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The surging demand for lithium to power electric vehicles Bri o 1y SR D T L
oy | . . rine Se3e’ ) e3e?
and grid-scale energy storage highlights the urgent need for sustainable ~ ="1® 5% = _ _ {2 _ Interface

extraction from unconventional resources, such as low-grade salt lake  Ejactrode

. . arflg q q 13 e < %
brines. Electrochemical lithium extraction offers an energy-efficient ° 9 | % %mk diftusion
pathway, yet its progress is constrained by the limited selectivity and <\o /}/ «
poor durability of the cathode material, such as LiMn,0, (LMO). Here, e intercatation % . @ v & o
we demonstrate that Nb doping effectively tunes the three-dimensional and diffusion =~ 33‘ . / -
Li* diffusion channels of LMO, simultaneously lowering the Mn valence, ) N~ g //' \\/' Y L0
enlarging the lattice constant, and strengthening the Mn—O framework. ./, Mno - e di s
The structural optimization delivers a discharge capacity of 107 mAh g™' = " N w \,/ *e3e” Na(H,0)
and markedly reduces the Li* diffusion resistance, thereby lowering the ..\ o o / ”

. . . -1 - NbOg ] 3l

energy consumption of lithium extraction (4.83 Wh mol™'). In highly . v o

complex Qarhan brine with an extremely high ratio of competing ions,

Nb-doped LMO exhibits considerable Li* extraction capacity (5.21 mmol g™ in Qarhan raw brine and 3.79 mmol g™' in
Qarhan old brine), superior Li* selectivity (Li*/Mg** = 48.47 and Li'/Na" = 44.42), and enhanced cyclic stability (Li*
intercalation capacity retention 72.09% after 50 cycles). Depth-resolved TOF-SIMS and DFT analyses reveal that the
broadened diffusion channels suppress bulk diffusion of Na* and Mg** while reducing the Li* migration barrier, underpinning
the high selectivity. These results suggest that Nb-doped LMO is a robust and scalable cathode for electrochemical lithium
extraction, offering a viable strategy to unlock lithium from low-grade brines.

electrochemical lithium extraction, low-grade brine, diffusion channel engineering, high-valent doping, lithium selectivity

environmental factors.'” Direct lithium extraction (DLE)
technologies have emerged as promising approaches, offering
higher lithium extraction efficiency.'> DLE technologies, such
as membrane-based separation,14 lithium-ion sieve,">'¢
solvent extraction,'” face challenges like membrane fouling and
consumption of chemicals.'"” Electrochemical lithium ex-
traction is particularly attractive owing to the high selectivity,”’
chemical-free regeneration, and rapid extraction rate.”*?
Electrochemical lithium extraction is driven by an electric
field, where Li* from brine is selectively captured, while CI~ (or
other anions) can be adsorbed by the anode. By reversing the

Lithium-ion batteries (LIBs) of high energy density play a
critical role in enabling clean energy transition and advancing a
low-carbon society." The accelerating deployment of electric
vehicles and grid-scale energy storage has created an
unprecedented demand for lithium resources,” " a trend
projected to continue growing over the next 20 years.5
Conventional lithium sources, primarily high-grade lithium
ores,”” are geographically concentrated and expected to be
depleted by 2080.° In contrast, salt lake brines—containing
abundant and underutilized lithium resources—have emerged
as a sustainable alternative for lithium extraction.” However,

and

brines contain significantly high concentrations of competing September 1, 2025
cations (Na*, Mg, K', Ca®*),"" posing an exceptional November 25, 2025
challenge for selective lithium extraction.'" November 25, 2025

Traditional lithium extraction techniques from low-quality
brines, such as solar evaporation, have several limitations,
including their time-consuming nature and vulnerability to
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Figure 1. (a) XRD patterns showing the (111) lattice plane of LMO with different Nb doping amounts. (b) Lattice constant of LMO with
different Nb doping amounts. (c) FT-IR spectra of LMO and LNbMO 0.02. Structural energy of LNbMO with Nb doping at (d) Mn** and
(e) Mn** sites. (f) XPS survey spectra for LMO and LNbMO 0.02. (g, h) High-resolution XPS spectra of Mn 2p of (g) LNbMO 0.02 and (h)
LMO. (i) FESEM images of LMO. (j) TEM image of LMO. (k) FESEM images of LNbMO 0.02. (I) TEM image of LNbMO 0.02. (m—o)
HAADF-STEM images and elemental mapping images of LNbMO 0.02. (p) HRTEM image displaying the (111) lattice plane of LNbMO

0.02.

current, Li* and CI™ can be released into the receiving solution,
realizing LiCl enrichment.””**

The performance of electrochemical lithium extraction is
dictated by the cathode material, which exploits the distinct
radii, lattice energies, and hydration energies of Li" and
competing cations to achieve selective capture.”” Spinel LMO
has received widespread attention due to its unique lattice
structure, the abundance of Mn, and low cost.”*>” The three-
dimensional diffusion channel and unique Li* tetrahedral
coordination sites in the crystal structure provide LMO with an
impressive theoretical intercalation capacity of 5.75 mmol g™*
and remarkable selectivity for Li* over a wide range of
coexisting competing cations.”® However, the Jahn—Teller

effect and disproportionation reaction of Mn’*' result in
structural distortion and Mn dissolution, which can lead to
capacity degradation””*® and thus severely hinder its practical
deployment.

