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The escalating demand for lithium in electrochemical energy advice has stimulated growing focus on extracting
Li from alternative sources such as brines. Lithium ion-sieves (LISs), comprising manganese-based and titanium-
based LISs, emerging as a promising Li recovery technique, attributed to their exceptional capacity for lithium
uptake, selectivity, and recyclability. However, practical implementation faces two critical challenges: the po-
tential dissolution of specific ions (e.g., Mn®* and Ti*") and the severe particle aggregation during synthesis. In
addition, coexisting ions like Mg2+ hinder the selective adsorption of Li* due to their similar chemical properties.
To meet these challenges, heteroatom doping is supposed to enhance the performance of LISs and diverse het-
eroatom doped LISs have been developed recently. Herein, this comprehensive review begins by delving into the
fundamental aspects of LISs, including the LIS effect and types of LISs. Subsequently, adsorption behavior and
practical application of modified LISs were discussed. Finally, prospects and research directions to solidify the
role of LISs in pioneering environmentally friendly and economically viable lithium recovery methods are

outlined.

1. Introduction

Lithium, as the lightest alkali metal, exhibits a compelling array of
chemical properties, including remarkable electrochemical activity and
a high redox potential value. These unique attributes render it indis-
pensable in numerous industries, spanning from the pivotal role it plays
in the fabrication of lithium and lithium-ion batteries (LIBs) to its con-
tributions in ceramic glass, nuclear fusion, pharmaceuticals, adhesives,
lubricant grease, cement, and electrode welding (European Commission,
2023; U.S. Geological Survey, 2023). Given the current revolution in
electric automobiles and electronic products, the demand for LIBs has
reached unprecedented levels. In anticipation of an ever-growing mar-
ket share for lightweight LIB-powered light vehicles and hybrid vehicles,
securing a reliable supply of lithium through efficient extraction
methods has become a matter of utmost importance to fulfill the strong
and escalating market demand (Zeng et al., 2019).

There are two primary classifications for lithium resources: one
comprises solid sources such as mineral ores (spodumene, petalite,
lepidolite, amblygonite, zabuyelite, zinnwaldite, and eucryptite) (Kar-
rech et al., 2020), and recycled LIBs (Zhang et al., 2023a; Yang et al.,
2023), while the other encompasses liquid sources like salt-lake brine
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(Zhang et al., 2023b; Foo et al., 2023), geothermal brine (Mends and
Chu, 2023; Kolbel et al., 2023), seawater (Aljarrah et al., 2023), and
lithium electrolytes (Xu et al., 2023). Currently, commercial lithium
production primarily relies on continental brines, which represent the
most substantial resource accounting for 59% of global production
(Swain, 2017). Consequently, there has been a growing trend towards
extracting lithium from brines due to their greater availability. How-
ever, the recovery of lithium from brines continues to be a significant of
interest and challenge. The coexistence of low Li* concentrations with
high levels of interfering ions (e.g., Mg?*, Ca?*, Na*, and K*) poses a
considerable hindrance to achieving efficient and environmentally
friendly lithium extraction processes, especially for Mg?* (Ji et al.,
2018), which possesses the similar ionic hydration radius and chemical
characteristics to Li*, seriously affecting the separation efficiency
(Zhang et al., 2024; Wang et al., 2024).

To date, various methods have been employed to extract lithium
from brines, including evaporitic technology (Vera et al., 2023),
chemical precipitation (Zhang et al., 2023c), solvent extraction (Li et al.,
2023), and adsorption (Reich et al., 2023). Among them, the adsorption
method stands out due to its cost-effectiveness, wide adaptability, and
straightforward implementation. Lithium ion-sieves (LISs) represent a

E-mail addresses: Zhijie.Chenl@unsw.edu.au (Z. Chen), bingjieni@gmail.com (B.-J. Ni).

https://doi.org/10.1016/j.horiz.2024.100093

Received 26 November 2023; Received in revised form 21 January 2024; Accepted 23 January 2024

Available online 19 February 2024

2772-7378/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Southern University of Science and Technology. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Zhijie.Chen1@unsw.edu.au
mailto:bingjieni@gmail.com
www.sciencedirect.com/science/journal/27727378
https://www.elsevier.com/locate/horiz
https://doi.org/10.1016/j.horiz.2024.100093
https://doi.org/10.1016/j.horiz.2024.100093
https://doi.org/10.1016/j.horiz.2024.100093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.horiz.2024.100093&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Q. Chen et al.

