Open Access Article. Published on 04 November 2024. Downloaded on 2/16/2026 5:02:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE

>
CHEMICAL ROYAL SOCIETY

FRONTIERS

REVIEW

{ '.) Check for updates J

Cite this: /norg. Chem. Front., 2024,
11, 8589

Received 2nd September 2024,
Accepted 29th October 2024

DOI: 10.1039/d4qi02228a

rsc.li/frontiers-inorganic

SOCIETY ~OF CHEMISTRY

View Article Online

View Journal | View Issue

Lithium extraction by metal—organic frameworks
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The extraction of lithium has become increasingly critical due to the soaring demand for lithium-ion batteries,
which power a wide range of products from smartphones to electric vehicles. Lithium, the lightest metal,
boasts exceptional energy density, making it ideal for portable electronics and renewable energy storage
solutions, addressing environmental pollution issues simultaneously. However, extracting and recycling
lithium ions is highly challenging due to its low natural abundance, significant mining difficulties, and environ-
mental concerns. Metal-organic frameworks (MOFs), with their intricate and designable structures as well as
abundant and regulated pore environments, have emerged as promising candidates for lithium extraction.
The tailored porous structures of MOFs could enable efficient lithium ion sieving and capture. This review
aims to discuss the design principles of targeted MOFs and their lithium extraction capabilities, as well as the
common analysis methods during these processes. We seek to provide a comprehensive summary of the
field and promote the development of advanced materials for practical lithium extraction applications.

The 10th anniversary statement

Over the past decade, Inorganic Chemistry Frontiers has quickly risen to become one of the premier platforms for in-
organic chemists to showcase their top research, achieving a level of recognition and respect that is truly remarkable.
Spearheaded by the dedicated efforts of Prof. Song Gao and the entire editorial team, the journal has consistently
enhanced both its quality and its influence in the field, making it an essential publication for researchers worldwide. I reg-
ularly browse through its latest issues to stay up to date with significant advancements and trends within the inorganic
chemistry community. The journal’s rigor and dedication to excellence have made it a prestigious venue, and I am always
eager to contribute my own work to its pages, knowing the impact it has on readers and researchers alike. With its strong
foundation, I have no doubt that this journal will continue to achieve even greater success in the years to come.

1. Introduction

Lithium, a highly versatile and sought-after element, plays a

shifts towards greener energy solutions, the importance of bat-
teries in reducing carbon emissions and enhancing energy
security cannot be overstated."" Beyond energy storage,

pivotal role in modern technology and industry.’ As the light-
est metal, lithium is renowned for its exceptional electro-
chemical properties, particularly its high energy density and
low weight. These characteristics make it an ideal choice for
various applications, most notably in the production of
lithium-ion batteries.* *® Batteries play a crucial role in modern
life, serving as essential components in a wide array of devices
and technologies. They provide portable and reliable power
sources for everything from smartphones and laptops to
medical devices and electric vehicles. As the world increasingly
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lithium has significant applications in other fields. It is used in
the production of high-strength glass and ceramics, lubricating
greases, and as an alloying agent in lightweight metals. In the
medical field, lithium compounds are employed in the treat-
ment of bipolar disorder, showcasing its diverse utility."®°
The growing reliance on lithium to drive technological
advancement and combat climate change has exponentially
increased the demand for lithium. However, the process of
obtaining lithium is fraught with challenges, involving
environmental protection issues, safety considerations, and
economic perspectives.>'>* Naturally occurring lithium is rela-
tively scarce, and its extraction often involves complex and
environmentally taxing mining operations. Traditional sources
of lithium, such as spodumene ores and lithium-rich brines,
require extensive processing to yield the metal in its usable
form.>**” These processes are not only energy-intensive but
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also pose significant environmental concerns, including water
usage, habitat disruption, and chemical pollution, which sim-
ultaneously cause time and cost waste. In parallel with extrac-
tion from nature, the recycling of lithium from spent batteries
has emerged as a crucial strategy to ensure the sustainable
supply of this valuable resource.”®*> When improperly dis-
posed of, lithium batteries can leak hazardous materials like
lithium, cobalt, and nickel, contaminating soil and water,
harming wildlife, and posing health risks to humans.
Recycling not only helps mitigate the environmental impact
associated with mining but also addresses the growing
problem of electronic waste. Efficient recycling processes can
recover a significant proportion of lithium from used batteries,
thereby reducing dependence on virgin materials and contri-
buting to a circular economy (Fig. 1).>*7°