A promising route to overcome these limitations lies in
lattice and channel engineering through heteroatom dop-
ing”'™* From the perspective of increasing the average
valence of Mn to alleviate Mn dissolution, lower-valence
elements (less than or equal to +3) such as Li*,”’ Ni*",**
Co™,* Cr*,* and APP** are typically selected as dopants to
substitute Mn®". Theoretically, these dopants have difficulties
in providing high capacity due to the reduced Mn*/Mn**
cation-redox capacity.‘%'g’39 Moreover, boosting the bond energy
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Figure 2. (a) CV curves of LMO with different Nb doping amounts at a scan rate of 2 mV s™' in 0.5 M LiCl solution. (b) Charge and
discharge curves of LMO with different Nb doping amounts under an applied current of 500 mA g™ in 0.5 M LiCl solution. (c) EIS curves of
all samples under 0.6 V (vs Ag/AgCl). (d) EIS curves of all samples under 1.0 V (vs Ag/AgCl). (e) Discharge curves of LNbMO 0.02 in 0.5
M LiCl, MgCl,, and NaCl solutions. (f) Capacitance retentions of LMO and LNbMO 0.02 after 80 CV cycles at a scan rate of 1 mV s™' in 0.5
M LiCl solution. (g) Charge and discharge curve under 250 mA g™' in 0.5 M LiCl solution corresponding to the ex situ XRD. (h) Contour
map showing the shift of crystal planes for LNbMO 0.02 during the charge—discharge period. (i) Ex situ XRD patterns showing the shift of
the (111) lattice plane LNbMO 0.02 during the charge—discharge period.

is also a solution, and high-valence elements can generally
provide higher bond energy than Mn—O. For example, the
bond energy of Ti—O is higher than that of Mn—0,* which
stabilizes the spinel framework of LMO and reduces Mn
dissolution. Thus, high-valence elements as dopants have the
capability of stabilizing the spinel framework without
sacrificing the redox activity. To date, the specific mechanisms
of high-valent dopants (such as Nb>*, V**) for electrochemical
lithium extraction remain unclear and require further
investigation.

In this work, we report a high-valent Nb-doping strategy that
broadens the Li* diffusion channel of LMO, lowers the Mn
valence, and strengthens the Mn—O framework. These
modifications yield a high capacity, reduced Li* diffusion
resistance, and enhanced cyclic stability. The electrochemical
lithium extraction performance in low-grade Qarhan brine
(rather than simulated brines’') shows an improved Li*
selectivity and increased extraction capacity. TOF-SIMS and
density functional theory (DFT) analyses reveal that channel
engineering suppresses bulk diffusion of competing ions while
lowering the Li* migration barrier, providing a mechanistic
basis for selective lithium transport. More importantly, this
work introduces diftusion channel engineering via high-valent

doping as a generalizable design principle for advancing
electrochemical separation technologies.

RESULTS AND DISCUSSION

The broadened Li" transport channel via Nb doping is first
confirmed by XRD and DFT. The main diffraction peaks of all
samples are indexed to spinel-type LiMn,0, (JCPDS 35-0782)
in Figure la, suggesting no influence of surface Nb doping on
the spinel crystal structure. The (111) lattice plane of Nb-
doped LMO shows a slight shift to a lower 20 degree with
increasing Nb doping amount, corresponding to the enlarged
lattice constant according to the results in Figure 1b calculated
by the least-squares method. This suggests that Nb>* can have
a significant effect on the lattice constant of LMO even with a
low doping amount. In addition, the impurity phase of LiNbO;
can be detected with increased Nb do%)ing amount, which may
affect the electrochemical properties,4 and the intensity of the
impurity phase is more obvious in LNbMO 0.2. Functional
groups in LMO and LNbMO 0.02 are detected through FT-IR
spectra, as shown in Figure 1c, where both samples display two
principal vibration bands attributed to the Mn(III)-O and
Mn(IV)-O of MnOy octahedron.*”** The vibration band of
Mn(IV)-O at around 616.66 cm™" exhibits a slight blue shift to
681.44 cm™! after Nb doping, confirming a higher bond energy
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of Nb—O than that of Mn—O, which is beneficial for a greater
structural stability. Additionally, no obvious shift occurs on the
vibration band of Mn(III)-O after Nb doping, meaning that
Nb mainly substitutes for Mn*" in the spinel structure. To
further analyze the substitution site (Mn (III) or Mn (IV)) of
NbD, the structural energy of different LNbMO structures is
calculated in Figure 1d,e (The original structure of LMO is
exhibited in Figures Sland S2). When Nb is doped at the Mn
(IV) site, the structural energy of LNbMO reaches —387.57
eV, which is lower than that of Nb doping at the Mn (III) site
(—387.21 eV), indicating that Nb prefers to dope at the Mn
(IV) site, facilitating a more stable crystal structure. In Figures
1f and S3, compared to LMO, an obvious Nb 3d peak at 205—
210 eV can be observed in the XPS spectra of LNbMO 0.02,
confirming the successful surface Nb doping by the solid-state
reaction. As shown in Figures 1 gh and S4, after Nb doping,
the peak fitting for Mn 2p results shows that the atomic
content of Mn*" in LNbMO 0.02 slightly decreases from 47.90
to 44.36%, while that of Mn>" increases from 52.10 to 55.64%,
proving the substitution of Nb for Mn**. Therefore, Nb doping
reduces the average valence state of Mn, leading to a higher
capacity from more redox reactions of Mn**/#*, Additionally, in
Figure SS, the percentage of Oy,, (metal—O bonds) increased
while the Og.¢ (defects of oxygen) fraction slightly decreased,
accompanied by a slight positive shift (~+ 0.05 eV) of the Oy,
binding energy. These changes indicated fewer oxygen-vacancy
and -defect states and a stronger metal—oxygen framework,
which means a more stable structure and capacity retention.
Predelithiation is an important procedure for the materials to
be applied in electrochemical lithium extraction. After the
electrochemical delithiation process (Figure S6), the (111)
crystal plane of LNbMO 0.02 demonstrates a slight shift to a
higher 26 degree in Figure S7, indicating the lattice shrinkage
and creating sufficient lithium vacancies in the spinel structure
of LNbMO 0.02.