specialized category of lithium-selective adsorbents, characterized by
distinctive chemical structures that enable the effective separation of Li*
from brines (Wang et al., 2024; Meng et al., 2024). Over the past few
decades, LISs technology has emerged as a leading methodology for
lithium recovery from aqueous environments (Long et al., 2024). This
approach provides an innovative and efficient way to extract lithium
from complex solutions containing a multitude of coexisting ions such as
Na®, Mg?*, K*, and Ca?*. The intrinsic lithium selectivity of LISs fa-
cilitates the production of high-purity lithium products with ease,
rendering the technology particularly efficacious in lithium separation.
This attributes a distinct advantage to LISs over other available tech-
nologies, underscoring its superiority in terms of efficiency and effec-
tiveness in lithium extraction.

The constituents of LISs can be principally divided into two cate-
gories: lithium manganese oxides (LMO) and lithium titanium oxides
(LTO) (Orooji et al., 2022). LMO is noted for its outstanding lithium
affinity, superior adsorption capacity, and excellent regeneration per-
formance, making it a promising candidate for lithium extraction.
However, its inherent spinel structure is susceptible to manganese
dissolution (Ryu et al., 2019; Noerochim et al., 2015), potentially
diminishing its adsorption efficiency and leading to environmental risks.
Conversely, LTO demonstrates exceptional structural stability, attrib-
uted to its high titanium-oxygen bond energy which effectively sup-
presses titanium dissolution. However, the adsorption performance of
LTO is affected by particle aggregation during high temperature syn-
thesis and its utility in lithium recovery from brines is significantly
compromised when an electrical potential is applied (Zhang et al., 2014;
Wei et al., 2020). These identified limitations represent critical chal-
lenges that must be addressed to enhance the performance and com-
mercial viability of these materials in lithium extraction applications.
Further research is anticipated to focus on mitigating these issues,
paving the wat for broader commercial implementation.

Heteroatom doping provides several advantages to LISs. First and
foremost, doping can enhance the stability and durability of materials,
making it less vulnerable to degradation or damage (Qian et al., 2020a;
Qian et al., 2021a; Xu et al., 2016). This feature is particularly crucial for
practical applications that require the material to withstand harsh
conditions. Secondly, doping can enhance the adsorption performance
of LISs, allowing for more efficient and effective extraction of lithium
from brines (Han et al., 2022). Thirdly, doping can also improve the
selectivity of LISs, enabling more targeted extraction of lithium without
interfering with other ions in the brine (Wang et al., 2018a). Doping
technologies typically employed for LISs are classified into three cate-
gories: cation doping (Bao et al., 2022; Wang et al., 2022), anion doping
(Qian et al., 2020b; Zhang et al., 2021), and co-doping (Han et al., 2022;
Zhang et al., 2022). These strategies involve the partial substitution of
metallic ions such as Lit, Mn®*, and Ti*" in the LISs structure with other
cationic ions of differing valence, or the replacement of O?~ ions with
other anions. The performance and structural stability of doped LISs
derivatives surpass those of undoped LISs, making them suitable for
wider application in various water resources. To date, no comprehensive
review has addressed the role of heteroatom doping technology in
enhancing the adsorption performance of LISs or elucidated the rela-
tionship between the structure and adsorption performance of doped
LISs.

In this review, we offer a thorough examination of the recent ad-
vancements in heteroatom doped LISs for Li* recovery from brines.
Initially, we delve into the fundamentals of LISs, discussing the LISs
effect and types of LISs. We subsequently outline the heteroatom doped
LMO and LTO, placing particular emphasis on the structure-
performance correlation of heteroatom doped LISs. The discussion
then extends to adsorption behaviors and practical applications. Finally,
we identify present challenges and forecast prospects, aiming to steer
the creation of the next generation of high-performance adsorbents.
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2. Fundamentals of LISs
2.1. LISs effect

