-
sis on the solid-liquid interface was carried out, as illustrated
in Figure S18 (Supporting Information). We found that for pris-
tine LLTO, the Raman peaks corresponding to the O-H stretch-
ing modes of H,0O (3155 and 3350 cm™) and the vibrational
modes of Li*-H,O interactions (3540 cm™!) increased continu-
ously under the biased voltage (Figure 3a). This indicates a sig-
nificant accumulation of solvated Li* in the inner Helmholtz
plane. In contrast, for LLTO-4%LBSO, the changes in peak in-
tensities during voltage application were relatively minor in the
inner Helmholtz plane. It is reasonable to speculate that the
suppressed accumulation of solvated Li* at the interface is also
due to the lower desolvation energy for Li*. Considering that
the ion conductivities of LLTO and LLTO-4%LBSO are very sim-
ilar (Figure 1la), the significant current change and the rela-
tively lower steady-state current observed with pristine LLTO
(Figure 3b) can be attributed to the hindered desolvation rate at
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Figure 2. Depth-profiling Raman spectra of LLTO a) and LLTO-4%LBSO b) in the 1 mol L~" LiCl aqueous solution (the test depth is ~#5 um and chemical
diagrams are H,0 or Li*); c) Screenshots of AIMD simulation for LiBSiO, in the 1 mol L=! LiCl aqueous solution (left); Radial distribution functions

(RDF) and corresponding coordination numbers (N(r)) of Lit-O (H,0)

in the 1 mol L1 LiCl aqueous solution; d) Binding energy between different

solid interfaces and H,O; e) Schematic illustration of different solid surface for interfacial water cluster structure.

the LLTO surface (Figure 3c), causing concentration polarization
resistance for Li* at the interface. This phenomenon also explains
the relaxation observed in the CV curves of the cell using LLTO
(Figure 1f). In comparison, as illustrated in Figure 3c, the higher
steady-state current and the small current change measured in
the cell using LLTO-4%LBSO indicates that the less hydrophilic
LBSO surface not only accelerates the Li* desolvation process
but also avoids accumulation of solvated Li* at the solid-liquid
interface.

Adv. Funct. Mater. 2025, 35, 2426072 24260

2.3. Influence of Solute Concentration

In addition to the inherent properties of the solid surface, var-
ious solution compositions (i.e., lithium salt concentration and
other cations) can also affect the Li* desolvation process. It has
been widely reported that the concentration of Li* is another key
variable that dictates the desolvation energy.[*®! Therefore, in this
section, we studied the desolvation behavior of Li* at the solid-
liquid interface under two different concentrations of LiCl. It

72 (5 of 9) © 2025 Wiley-VCH GmbH
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Figure 3. a) In situ electrochemical Raman spectra of LLTO and LLTO-4%LBSO in the 1 mol L™' LiCl aqueous solution with a 5 V forward voltage;
b) Current-time curves of LLTO and LLTO-4%LBSO during the In situ electrochemical Raman spectra test; ¢) Schematic illustration of different solid

surface for interfacial water cluster structure after the application of voltage.

is found that the corresponding current slightly increased with
the Li* concentration (Figure 4a). More importantly, compared
to the cell with a lower LiCl concentration (1 M), the cell with
a higher concentration (4 m) exhibited a more reversible curve,
while the former still showed a small relaxation loop. According
to the above results, it can be inferred that an increase in Li* con-
centration enables a facile desolvation process at the interface. To
validate this speculation, we conducted depth-profiling Raman
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measurements using a pure LLTO pellet (Figure 4b). Compared
to Figure 2a, the Raman peak intensities corresponding to the O-
H stretching modes of H,0 (3155 and 3350 cm™') and the vibra-
tional modes of Li*-H, O interactions (3540 cm™!) were weaker in
the 4 M LiCl solution. Additionally, the Raman signal layer corre-
sponding to the accumulation of solvated Li* at the interface was
narrower. To explore the mechanism behind this phenomenon,
we conducted molecular dynamics simulations of different

© 2025 Wiley-VCH GmbH
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Figure 4. a) CV curves of systems with different solute concentrations using LLTO-4%LBSO as cation exchange membrane; b) Depth-profiling Raman
spectra of LLTO in the 4 mol L™! LiCl aqueous solution (the test depth is ~5 um and chemical diagrams are H,O or Li*); c) RDF and corresponding
coordination N(r) of different solute concentration aqueous solution; d) In situ electrochemical Raman spectra of LLTO in the 4 mol L~ LiCl aqueous
solution with a 5 V forward voltage; e) Schematic illustration of different solute concentration for interfacial water cluster structure.

solutions (Figure 4c). The results showed that as the Li* concen-
tration increased from 1 to 4 M, the coordination number of Li*
in the solvent decreased from 3.97 to 3.77, indicating a weakened
Li*-H, O solvation as more Cl~ entered the first solvation sheath
of Li*. The peak shift toward a lower chemical shift in 7Li NMR
spectra (Figure S19, Supporting Information) in the 4 M LiCl so-
lution also confirms the stronger screening effect due to the for-
mation of more contact ion pairs.[3!]