Amid these challenges, metal-organic frameworks (MOFs)
have surfaced as promising materials for lithium extraction.
MOFs represent an innovative class of materials that have gar-
nered significant attention in the scientific community over the
past few decades.**™** Characterized by their unique structures,
MOFs are composed of metal ions or clusters coordinated to
organic ligands, forming porous multi-dimensional
networks.**™° These frameworks exhibit exceptional properties
such as high surface area, variable porosity, and diverse chemi-
cal functionality, making them highly versatile for various
applications, such as asymmetric catalysis,” > molecular
recognition,>° optical devices,””*® battery components,>**°
and especially in selective guest capture and separation pro-
cesses, in both gases and liquids.®*® Recent research has
highlighted the potential of MOFs to enhance the efficiency
and selectivity of lithium extraction from natural sources and
to improve the recovery rates from recycled materials.®®”°

This review explores the current state of lithium extraction
from natural sources and recycling by MOFs, emphasizing the
role of MOFs in these processes. In the literature, Konstas and
coworkers have introduced the lithium extraction methods
and summarized the advances in MOF-based membranes.”®
Zhang’s group focused on the MOF membrane separation of
magnesium and lithium ions from salt lakes.”” Razmjou and
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Fig. 1 Common sources to obtain lithium.

coworkers discussed the MOF membranes for the lithium-ion
extraction.”® We delve into the design principles and extraction
capabilities of targeted MOFs with functional groups, and
discuss the detection methods in detail used for recent
advancements in this field. We aim to provide insights into
the advancements and challenges in lithium extraction and re-
cycling, thereby contributing to the development of sustain-
able and efficient methods for securing this vital resource.

2. Design principles

The design principles for lithium extraction using MOFs
involve leveraging the specialized pore properties of these
materials, particularly introducing functional groups with
selective binding abilities in the pores of MOFs for lithium
capture. For practical applications, the selective adsorption of
Li* ions over Na*, Mg>*, and Ca®" ions are critical, depending
on the factors such as binding strength, ionic radii, and
charges. Targeted functional groups such as crown ethers, sul-
fonate/sulfonyl groups, thiol groups, hydroxyl/carboxyl groups,
amino groups, and spiropyran, significantly alter the selective

The Zhou Research Group focuses on interdisciplinary research
spanning Chemistry, Biochemistry, and Materials Science and
Engineering with an emphasis on porous materials such as metal-
organic frameworks (MOFs), porous polymer networks (PPNs), and
covalent and coordination cages. By exploiting the extreme tun-
ability of MOFs, PPNs and other porous materials, the group seeks
to understand the role a material architecture and functionality
has on its chemical and physical properties and how modifying
these properties can lead to the development of MOFs and PPNs
for applications related to gas and energy storage, separations,
catalysis, enzyme immobilization and drug delivery.
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adsorption behavior in MOFs by providing binding sites
through electrostatic interactions with Li" ions. Besides, the
porosity of MOFs, characterized by large surface areas and
adjustable pore sizes, plays a key role in determining the
adsorption capacity and influences the selectivity.