The constituents of LISs can be principally divided into two cate-
gories: LMO and LTO. Following the ion exchange between Li and H
(LMO and LTO are generally immersed in an acid solution like HCI to
finish the ion exchange process), they transform into HMO and HTO,
respectively. The ion sieve oxides, resulting from precursors incorpo-
rating the targeted metal ions, exhibit a unique affinity for those specific
metal ions, primarily due to their ion screening capabilities. It is critical
to highlight that the crystal structures of the precursor maintain relative
stable since the vacant crystal sites can still be preserved following the
extraction of the targeted metal ions. As such, the newly generated va-
cancies in the crystal can accommodate ions possessing ionic radii either
equivalent to or smaller than those of the intended ions. In the context of
LISs, Li* ion is the targeted ion and is initially extracted from the spinel
structure, creating empty crystal sites that only allow Li* ions to reoc-
cupy. This specificity arises because other coexisting ions possess larger
ionic radii, inhibiting their ability to occupy the vacant sites. Fig. 1 il-
lustrates the precise steps of the LISs effect: Initially, the hydrogen-filled
state LISs [LIS(H)] is formed through the Li-H ion exchange when [LIS
(Li)] is submerged in an acidic solution. Subsequently, lithium ions from
the aqueous solution can preferentially occupy the created vacancies,
whereas other coexisting ions such as Nat, K, Ca?*, and Mg?* face
resistance due to steric effects. Finally, after selective lithium adsorp-
tion, [LIS(H)] is transformed into [LIS(Li)], completing the process
known as the LISs effect (Xu et al., 2016; Weng et al., 2020).

2.2. LMO

LMO is a type of LISs characterized by a spinel structure (Fig. 2).
Within this structure, Li, Mn, and O are respectively located at tetra-
hedral sites (8a), octahedral sites (16d), and face-centered cubic sites
(32e). It has been documented that the spinel structure comprises 32
octahedral gaps (16d), with approximately half of the crystal sites
occupied by 32 oxygen atoms and 16 Mn atoms. The remaining crystal
sites (16c¢) are unoccupied, thereby facilitating the migration of lithium
ions situated at 1/8th of the 64 tetrahedral sites (8a) through the 8a-16c-
8a route (Zhang et al., 2014; Wei et al., 2020; Qian et al., 2020a; Qian
et al., 2021a; Xu et al., 2016).

The adsorption mechanism of LMO toward Li* can be categorized
into three principal forms: oxidation-reduction, ion exchange, and a
combined mechanism. The corresponding equations are represented as
follows (Xu et al., 2016):

2(Li* )M’ Mn** Oy + 4H" > 1.5(m) [Mn3*| Oy + 2Li" + Mn®>* +2H,0 (1)
() [Mn3*] 04 + Li* + OH™ —(Li") [Mn** Mn**] 04 + 0.5H,0 + 0.250, (2)

(Li*) [Mn* Mn*"] Oy + H" —(H) [Mn**Mn**] O, + Li* 3)

Egs.(1) and (2) are attributable to the oxidation-reduction mecha-
nism, while Eq.(3) is ascribed to ion exchange. A combined reaction
mechanism suggests that both oxidation-reduction and ion exchange
processes occur concurrently. Within these equations, the symbols (), [1,
and m denote the 8a tetrahedral site, 16d octahedral site, and vacancy,
respectively. Fig. 3 provides insights into the reactions involved in
lithium extraction and insertion in spinel manganese oxides.

Based on Egs.(1) and (2), it is observable that superficial Mn®* un-
dergoes conversion to Mn** and Mn?* during the Li-H exchange process.
The Mn** remains stable within the spinel structure, forming A-MnOo,
whereas Mn2* tends to dissolve in the acid solution (HCI is generally
used to finish the Li-H exchange process). The generation of Mn?" in an
aqueous solution can significantly deteriorate the spinel structure,
consequently impacting its recyclability and adsorption capacity. Given



Q. Chen et al.

Sustainable Horizons 9 (2024) 100093

Fig. 1. Schematic representation of LISs process (The silver circle represents the Li" and the green circle represents the H") Xu et al., 2016.

&

Fig. 2. Crystal structure of spinel LiMn,O4 (The red circle represents the oxy-
gen, the green circle represents the lithium, and the blue octahedron represents
the manganese) (Xiao et al., 2018).

these challenges, numerous variants of LMO-based LISs with superior
adsorption capacities and stability have been developed. These include
A-MnOg, MnO,-0-3H50, and MnO,-0-5H,0, derived from the precursors
of LiMI’l204, Li1.33Ml'11,6704 (Li4Ml‘15012), and Lil,ﬁMn1,604 (Lile’les),
respectively. Li; gMn; 604 and LisMnsO;2 have garnered significant
attention, as the tetravalent Mn valence in both spinel structures effec-
tively hinders the disproportionation reaction of trivalent Mn, thus

enhancing stability and adsorption capacity (Han et al., 2022; Wang
et al., 2018). Empirical evidence (Table 1, the detailed calculation
methods were described by Zhang et al. (2022). suggests that the
theoretical adsorption capacity of various adsorbents correlates with the
Li/Mn molar ratio, indicating that MnO,-0-5H50 is the LISs with the
highest theoretical adsorption capacity among the three types of LMO.
Nevertheless, in practical applications, the adsorption capacity often
falls short of the theoretical prediction, and the dissolution phenomenon
remains inevitable.