Moreover, in situ electrochemical Raman spectra (Figure 4d)
also showed that, compared to Figure 3a, the accumulation of
solvated Li* at the solid-liquid interface was alleviated in the so-
lution with 4 M LiCl under biased voltage. This result indicates
that a lower H,O coordination number of Li* leads to a lower de-
solvation energy, hence the faster interfacial Li* transport. The
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concentration of Li* can vary greatly in the various water areas,
so this influence factor can be magnified in the real Li extraction.
Therefore, the impact of Li* concentration on its interfacial solva-
tion structure can be schematically illustrated in Figure 4e: this
reduction in coordination number lowered the desolvation en-
ergy barrier at the interface, thereby accelerating the desolvation
process.

2.4. Influence of Force with Other Cations
In addition to Li*, the presence of other cations in the seawa-

ter (e.g., Nat, K*, Mg?*) may also influence the solvation struc-
ture. Therefore, it is necessary to investigate the roles of these

© 2025 Wiley-VCH GmbH
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Figure 5. a) CV curves of systems with different cation solutions (1 mol L~ LiCl, 0.5 mol L=" LiCl + 0.5 mol L= NaCl, 0.5 mol L= LiCl + 0.5 mol L™!
MgCly, 0.5 mol L~1 LiCl + 0.5 mol L™" KCl) using LLTO-4%LBSO as cation exchange membrane; b) De-solvation energy of Li* for different water cluster
structure; ) In situ electrochemical Raman spectra of LLTO in the 0.5 mol L=" LiCl 4+ 0.5 mol L~! NaCl aqueous solution; d) Schematic illustration of

other cation force for interfacial water cluster structure.

interfering cations in the desolvation process for Li*. Here,
0.5 M Lit + 0.5 M X (X = Na*, K* and Mg?*) solutions with
a total cation concentration of 1 M were prepared. CV tests of
these solutions showed that higher current responses can be ob-
tained in the presence of other cations, where Mg?* exhibited the
most significant effect while Na* and K* showed similar results
(Figure 5a). Calculations of the desolvation energy of Li* in the
presence of different cations showed that the introduction of Na*,
Mg?*, and K* ions all reduced the desolvation energy of Lit, with
Mg?* causing the most significant reducing effect (Figure 5b).
This variation trend aligns with the CV results, suggesting the
existence of other metal cations that exhibit stronger interactions
with H,O molecules (Figure S20, Supporting Information) could
lead to a weaker solvating effect of Li*. For further analysis, we
conducted deep Raman measurements using a pure LLTO pel-
let with a 0.5 M LiCl + 0.5 M NaCl mixed solution (Figure S21,
Supporting Information). Compared to Figure 2a, the results
showed weaker Raman peak intensities corresponding to the O-
H stretching modes of H,0 (3155 and 3350 cm™!) and the vi-
brational modes of interactions between water and lithium ions
(3540 cm™?) at the interface, and a narrower Raman signal layer
corresponding to the accumulation of solvated Li*.
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In situ electrochemical Raman measurements of 0.5 M LiCl
+ 0.5 M NaCl mixed solution (Figure 5c) showed that the intro-
duction of Na* reduced the intensity of the Raman peaks corre-
sponding to solvated Li* at the interface. The current change dur-
ing voltage application decreased, accompanied by an increased
steady-state current, indicating that the introduction of Na* ac-
celerated the desolvation rate of Li* at the interface. Addition-
ally, molecular dynamics simulations of different solution phases
(Figure S22, Supporting Information) showed that the coordina-
tion number of lithium ions in a 1 M LiCl solution was slightly
higher than in a 0.5 M LiCl + 0.5 M NaCl mixed solution, both
~3.87 at 2.5 A. Therefore, the improvement in the desolvation
process under the introduction of Na* is mainly attributed to the
interaction between the Na* and water clusters, decreasing the
desolvation energy of the solvated Li* (Figure 5d). These obser-
vations demonstrate that the type of cations in the solution is a
key factor influencing the desolvation process of Li*.

3. Conclusion

To conclude, in this work, we investigated the impact of the inter-
face between solid electrolyte membranes and aqueous solutions
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on Li* transport at the solid-liquid interface to achieve efficient
and rapid lithium extraction. Employing depth-profiling and in
situ Raman spectroscopy techniques, we conducted a compre-
hensive analysis of the impact of solid surface properties, solute
concentrations, and other cations on Li* desolvation at the inter-
face. Combining multidimensional theoretical calculations, it is
found that a more hydrophobic solid electrolyte surface, a higher
Li* concentration, and the presence of cations with strong hy-
dration ability can all reduce the interfacial desolvation energy
of Li*, leading to more efficient Li separation. By demonstrating
how different influencing factors act on the solvation structure at
the solid-liquid interface and the desolvation process, this study
provides a new pathway for achieving efficient and sustainable
Li extraction. It should be noted that the above experiments were
based on a two-electrode system with dual Ag/AgCl references
which is unsuitable to evaluate the practical seawater treatment
efficiency. A four-electrode device is better to monitor the current
response. In the future, more quantitative analyses of the correla-
tions between influence factors can be conducted by developing
new interface characterization methods, thereby gaining deeper
insights into the mechanisms of interfacial Li* transport.
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