Crown ethers are known for their effective cation anchoring
capabilities due to their cyclic cavities and electron-donating pro-
perties, which have been exploited for selective separation of
different cations. Inspired by protein channels in biofilms,
which conditionally regulate ion transport by controlling the dis-
tribution of charged residues, Li and colleagues introduced
benzo-12-crown-4-ether (BCE) into a classical Zn-MOF ZIF-7 to
create BCE@ZIF-7, demonstrating a notable Li*/Mg”" ion selecti-
vity based on their different binding capacities.®® Various ions
can bind with crown ethers embedded in the MOF cavity, acting
as charged guests to modulate the channel’s charge states.
Experiments demonstrated that the positively charged channel
exhibited improved Li"/Mg>" selectivity, which was attributed to
an increased difference in entry energy between Li" and Mg”* at
the sub-nanoscale level, rather than a simple electrostatic effect.
Compared to the negatively charged channel, the positively
charged channel significantly enhanced Li"/Mg>" selectivity due
to stronger electrostatic repulsion between the ions and the
channel (Fig. 2). Furthermore, theoretical calculations also indi-
cated that transporting magnesium ions through the more posi-
tively charged channel necessitates overcoming a higher entry
energy barrier than that of lithium ions.

Sulfonate and sulfonyl groups also exhibit strong binding
affinity towards lithium ions. Chen et al. incorporated poly-

Li[BCE]*@ZIF-7

Mg[BCE*@ZIF-7

AI[BCE*@ZIF-7

PR

zr7 ) BCE o Lit Mg @ AR
A4

Fig. 2 Scheme illustration for the construction of M[BCE]"*@ZIF-7 (M =
Lit, Mg?*, Al**).¢ Copyright 2023 Wiley-VCH.
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styrene sulfonate (PSS) into a classical Cu-MOF HKUST-1 at
varying concentrations, to construct PSS@HKUST-1-6.7 with
unique anchored three-dimensional sulfonate networks
(Fig. 3), displaying high ion selectivities of 78, 99, and 10296
for Li*/Na*, Li*/K", and Li*/Mg>", respectively, and real binary
ion selectivities of 35, 67, and 1815.%” This MOF possesses very
high Li" conductivity, outstanding selectivity for Li" ion over
Na, K%, and Mg>" ions, and low activation energy, which
makes it exceptionally promising for efficient extraction of
lithium ions from salt-lake brines. Liu’s team introduced PSS
into a two-dimensional Zr-MOF, where the differential affinity
of Li", Na¥, K", and Mg** ions to terminal sulfonate groups
induced Li" ion selectivity towards Na*, K", and Mg>* ions as
11.0, 16.5, and 37.8, respectively.®® They summarize that the
ion transport across the material to occur through two main
processes. First, metal cations undergo partial dehydration at
the entrance of the channel and interact with the sulfonate
groups due to their high affinity. In the second process, the
cations hop between adjacent active sites, while anions are
repelled by the negatively charged functional groups and
bypass these regions due to electrostatic repulsion. The con-
fined space interactions and the surface interactions possess a
synergistic effect for the selective extraction of lithium in this
case (Fig. 4). Li and coworkers employed a bis(sulfonyl)imide-
based ligand 4,4’-((hydrosulfonylamino)sulfonyl)dibenzoic
acid to construct a stable luminescent Zr-MOF LMOF-321.%°
LMOF-321 not only has a maximum lithium-ion uptake
capacity of 12.18 mg g™, but also demonstrates high selectivity
for lithium ions over other light metal ions, with the detection
ratios of 6.2, 14.3, and 44.9 for Li*/Na", Li*/Ca**, and Li*/Mg>",
respectively. Also, this MOF can serve as the selective sensor

—
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Highly positively
charged CHNs ™
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charged PSS

PSS =

" Cu,(CO0),

Fig. 3 Preparation of PSS@HKUST-1 membranes.®” Copyright 2016
Wiley-VCH.
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Fig. 4 Design of the PSS modified Zr-MOF for lithium-ion sieving.®®
Copyright 2024 American Chemical Society.

for lithium ions with a 6549 M~ quenching constant value.
This MOF has been employed for not only the detection but
also the extraction of lithium ions, advancing this MOF toward
more efficient harvesting procedures.