The morphologies of LMO and LNbMO 0.02 obtained
from FESEM exhibit a typical octahedral appearance in Figure
li—1. After Nb doping, the particle size significantly increases,
while the morphology transforms to truncated octahedral. This
effectively reduces the area of the (111) lattice plane, which
brings the possibility to alleviate Mn dissolution.** In Figure
S8, the average particle size was significantly enlarged after Nb
doping, from 170.61 + 51.78 to 41945 + 112.28 nm.
Similarly, TEM images show an enlarged particle size and
truncated octahedral morphology after Nb doping. The
elemental mapping of LNbMO 0.02 confirms the successful
doping from the uniform Nb distribution in Figures 1 m—o
and S9. Furthermore, the HRTEM images in Figure 1 p
demonstrate the lattice fringes with a spacing of 0.475 nm,
corresponding to the (111) crystal plane of LNbMO of 0.02,
which is consistent with the XRD patterns. Moreover, the
specific surface area and pore distribution of LMO and
LNbMO 0.02 are illustrated in Table S1 and Figures S10, S11,
where LNbMO 0.02 exhibits a slight decrease in the specific
surface area and pore volume compared to LMO, which is
consistent with its enlarged particle size. The decreased specific
surface area reduces the contact between the active material
and the electrolyte, which may effectively reduce the side
reactions and alleviate Mn dissolution.*®

To investigate the effect of Nb doping on the electro-
chemical behavior of LMO, LNbMO with different doping
amounts was tested. In Figure 2 a, cyclic voltammetry (CV)
curves of all samples exhibit two pairs of well-defined redox

peaks, showing that the Li" reversible intercalation/dein-
tercalation process can be divided into two continuous
reactions, as is shown in eqs 1-4.%

Charge: 2LiMn,0, — 2Li,Mn,0O, + Li* + e~ (1)
2Li, Mn,0, - 44 — MnO, + Li" + e~ (2)
Discharge: 44 — MnO, + Li* + e~ — 2LijMn,O,  (3)

2Lig Mn,O; + Li* + e~ — 2LiMn,0, (4)

This also proves that surface Nb doping does not alter the
electrochemical behavior of LMO, maintaining its unique
affinity to Li*. The area enclosed by the CV curve of LNbMO
0.02 or LNbMO 0.08 is larger than that of LMO, indicating
Nb doping significantly improves the electrochemical proper-
ties of LMO. The largest area of LNbMO 0.02 may correspond
to the highest Li* storage capacity. On the contrary, the poor
electrochemical performance of LNbMO 0.2 could be
attributed to the excessive impurity phase on the surface of
particles. Similarly, two plateaus on the charge and discharge
curves in Figure 2b correspond to the two-step oxidation/
reduction on the CV curves, and LNbMO 0.02 exhibits the
highest capacity of 107 mAh g '. Moreover, electrochemical
impedance spectroscopy (EIS) under different working
potentials is performed to depict the Li" intercalation kinetics
of LNbMO 0.02 in Figure S12, where significant difference is
observed at 0.6 and 1.0 V, corresponding to distinct Li"
diffusion (including solid-phase and liquid-phase diffusion)
during the intercalation/deintercalation processes. The inset
demonstrates the completion of Li* intercalation at 0.6 V and
deintercalation at 1.0 V. In Figures 2¢,d, S13, S14 and Table
S2, S3, compared to LMO, LNbMO 0.02 demonstrates
decreased charge-transfer resistance (R, 3.068 Q) and ion
diffusion resistance (o, 0.93 Q s7°) under 0.6 V. Similarly,
after Nb doping, the charge-transfer resistance (R, 1.095 Q)
and ion diffusion resistance (5, 0.41 Q s™°°) both decrease
under 1.0 V. Hence, Nb doping reduces the Li" intercalation
resistance due to the better conductivity and the broadened 3D
Li* diffusion channel. However, LNbMO 0.08 and LNbMO
0.2 demonstrate a poor ion diffusion performance under 0.6
and 1.0 V, which can remarkably influence Li* diffusion in the
solid phase during the Li" intercalation/deintercalation period.
This decay could be attributed to a higher amount of impurity
that hinders Li" transport. The diffusion coeflicient can be
obtained from CV tests under different scan rates in Figure S15
and Table S4, showing that the Li* diffusion coeflicient of
LNbMO 0.02 is significantly enhanced. Therefore, LNbMO
0.02 was selected as the optimal doping amount sample for the
following electrochemical lithium extraction test.