Thiol groups were also introduced into a classical Zr-MOF
Ui0-66 by Zhang and coworkers, to construct UiO-66-(SH), for
lithium extraction.”” UiO-66-(SH), demonstrates excellent
monovalent metal ion selectivity over divalent metal ions,
achieving Li*/Mg”" ion selectivity up to 10°. Experimental
characterizations and theoretical simulations revealed that
ion-sulfur interactions and ion-dehydration dynamics within
the thiolated MOF channels collectively influence the overall
energy barriers that determine ion sieving performance.
Magnesium ions in this system must overcome a higher energy
barrier than lithium ions during the transport through the
pores,
(Fig. 5).

Hydroxyl and carboxyl groups are employed to bind lithium
ions in various MOFs. Dybtsev and coworkers reported the syn-
thesis and characterization of a series of Zn,,-cluster-based
MOFs based on the dodecanuclear metallocyclic building
block with the inner rim decorated by tuneable pendants.”*

as confirmed by molecular dynamics simulations
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Fig. 5 Selective binding of Li* ions towards Mg?* ions by UiO-66-
(SH),.”® Copyright 2024 American Chemical Society.

One of these MOFs, whose unit closely resembles
a-cyclodextrin, the molecular macrocyclic cavitand character-
ized by a narrow portal surrounded by six -CH,OH groups
with a highly diverse supramolecular chemistry, features
highly size-selective adsorption of alkaline metal cations in the
order of Li* > Na® > K" > Cs", in agreement with the increase of
their ionic radii (Fig. 6). Wang and colleagues introduced
additional carboxyl groups into UiO-66, with the hetero-
geneous structure and surface chemistry to achieve biological
ion channels, which can achieve a mono/divalent ion selecti-
vity of 10°.”> At the same time, though the changes of the pH
values from 3 to 8, the ion selectivity can be tuned further by a
factor of 10 to 10*. Theoretical simulations suggest that ion-
carboxyl interactions significantly decrease the energy barrier
for monovalent cations to traverse the MOF-based sub-nano-

channel, resulting in exceptionally high ion selectivity.

m solution = MOF

Na* K* Cs*

Fig. 6 Structure of the Znj,-cluster-based MOF with its selective
adsorption capacities.”* Copyright 2019 American Chemical Society.
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Amino groups have been studied for their selective binding
with lithium ions. Choi and coworkers incorporated amino
groups into UiO-66 to construct UiO-66-(NH,),, emphasizing
the crucial role of the robustness of ion hydrates in selective
filtration properties.”® Lithium ions exhibit high permeability
due to repeated cleavage and recombination of coordination
water as they penetrate the MOF, while the hydrate formed by
magnesium ions maintain its structure within the MOF due to
the strong binding force of the coordination water. The pres-
ence of amine groups and the application of an electric field
accelerate this jumping behavior, indicating that the difference
in physicochemical behavior between Li* and Mg>" ions can be

AAO
membrane

Ui0-66-NH2 Ui0-66-NH2-PSS 2IF8
PSS B
2 . &SR
Passable *“é"! g ¥ ‘!': F >
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- S & e
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Confined cavity

‘ 2 E" Cavty

Confined cavity

UiO-66-NH2-PSS ZIF-8
Energy surge baffle

UiO-66-NH2 2IF-8
Energy surge wall

Fig. 7 Conceptual design of the asymmetrical architecture for the
combination of UiO-66-NH, and ZIF-8.”* Copyright 2022 Wiley-VCH.
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directly used to maximize the selective lithium extraction. The
energy barriers hinder ionic movements, effectively retaining
the target ion while facilitating the transport of competing
ions. Razmjou and coworkers combined UiO-66-NH, and ZIF-8
to construct MOF-on-MOF cavities.”* The resulting structure
exhibits an unprecedented ionic current rectification ratio with
exceptionally high ion selectivity for K'/Li" and Na'/Li" with
ratios of 84 and 80, respectively. With the quantum mech-
anics/molecular mechanics calculations, the synergistic effect
of spatial hindrance and nucleophilic entrapment in this MOF
induces energy barriers that contribute to the ultrahigh selecti-
vity and ion rectification (Fig. 7).

Spiropyran was also employed to be introduced into UiO-66
by Ou and coworkers for selective lithium extraction.”® The as-
synthesized MOF PSP-UiO-66 with the light-triggered function
of polyspiropyran (PSP) possesses a narrowest 6.0 A window
size, which is well suited for lithium ions. Under dark,
PSP-UiO-66 shows high LiCl adsorption capacity up to
10.17 mmol g~ " as well as great Li’/Mg>" ion selectivity of 5.8
to 29 under different Li*/Mg®" ion ratios from 1 to 10.
Interestingly, PSP-UiO-66 can be further regenerated by sun-
light based on its stimuli-triggered ligand, which provides con-
venience for the material regeneration (Fig. 8).

In conclusion, the design principles for lithium extraction
using MOFs rely on their unique pore properties and selective
binding abilities. Incorporating functional groups with N, O,
and S atoms as binding sites, such as crown ethers, sulfonate,
sulfonyl, thiol, hydroxyl, carboxyl, amino groups, and spiro-
pyran significantly enhances the selective capture of lithium
ions over other cations. These diverse strategies highlight the
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Fig. 8 Schematic illustration of the selective lithium adsorption by
PSP-UiO-66.”° Copyright 2024 National Academy of Sciences.
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potential of MOFs to achieve efficient and selective lithium
extraction, which is essential for the advancement of sustain-
able energy storage technologies.

Further, as discussed above, research on lithium extraction
by MOFs primarily focuses on the differences in ionic radius
and binding affinities with specific functional groups, which
are influenced by the pore size, shape, and functionalization
of MOFs. However, other parameters, such as redox potentials,
conductivities in solvents, diffusion coefficients, and solubili-
ties, also differ between lithium and other metal ions and
could be explored for further applications in this area.

3. Analysis methods

At the same time, the instant and efficient quantitative analysis
of the concentration of lithium and relative interfering metals is
highly crucial in various fields. In the evaluation of materials,
accurately determining lithium concentration is essential for
evaluating and optimizing the properties of the advanced
materials, where precise lithium levels directly impact the per-
formance and longevity. In the discovery of lithium sources, the
ability to swiftly and accurately measure the lithium concen-
tration is vital for tracking its presence in natural water bodies
and industrial effluents. Thus, advancements in rapid lithium
quantification techniques are indispensable for both technologi-
cal development and environmental stewardship.

Inductively coupled plasma (ICP) is a classical and powerful
analytical technique widely used in chemical analysis and
elemental determination for solutions (Fig. 9).”° By subjecting
a certain sample to a high-temperature plasma generated
within an electromagnetic field, ICP excites atoms and ions,
leading to their emission of characteristic radiation. This
emitted radiation is then measured to identify and quantify
the elements present in the sample. Known for its sensitivity,
precision, and ability to handle complex samples, ICP has

Parabolic
Collimator

Compound Lens

{(“(“§@ #

VIS Detector

Fig. 9 Schematic optical system of the ICP-OES equipment.”®

Copyright 1993 American Chemical Society.
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80-82 In

become indispensable in accurate elemental analysis.
most cases, the concentrations of lithium ions and other inter-
ferent metal ions are detected by ICP technology for its high
sensitivity and precision, especially for the ICP-optical emis-
sion spectrometry (ICP-OES)®®7°/ICP-atomic emission spec-
trometry (ICP-AES),”" while the emitted light is analysed using
an optical spectrometer allowing for the precise identification
and quantification of the elements. The high sensitivity, wide
elemental coverage, high accuracy, and fast speed character-
istics make ICP a widely-used technique for metal elemental
analysis. However, this technology generally requires the
expensive equipment and daily maintenance, interference
issues, experimental testers and careful and cautious treat-
ment with the samples. For lithium extraction by MOFs, the
crucial issues are the difficulties for the complete dilution of
the solid samples, the dilution processes, and the interfer-
ences of the widespread Na*, Mg>", and Ca*>" ions, which extre-
mely influence the property evaluation.