In Figures 2e and S16—S518, LNbMO 0.02 exhibits two well-
defined pairs of redox peaks in LiCl solution but only two
oxidation peaks in the first CV cycle in MgCl, or NaCl
solution without any reduction peaks, indicating that only Li*
has the capability of intercalation into the spinel crystal
structure of LNbMO 0.02. Similarly, the discharge curve in
LiCl solution displays two plateaus and exhibits the highest
discharge capacity compared to those in MgCl, or NaCl
solutions. More importantly, the electrochemical behavior of
LNbMO 0.02 in competing ions can be taken as an indicator
of Li" selectivity, which is a key property of materials for
electrochemical lithium extraction. In addition, the electro-
chemical cyclic stability in Figures 2f and S19,520 shows an
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(h) Binding energy of Mn—O (IV) in A-MnO, and Nb—O in NbMO.

increased capacity retention from 34.05 to 49.42% after Nb
doping, indicating the enhanced stabilization of the spinel
structure and the alleviation of the Mn dissolution due to the
strong bond energy of Nb—O. Thus, unlike lower-valence
elements, high-valence elements as dopants have the capability
of stabilizing the spinel framework without sacrificing the redox
activity. The working mechanism of Li* intercalation and
deintercalation during the electrochemical process is illustrated
through ex situ XRD in Figure 2g—i. During the charge period
from status I to IV, the characteristic peaks of LNbMO 0.02
shift to a higher 20 degree with increasing potential, indicating
lattice shrinkage and Li* deintercalation. In contrast, the
characteristic diffraction peaks exhibit a peak shift to a lower 26
degree during the discharge period from status IV to VII,
revealing lattice expansion and Li" intercalation. The character-
istic peaks can return to the original state, indicating the §00d
reversibility of LNbMO 0.02 for Li* capture and release.™
The electrochemical lithium extraction performance is first
investigated in 10 mM single Li* solution. In Figures 3a and
S21, the Li* intercalation capacity gradually increases under an
applied current of 55 mA g™ hoqe and the Li* intercalation
capacity of LNbMO 0.02 reached 1.05 mmol g~" after 30 min,
which is slightly higher than that of LMO (0.99 mmol g!). To
reveal the effect of Nb doping on increasing the Li" adsorption
performance, the charge density difference is investigated in
Figure 3b,c. After doping, Nb in the structure of NbMO is
capable of transferring more electrons to the surrounding

oxygen atoms (2.86 e), which is higher than that of Mn in the
structure of A-MnO, (1.85 e¢). More electrons in the
surroundings of oxygen can generate a stronger electrostatic
force, thus improving the Li* adsorption performance and
increasing the Li" intercalation capacity.”” The increased Li*
intercalation capacity after Nb doping could also be attributed
to the broadened 3D Li" diffusion channel and higher
electrochemical activity from the reduced average valence of
Mn. Moreover, the energy consumption during the Li*
intercalation and deintercalation process is calculated in
Figures 3d and S22. After Nb doping, the energy consumption
effectively decreases from 6.10 to 4.83 Wh mol ™', owing to the
reduced Li" intercalation resistance and higher intercalation
kinetics.

Given the similar radii of Li* (76 pm) and Mg** (72 pm),”°
and the high Mg/Li ratio in salt lake brine, Mg2+ is regarded as
a significant competing cation reducing the efficiency of Li*
extraction. Therefore, the Li* selectivity of electrochemical
lithium extraction is first investigated in Li/Mg binary
solutions. As shown in Figure 3e, the separation factors of
LNbMO 0.02 are all higher than those of LMO in different
molar ratios of Li*/Mg**. Especially, under the condition of
C(Li*)/C(Mg*") = 1:20, the separation factor reaches 70.29,
showing the remarkable Li* selectivity of LNbMO 0.02. Mg**
may accumulate on the electrode surface driven by the electric
field rather than intercalating into the bulk phase due to the
high hydration energy of Mg**, which is the principal reason
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secondary ion species (Li*, Mg**, Na*) fragments of LNbMO 0.02 and LMO electrodes and (j) 3D rendering of Li*, Na*, and Mg" fragments
on LNbMO 0.02 and LMO electrodes (100 gm X 100 gm X 790 nm), after electrochemical lithium extraction from Qarhan raw brine (the

intensity is not normalized).

for the high Li* selectivity. Besides, the tuned Li" diffusion
channel further hinders bulk phase diffusion and intercalation
of Mg?". After the Li" intercalation, the percentage of Mn
dissolution in the cathode materials is measured by ICP-OES,
as shown in Figure 3f, showing no Mn dissolution of LNbMO
0.02, compared to a low Mn dissolution amount (0.31%) of
LMO. Surface Nb doping of LMO effectively alleviates Mn
dissolution and further stabilizes the spinel crystal structure.
Additionally, the cyclic stability of active materials is also
considered an essential factor. In Figures 3g and S23, the
intercalation capacity retention of LNbMO 0.02 is maintained
at 72.09% after 50 cycles of Li* intercalation and dein-
tercalation, which is significantly higher than that of LMO
(56.52%). It is consistent with the results of electrochemical
cyclic stability, and the improved performance of Nb doping is
related to the lower degree of Mn dissolution and stabilized
crystal structure. In Figure 3h and S24, by comparing the
binding energy of the specific site in spinel crystal structures
before and after Nb doping, the mechanism of enhancing cyclic
stability and reducing Mn dissolution of LNbMO is analyzed.
The binding energy of the Nb site with oxygen atom in the
NbMO structure is —13.66 eV, significantly lower than that of
the Mn (IV) site in the A-MnO, structure (—9.21 eV),
indicating that Nb doping provides a stronger bond energy due
to its strong electrostatic attraction and charge compensation
effect. Furthermore, the strengthened metal—oxygen bonds
and electron redistribution (reduced e, occupancy)”' suppress