Energy dispersive X-Ray spectroscopy (EDX or EDS)
mapping is an efficient analytical technique used to determine
the elemental composition of solid materials. This method
leverages the interaction of X-ray with a sample to produce
characteristic X-ray emissions that are unique to each element.
By detecting and analysing these emissions, EDX mapping
provides detailed information about the elements present in
the sample and their spatial distribution. Key advantages of
EDX mapping include its high spatial resolution, the ability to
analyse a wide range of elements, and the non-destructive
nature of the analytes. Additionally, EDX mapping is generally
integrated with scanning electron microscopy (SEM) or trans-
mission electron microscopy (TEM) (Fig. 10),** providing a
multi-faceted the sample’s morphology and
composition. These characteristics make the in situ

view of
84-87

EDS

Sample 1 Detector crystal

0y I i]OA Detector window

A
BSE

Fig. 10 Schematic system of the SEM-EDS equipment and the process
of the emission of characteristic X-rays.®®> Copyright 2020 Elsevier.
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detection of the changes of the ionic concentrations on the
materials possible, which makes the evaluation of the selected
materials more direct and efficient (Fig. 11).”> The rapid and
non-destructive analysis process, wide elemental detection
range, high spatial resolution for localized element distri-
bution, facile sample preparation make EDX an attractive
method for the rapid test. However, the limited sensitivity,
overlapping peaks, surface limitation, and lower detection
limits make EDX hard for high precision quantitative analysis.
Besides, in general, EDX mapping can detect Na*, Mg**, and
Ca*" ions, but cannot detect Li* ion directly due to the limit-
ation of this technology, which greatly restricts its application .

Luminescent quantitative detection is a cutting-edge
analytical technique that leverages the emission of light from
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and (b) 1.0 M KCl + 1.0 M MgCl, mixture solution.”?> Copyright 2020
Springer Nature.
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luminescent materials to measure and quantify various
samples. This method has gained significant traction across
multiple fields due to its high sensitivity, specificity, and the
ability to provide real-time data (Fig. 12).%® The advancements
in luminescent materials, detection instrumentation, and data
analysis methods have significantly enhanced the performance
and applicability of luminescent quantitative detection for a
series of analytes, mainly including toxic, dangerous, or useful
chemicals, like cations and anions, organic solvents, volatile
organic compounds, persistent organic pollutants, explosives,
and biomarkers. As the demand for more sensitive, accurate,
and rapid detection methods continues to grow, luminescent
quantitative detection stands at the forefront, offering unparal-
leled capabilities for researchers and professionals across
diverse scientific disciplines.®™®* In lithium detection, lumi-
nescent quantitative recognition, possessing facile and instant
characteristics, serves as a great candidate towards the equip-
ment miniaturization for facile and daily detection of lithium
ions. Through the combination of MOFs, the materials can
not only achieve lithium extraction, but also reflect the lithium
concentration in solutions (Fig. 13).°® Luminescent quantitat-
ive detection is attractive for its facile and convenient sensing
equipment and rapid and sensitive response, which is highly
adaptable to high-throughput screening platforms and auto-
mated systems. Nevertheless, the selectivity and sensitivity of
luminescent quantitative recognition are generally not as well
as other technologies, and the signals may decay over time.
Besides, the absolute intensities are influenced by the external
environment including the equipment, temperature, humidity,
solvent, excitation light, and the detector, which limits its
direct usage.

Besides, the ion selectivities can also be calculated by
current-voltage (I-V) measurement. I-V measurement is a fun-
damental technique in electrical engineering and materials
science used to characterize the electrical properties of various
materials and devices (Fig. 14).”* This method involves
measuring the current that flows through a device or material
as a function of the applied voltage. By plotting the current
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Fig. 12 Simplified energy transformation processes for the luminescent
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Transition
Voltage

Fig. 14 Typical curves for electrochemical testing.®* Copyright 2011
American Chemical Society.

versus voltage, researchers can gain insights into important
parameters such as resistance, conductivity, and the presence
of any non-linear behavior like that found in diodes or other
non-ohmic devices. This technique is widely used in research
and industry for the development and testing of electronic
devices, ensuring they meet specific performance criteria and
reliability standards.’> °® For the I-V measurement with single
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salt solutions or the mixed-ion diffusions, the selectivities of
lithium compared with other metals can be calculated quanti-
tatively by the relative current changes (Fig. 15).°%77%7%
summary, I-V measurement is versatile and widely applicable
with simple setup and real-time monitoring characteristics.
While it is also highly affected by the noise sensitivity, external
factors, and safety precautions for high voltage/current
limitations.

The precise and efficient quantification of lithium concen-
trations is pivotal across various domains, including materials
science, environmental monitoring, and industrial processes.
Advanced techniques such as ICP-OES/AES, SEM-EDX
mapping, luminescent quantitative detection, and I-V
measurement are instrumental in this endeavour. These
methods offer high sensitivity, precision, and the capability to
handle complex samples, providing valuable insights into the
quantitative analysis of lithium ion and its mixtures. Through
these advanced techniques, researchers and professionals can
achieve critical objectives, such as the thorough evaluation of
advanced materials and the discovery and monitoring of
lithium sources. These advancements not only enhance our
understanding and optimization of material properties but
also support sustainable practices and technological inno-
vation in various fields. However, at the same time, these tech-
niques possess respective problems which restricts the further
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40 —0—KCI [ PET-MOF @ +1 V|

2510 NaCl 5 - I PET-MOF @ -1V

N 10 B
g v— CaCl, = -
=154 O MgCl, S
s ©
2 10 D 402
= [}
O 5] -

0+ i
54— - - - :
10 05 00 05 1.0 K'Mg?*  Na‘/Mg®*  Li‘/Mg*
Voltage (V)
60+ —0—K* —o0— K*/Mg?*
o Na* 3 |—O— Na*/Mg?*
—~ 50 ) 10 a2
%) —A— Lit —A— Li* /Mg
= 40 Mg**
8 2
§ 30 =102
S ©
3 o
- 3
O 10 1
” e 10" 4
o] e=—=—F A
T T T T ! 1) : X
109 102 10" 10° 10° 102 10" 10°

Concentration (M) Concentration (M)

—o—K'/Mg?* — &
O Na'/Mg?* —5
3 |—O—Li'Mg?* = —A
10 -
>
>
Z10°
2
[
(2]
10"
10° T
2 3 4 5 6 7 8

Fig. 15 lon transport, conductance, and selectivity performance of
UiO-66-(SH), calculated by /-V measurement.”® Copyright 2024
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development of the lithium extraction. More facile, precise,
and efficient technologies are highly required for the future
researches.

Based on the above, lithium extraction using MOFs presents
exciting potential, fuelled by advancements in diverse pore struc-
tures and functional groups. Modern MOFs, featuring tailored
porosity, high selectivity, and structural adaptability, are being
designed to efficiently capture lithium ions from low-concen-
tration sources like seawater and brine. Innovations in material
synthesis are producing MOFs with improved stability and ion-
exchange capabilities, crucial for effective lithium separation.
This is paving the way for the discovery of new, highly selective
binding interactions for lithium ions. Simultaneously, advanced
testing technologies—such as in situ characterization tools and
machine learning analysis—are empowering researchers to
examine and optimize these MOFs with unprecedented scale
and precision. These tools facilitate detailed monitoring of ion
diffusion, binding interactions, and structural dynamics within
MOFs during lithium extraction, accelerating the development
of efficient and commercially viable MOF-based processes.
Additionally, with advances in ionic detection, more robust and
user-friendly detection methods are likely to emerge, streamlin-
ing quantitative analyses of metal ions and accelerating the
selection and evaluation of novel materials.