local lattice distortion and reduce the Jahn—Teller distortion of
Mn**Qy4 octahedra.’”>® As a result, the spinel framework
becomes more resistant to repeated Li" intercalation/
deintercalation, which is beneficial to cyclic stability and
reducing Mn dissolution.”***

As proof of practical applications, the Nb-doped LMO is
investigated in Qarhan brine, rather than simulated brine, to
show the influence of Nb doping on the Li* selectivity of spinel
LMO. The concentration ratios of Li*/Mg®*" and Li*/Na*
reach 1:59.8 and 1:29.36 in raw brine and 1:141 and 1:2.2 in
old brine, respectively. The major components of Qarhan brine
are displayed in Table S5. As two major competing cations
with high concentrations, Li* intercalation into the spinel
structure is severely hindered by Na* and Mg*". During the
electrochemical extraction process, the separation factors and
ion extraction capacity of LNbMO 0.02 in Qarhan brine are
compared with those of LMO in Figure 4a—d. In raw brine,
LNbMO 0.02 demonstrates an enhanced separation capability
of Li*/Mg** (4.57) and Li*/Na* (2.51), compared to LMO
values of 3.94 and 1.77. The Li* extraction capacity of LNbMO
0.02 reaches 5.21 mmol g_l, 13% higher than that of LMO
(4.63 mmol g'). More results from the old brine show that
the separation capability of LNbMO 0.02 for Li*/Mg** (3.65)
and Li*/Na* (5.73) is also enhanced by Nb doping.
Specifically, the Li* extraction capacity of LNbMO 0.02
reaches 3.79 mmol g~', compared to LMO with 2.71 mmol
g~". The higher Mg>* concentration in old brine seems to have
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an obvious influence on the Li* extraction capacity. In general,
it can be seen that the Nb doping of LMO leads to higher Li*
selectivity. To analyze the Li* selectivity of LNbMO, the ion
adsorption free energy (including Li* and competing cations)
of LNbMO is evaluated by DFT calculations in Figure 4e and
§25. LNbMO exhibits a significantly low Li* adsorption free
energy (—2.49 eV), compared to the competing Mg** (—1.67
eV) and Na* (—143 eV), revealing that Li* prefers to
intercalate into the LNbMO crystal structure from a
thermodynamic perspective. In Figure 4f, the mechanism of
enhancing Li* selectivity after Nb doping is further analyzed.
The ion adsorption free energy ratios of Li/M"* (Na* or Mg**)
after Nb doping both increase (AG (Li*/Mg*") from 1.67 to
1.75 and AG (Li*/Na") from 1.41 to 1.49), indicating that Nb
doping enables the favorable intercalation of Li* into specific
sites of the spinel structure, comparing to Mg** or Na*.
Furthermore, the broadened 3D Li* diffusion channel is
considered as an important factor on enhancing Li" selectivity.
Generally, Li* tends to occupy the tetrahedral (8a) site, and
the Li* diffusion pathway involves moving from a tetrahedral
(8a) site to the adjacent tetrahedral (8a) site through the
intermediate octahedral (16¢) site (transition state), as is
shown in Figure 4g. At the transition state, in particular, the Li*
located at the octahedral 16c site is surrounded by 6 Mn ions,
forming a planar Mngring perpendicular to the Li* diffusion
channel. In Figure 4h and S26, the size of the Li* diffusion
channel before and after Nb doping are compared. Obviously,
after Nb doping, the size of the Mny ring is enlarged,
corresponding to the broadened 3D Li" diffusion channel. To
further reveal the mechanism of the enhanced Li* selectivity
after Nb doping, time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) is conducted to analyze the compositions of
the electrode surface and subsurface after electrochemical
lithium extraction from Qarhan raw brine. In Figure 4i,j, the
normalized depth distributions of Li*, Mg", and Na" fragments
(where the intensity of each fragment is normalized to the
respective maximal intensity) on the LNbMO 0.02 and LMO
electrode surfaces and 3D rendering of corresponding
fragments with varying concentration at the detection depth
are exhibited. It can be seen that Nb-doped LMO
demonstrates a superior ionic separation capability. Na* and
Mg*" mainly accumulate on the electrode surface, and with the
increased sputter depth, the intensity of Na® and Mg"
fragments falls sharply, indicating a reduced concentration
below the electrode surface. It is difficult for Na* and Mg** to
difftuse in the 3D channel and intercalate into the
corresponding site of the Nb-doped spinel crystal structure.
Due to the higher hydration energy of Mg** (Mg®" —2150 kJ
mol ™}, Li* =590 kJ mol™!, and Na* —420 kJ mol™"),> it is
extremely challenging for Mg>* to dehydrate and diffuse. Thus,
at about 8 nm of sputter depth, the intensity of Mg" fragments
begins to decrease, demonstrating an ultrathin Mg2+ surface
accumulation layer. Meanwhile, the intensity of Na* fragments
begins to fall at about 100 nm of sputter depth, indicating the
bulk diffusion of Na*, and it originates from the extremely large
concentration differences and facile Na* dehydration. The
results reflect that Na* is more competitive than Mg** under
high salt conditions, which also explains the lower separation
factor of Li/Na than that of Li/Mg in raw brine. However,
considering the large ionic radii of Na* (102 pm)*” and poor
adsorption free energy of Na¥, its diffusion in the ion transport
channel and intercalation into the 8a site would become more
difficult, which also explains the reduction of Na' intensity

with increasing depth. In contrast, the intensity of Li* fragment
rises with the increased depth, indicating the occurrence of
competitive adsorption or intercalation on the surface and
subsurface, and the prominent ability of Li* intercalation into
the 8a site of the Nb-doped spinel crystal structure via the
broadened 3D diffusion channel.

As for the control group, the ionic separation capability of
the LMO is not impressive. No significant decline of Na* and
Mg" fragments intensity can be spotted with the increasing
sputter depth. At about 790 nm of sputter depth, the intensity
of Na" fragments is still maintained at a high level, revealing
the severe bulk diffusion of Na* on the LMO electrode.
Similarly, the bulk diffusion of Mg** is more obvious in the
LMO electrode. This confirms the positive effect of Nb doping
on diminishing the bulk diffusion of Na* and Mg** in the
spinel crystal structure. The local charge density distribution
changes due to Nb doping, which may reduce the affinity
between the diffusion channel and competing cations. The
normalized Li* fragment intensity increases slightly with depth,
which can be attributed to the severe Na' and Mg®* bulk
diffusion hindering Li" intercalation into the spinel structure
and diffusion to deeper regions. The diftusion of competing
cations in the bulk phase may reduce Li* diffusion and
intercalation, resulting in the reduction of the Li" selectivity.
Therefore, this evidence emphasizes the importance of a
broadened Li* diffusion channel created by Nb doping.
Although the size of the Li* diffusion channel is enlarged
after Nb doping, the dehydration of Mg** (high hydration
energy) and the diffusion of Na* (large ionic radii) are still
challenging. In other words, the Li* diffusion channel has no
negative effect on diminishing the bulk diffusion of competing
cations; however, by tuning the diffusion channel, the channel
polarity favors Li" over competing cations. The broadened 3D
channel reduces the Li" migration barrier, facilitating the
diffusion of Li" while increasing the diffusion barrier of
competing cations, retarding the diffusion of competing
cations. In short, the mechanism of enhanced Li* selectivity
after Nb doping is mainly interpreted as an increasing
preference of Li* intercalation into specific sites, reducing the
Li" diffusion barrier and enhancing the affinity between Li* and
the diffusion channel via tuning the diffusion channel. In
addition, other representative competing cation fragments,
including K*, Ca®, and B, are also exhibited in Figure S27—
§29, showing a stronger ion separation capability of LNbMO
0.02. The uniform distribution of Nb* fragments in the
LNbMO 0.02 electrode also verifies the successful doping of
Nb.

More importantly, a two-step intermittent operation is
conducted in Qarhan raw brine to assess the practical
application of Nb-doped LMO in electrochemical lithium
extraction. The schematic diagram of the two-step intermittent
operation is illustrated in Figure Sa. First, under an applied
current of —55 mA g™ ' hodw the delithiated LNbMO 0.02
captures Li* from the Qarhan raw brine, while other competing
cations accumulate on the electrode surface and anion-
exchange membrane or even cointercalate into the electrode.
On the anode, activated carbon captures anions across the
anion-exchange membrane (mostly Cl~). After the Li* capture
step, flushing the cell, including the electrode surfaces and
membrane, is a key procedure to remove residual competing
cations. The cleansing agent selected is deionized water and 10
mM NaCl solution, and the law of choice is illustrated below.
Then, for the Li" release step, under a reversed applied current
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Figure S. (a) Schematic diagram of two-step intermittent operation
for electrochemical lithium extraction from Qarhan raw brine by
LNbMO. (b) Cell voltage variation of the LNbMOIIAC
configuration in S5 cycles of two-step intermittent operation.
(c,d) Composition in the receiving solution after lithium
electrochemical lithium extraction by LNbMO 0.02 and LMO
(the lithium content has ruled out the 10 mM lithium that
originally existed in the receiving solution). (e) Separation factor
after S cycles of electrochemical lithium extraction from Qarhan
raw brine (the lithium content has ruled out the 10 mM lithium
that originally existed in the receiving solution). (f) Ion extraction
capacity of LNbMO 0.02 during the secondary extraction process.
(g) Separation factor of LNbMO 0.02 during the secondary
extraction process.