4. Conclusions

MOFs offer significant potential in revolutionizing lithium
extraction processes. Their high surface area, various pore struc-
tures, and chemical selectivity make them promising candidates
for efficient lithium-ion extraction from natural sources or outlet
water. These properties enable MOFs to selectively capture
lithium ions from complex mixtures, enhancing the efficiency
and purity of the extracted lithium. At the same time, based on
the various chemical components and analysis technologies, the
capacities of these materials can be well determined.

However, lithium extraction using MOFs still presents
several key challenges that require further research.

For the construction of MOFs, the major hurdle is the scal-
ability of MOF production. While MOFs have demonstrated
great promise in laboratory settings, scaling up their pro-
duction for large-scale lithium extraction remains a significant
challenge. Developing cost-effective and sustainable methods
for synthesizing target ligands and corresponding MOFs at an
industrial scale is essential for widespread adoption. Another
critical issue is the stability of MOFs under operational con-
ditions. To be effective in real-world applications, MOFs must
maintain their structural integrity and performance over
extended periods and under diverse environmental conditions
typically encountered in industrial processes. Enhancing the
stability and durability of MOFs will be crucial to ensuring
their long-term viability. Cost-effectiveness is also a central
concern. The economic feasibility of using MOFs for lithium
extraction is dependent on the cost of raw materials, synthesis
processes, and overall operational expenses. To make MOFs a

This journal is © the Partner Organisations 2024
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viable option for large-scale lithium recovery, it is crucial to
develop more affordable synthesis routes and improve the
cost-efficiency of the entire extraction process.

On the extraction front, one of the foremost challenges is the
selective capture of lithium ions from complex mixtures.
Competing ions such as sodium, magnesium, and calcium are
often present in much higher concentrations, and various
chemicals in real-world environments may influence the extrac-
tion process. These real-world conditions introduce a level of
complexity not encountered in controlled laboratory settings.
Fine-tuning MOF structures to achieve high selectivity and
affinity for lithium over these competing ions is a difficult task
that requires advanced materials design. Additionally, signifi-
cant differences may arise between lab-scale experiments and
real-world, large-scale extraction processes, adding another layer
of complexity. Overcoming these challenges will require continu-
ous innovation in MOF design, improved manufacturing tech-
niques, and a more sustainable approach to lithium recovery.

Based on the challenges above, the future researches for
lithium extraction using MOFs holds significant promise, yet
there are several key areas that require further exploration to
unlock the full potential of this technology. Advancements in
MOF design and synthesis, particularly in terms of pore size
tuning and functionalization, could improve lithium-ion selecti-
vity and enhance overall extraction efficiency. Additionally, scaling
up MOF-based systems from laboratory to industrial levels also
requires further research into the durability, regeneration, and
cost-effectiveness of MOFs in real-world applications.
Environmental considerations, such as reducing the energy con-
sumption and environmental impact of lithium extraction pro-
cesses, must also be addressed. Integrating MOF technologies
with other extraction methods or renewable energy sources could
further enhance their sustainability and practicality for large-scale
lithium recovery, making them a vital tool in supporting the
global shift towards electric vehicles and renewable energy storage
systems. Besides, other differences in parameters between lithium
and other metal ions may be considered for the future design in
this area.

Further in the future, by addressing these challenges, research-
ers could unlock the full potential of MOFs for lithium extraction,
paving the way for more sustainable and efficient lithium recovery
methods. Overall, while MOFs present a promising avenue for
sustainable lithium extraction, further advancements are essential
to harness their full potential and facilitate their integration into
commercial lithium production systems. By overcoming the chal-
lenges of scalability, stability, and cost-effectiveness, MOFs can
play a pivotal role in meeting the growing demand for lithium in
various high-tech applications, including batteries for electric
vehicles and renewable energy storage systems.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
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