of 55 mA g™ tpoder Li' can be released from the LNbMO 0.02
electrode into the receiving solution (10 mM LiCl), achieving
the enrichment of Li* from raw brine. As shown in Figures Sb
and S30, the cell voltage decreases at the Li" capture stage,
while at the Li* release stage, the cell voltage gradually
increases. The two-step intermittent operation is repeated for 5
cycles, and the major components in the receiving solution are
displayed in Figure Sc,d. The ion concentration ratio of Li"
increases from 1.11% in Qarhan raw brine to 34.56% in the
receiving solution after capture and release steps by LNbMO
0.02, while it is only 20.01% in the receiving solution by LMO.
The contents of Mg** and Na* show an obvious reduction in
the receiving solution, indicating the superior Li* selectivity
and realizing efficient initial Li" enrichment by Nb doping. The
Li* selectivity of the two-step intermittent operation is also
defined by the separation factor in Figure Se. The separation
capability of LMO for Li*/Mg** is 22.0S and that for Li*/Na*
is 22.93. By Nb doping, the separation factor of Li*/Mg** and
Li"/Na" increases to 48.47 and 44.42, respectively, effectively
achieving the selective Li* extraction from real brine.
Compared to previous research shown in Table S6, this
diffusion channel engineering via a high-valent Nb doping

strategy proves to be viable and robust for electrochemical
lithium extraction from low-grade brines.

The significant difference before and after Nb doping can
also be explained by Figure 4e,f and ij. More Li" has the
superior ability of a thermodynamically favorable intercalation
into the corresponding site and diffusion to a deeper region
with Nb doping, reducing the possible Li* loss during the
flushing process. The removal rate with deionized water
flushing of Mg*" is significantly higher than that with Na*
during the flushing process, which can be attributed to more
surface accumulation and less bulk diffusion of Mg**. Thus,
Mg** can be removed more easily during the flushing process,
while the removal of Na* becomes difficult due to the severe
bulk diffusion. To further enhance the purity of Li* from the
LNbMO 0.02lIAC cell, secondary Li* extraction from the
receiving solution is performed, as shown in Figure 5f,g. The
Li* extraction capacity reaches 3.61 mmol g™' in the receiving
solution, much higher than those of Mg** (0.28 mmol g™') and
Na* (0.20 mmol g™"). The separation factors of the secondary
Li* extraction process for Li*/ Mg2+ and Li*/Na™ are 4.73 and
3.51, respectively. More interestingly, the selection of cleansing
agents during the flushing stage is also explored as a key issue.
If deionized water alone acts as the cleansing agent, the
performance for the two-step intermittent operation of
LNbMO 0.02lIAC cell in Qarhan raw brine is demonstrated
in Figure S31—S34. The ratio of Li" slightly increases from
1.11 to 11.12% in the receiving solution, revealing that the Li*
extraction efficiency is far lower than the condition of using 10
mM NaCl. The separation factors of Li*/Mg** and Li*/Na*
also seriously decrease (Li*/Mg** 11.12 and Li*/Na* 11.28),
compared to the ones with 10 mM NaCl. To figure out the
possible cause of the positive effect from 10 mM NaCl on the
flushing process, more experimental details are described in the
Supporting Information, and the corresponding results are
displayed in Figure S35—S37. Compared to mixing with NaCl
solution, simply using deionized water has the difficulty of
effectively removing the accumulated impurity cations on the
surface of the AEM, further affecting the efficiency of
electrochemical lithium extraction. Furthermore, AEM was
characterized after five cycles of two-step intermittent
operation in the Qarhan raw brine, showing that the contents
of Mg“, Na’, and K" on the used AEM all increased, indicating
the accumulation of competing cations, as shown in Figures
S38, 539 and Table S7, S8. In addition, in Figure S40, the ionic
conductivity decreased, which also verified the negative impact
of membrane fouling on its performance and efficiency.
Therefore, the fouling of AEM caused by high-salinity brine
is a key issue for electrochemical lithium extraction, and it
needs to be further explored via membrane experts.

CONCLUSIONS

In general, we developed a diffusion-channel-engineered spinel
LMO cathode via Nb doping that exhibits a superior
electrochemical lithium extraction performance. Nb incorpo-
ration simultaneously increases the lattice constant, reduces the
Mn valence, and strengthens Mn—O bonding, thereby
lowering the Li* diffusion resistance and improving the
structural stability. As a result, the Nb-doped LMO achieves
a high discharge capacity of 107 mA g~', a reduced energy
consumption of 4.83 Wh mol™' Li’, and superior cycling
stability with a high-capacity retention of 72.09% after S0
cycles. Crucially, the strategy proves effective in real Qarhan
brine, where Nb-doped LMO exhibits high Li* extraction
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capacity (5.21 mmol ¢! in raw brine and 3.79 mmol g in old
brine), outstanding Li* selectivity (Li*/ Mg2+ = 48.47 and Li*/
Na' = 44.42), and excellent enrichment capability, raising the
Li" concentration ratio from 1.11% in raw brine to 34.56% in
the receiving solution. TOF-SIMS and DFT analyses reveal
that the broadened diffusion channel not only favors Li
intercalation thermodynamically but also kinetically suppresses
the bulk diffusion of competing cations. By demonstrating a
high-valent doping strategy for diffusion channel engineering,
this study paves the way for scalable, sustainable lithium
recovery from complex brines and advances electrochemical
separation technologies.

MATERIALS AND METHODS

Materials Synthesis. Nb-doped LiMn,0O, (LiNb,Mn, O, x =0,
0.02, 0.08, 0.2) was prepared by solid-state reaction. EMD, Li,COs,
and Nb,O; were weighted according to the exact molar ratio and
ground in a mortar for 30 min. The mixed powder was stirred for 30
min in ethanol and dried at 120 °C. Subsequently, the mixed powder
was calcinated from room temperature to 600 °C at a rate of 8 °C/
min and kept at 600 °C for 10 h and then calcinated from 600 to 750
°C at a rate of 8 °C/min and kept at 8 h, where the calcination
atmosphere was N,. The products were denoted as LMO, LNbMO
0.02, LNbMO 0.08, and LNbMO 0.2, respectively.

Electrochemical Lithium Extraction. Before the electrochemical
lithium extraction, LNbMO (or LMO) needs to be delithiated under
a potential of 0.8 V (vs Ag/AgCl) for 10 min and then at 1.0 V (vs
Ag/AgCl) for 110 min to obtain delithiated LNbMO (or delithiated
LMO). The electrochemical lithium extraction was performed under a
constant current operation mode, in which LNbMO (or LMO) was
used as the cathode material and activated carbon (AC) was used as
the anode material. Additionally, an anion-exchange membrane
(AEM) was assembled between the cathode and the anode. A flow-
through cell was used for electrochemical lithium extraction
experiments by cycling 60 mL of solution at 15 mL min™" with a
peristaltic pump. In a single-ion extraction experiment, the current of
+ 55 mA g ' pode Was applied for 30/30 min for Li* intercalation
(discharge)/deintercalation (charge), where 10 mM LiCl solution was
used as the electrolyte. ICP-OES (Thermo Fisher iCAP PRO) was
performed to determine the ion concentration variation and the Li*
intercalation capacity (I, mmol g™'), which was calculated by eq 5:

(Co— C)V
m (%)

where Cy and C; (mmol L™') are the initial and the final Li*
concentrations, respectively. V (L) is the volume of the electrolyte
and m (g) is the mass of active material in the LNbMO (or LMO)
electrode.

A long cycle Li* extraction experiment was performed under + 55
mA g™ hode and the cut-off voltage was between 0 and 1.0 V. The
Li* concertation was monitored by a conductivity meter (5230,
Mettler Toledo). The dissolved Mn content of the cathode material
was also determined by ICP-OES, and the percentage of Mn
dissolution was calculated by eq 6:

I =

Mn dissolution % = v
wom ®)

where C is the dissolved Mn>* concentration (g L"), V (L) is the
volume of electrolyte, m (g) is the mass of active material in the
LNbMO (or LMO) electrode, and w is the corresponding mass
fraction of Mn in LNbMO (or LMO).

The energy consumption (W, Wh mol™) can be calculated by eq
7:

_ fAvdg
3600Q,. )

where AV (V) is the cell voltage window during the intercalation/
deintercalation process and q (C g™') is the charge amount per gram
of the active material in the cathode electrode.

The Li*/Mg®" selective extraction experiment was performed under
+55 mA g™ hoqe for 30 min intercalation /30 min deintercalation,
where a binary solution containing Li* and Mg** with different Li*/
Mg** molar ratios (10:50, 10:100, and 10:200 mM) were used. The
variation of the ion concentration was also determined by ICP-OES
(Thermo Fisher iCAP PRO). The separation factor was used to
evaluate the selectivity for Li* (fLi M). fLi M is the ratio of the
intercalation percentage for Li* to the intercalation percentage for
Mg**. The ion intercalation percentage and fLi+ Mg2 based on the
extraction process can be calculated by eqs 8 and 9:

C0 - Ci
Co (8)

Ton intercalation percentage =

L  Removal percentage (Li")

/}Mz

Removal percentage (M) (9)

where Cy (mol g™') and C; (mol g') are the initial and final
concentrations of the ion, respectively, and M denotes the impurity
cations (Na*, Mg*").

Similarly, the selective experiments in Qarhan raw brine and
Qarhan old brine were operated under the same conditions as above.
Due to the high content and strong interfering effect of Na* and Mg**,
the evaluation of the Nb-doped LMO separation property primarily
involved Li*, Na* and Mg’*, and the results can be obtained according
to eqs 8 and 9.

Finally, the two-step intermittent operation for electrochemical
lithium extraction, including Li* capture (intercalation) and release
(deintercalation), was conducted in Qarhan raw brine, in which the
received solution was 10 mM LiCl. The concentrations of Li*, Na*,
and Mg** in the received solution were also determined by ICP-OES
to comprehensively evaluate the electrochemical lithium extraction
properties of Nb-doped LMO. The ion concentration ratio in the
received solution can be calculated according to eq 10:

Ton concentration ratio

— CM—release x 100%
CLi—release + CMg—release + CNa—release (10)

where Cyeease Tepresents any metal (Li*, Mg”*or Na*) ion molar
concentration (mmol L™') in the corresponding received solution, in
which Cpj gease does not take into account the 10 mM lithium that
originally existed in the receiving solution.

The Li* selectivity based on two steps intermittent operation can
be calculated by eq 11:

aLi _ CLi—release/CM—release
M=
CLi—feed/CM—feed (1 1)

where Cp;_ejeqse Ad Chprelease T€present the ion concentrations (mg/L)
of Li* (not including initial 10 mM LiCl) and M (Na* and Mg**) in
the received solution, respectively. Cp;_g.q and Cy_g.q are the ion
concentrations (mg L_l) in Qarhan raw brine, respectively.

Detailed electrode fabrication, materials characterization, and
electrochemical measurements and DFT calculation are described in
the Supporting Information.
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