2.3. LTO

LTO based LISs are primarily composed of LizTiO3 and Li4TisO12.
The former exhibits a layered structure (Fig. 4a), while the latter is
characterized by a spinel structure (Fig. 4b). The adsorption mechanism
of LisTisO1, bears resemblance to that of LMO, as both conform to a
spinel structure. Despite the limited accessibility of LTO-type LISs, there
exists substantial potential to cultivate these environmentally friendly
lithium adsorbents for industrial applications. LTO possesses notable
advantages, including posing no risk to water quality and, importantly,
exhibiting superior structural stability compared to LMO, which benefits
long-term operation.

H,TiOs, characterized by a layered structure, originates from layered
Li;TiO3 precursors. The crystal structure of this precursor can be accu-
rately represented as Li[Li; /3Tiz/3]O2. Evidence suggests the existence of
two types of layers in the Li;TiO3 structure. The first layer, referred to as
the Li layer, is solely constituted by lithium atoms, accounting for 75%
of the total atomic composition. In contrast, the second layer (the LiTiy
layer) primarily comprises 1/3 lithium atoms and 2/3 titanium atoms,
with the lithium atoms in this layer constituting the remaining 25% of
the total atomic composition (Xu et al., 2016).

It is important to highlight that following acid pickling (HCI is the
predominant acid used for LTO acid pickling process), the lithium atoms
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Fig. 3. Lithium (a) extraction and (b) insertion reactions in spinel manganese oxides (Liu et al., 2019).

Table 1
Adsorption capacity of different types of LMO.
Precursors Ion sieve Adsorption capacity, Ref
—1
mg-g
LiMn,04 A-MnO, 39.7 (Zhang et al.,
Li; 33Mnj 6704 MnO,-0-3H,0 58.8 2022)

Li; 6Mn; 604 MnO,:0-5H,0  72.3

in both the Li layer and LiTi; layer can be entirely replaced by protons to
form the H layer and HTi, layer, respectively. However, only the protons
in the H layer can engage in further exchange with Li atoms in an
aqueous solution to form a Li layer. In contrast, the protons in the HTiy
layer maintain their structure without any alterations and do not
participate in the subsequent exchange process. The lower adsorption
capacity of HyTiO3, compared to its theoretical value, is primarily due to
the inactive nature of the HTi; layers. The adsorption mechanism can be
described by the following equations:

Li Li%Ti% 0,+H"—-H |:Li%Ti%:| 0, + Li* 4)
N . : 1o,
Li LZ%TZ% 0, + EH —H H%Tl% 0, + §Ll (5)
Li H%Ti% 0, + xLi*—H,_,Li, l:H%Ti%:| 0, +xH" (6)
a

The selective adsorption of lithium over other coexisting ions is a
result of the unique ability of lithium ions in an aqueous solution to
selectively navigate through layered gaps and occupy exchange sites
compared to competing ions such as K*, Na*, Ca®*, and Mg?". This
selectivity arises from the fact that ions such as K" (0.138 nm), Na™
(0.102 nm), and Ca®* (0.100 nm) have larger ionic radii than Li* (0.074
nm) and thus are unable to traverse the narrow channels. Although
Mg2+ (0.072 nm) has a similar ionic radius to Li™, the four-fold increase
in free energy of hydration for Mg, compared to Li, significantly inhibits
its dehydration, thereby restricting its ability to access the exchange
sites.

Contrary to the generally accepted adsorption mechanism discussed
earlier, a novel perspective was proposed by Marthi et al. (2021) (Fig. 5).
They suggested that lithium adsorption involves two distinct types of
O—H groups: isolated O—H groups and hydrogen-bonded O—H groups.
In this process, surface O—H bonds are disrupted, leading to the for-
mation of Li-O bonds. Notably, the isolated O—H groups, which derive
from the HTi, layers, are anticipated to react more vigorously than the
hydrogen-bonded O—H groups. This highlights the participatory role of
the HTi, layers in lithium adsorption. Moreover, the exposure of HTiy
layers could be enhanced through various methods, such as modifying
the synthesis pathways or introducing dopants (Wang et al., 2016).

There are three types of LizTiO3 including a-LisTiOs, p-LizTiOs, and
v-LioTiOs. At synthetic temperatures below 300 °C, the metastable cubic
a-LioTiO3 phase predominates. This form transitions to the monoclinic
B-LioTiO3 phase as the temperature rises. When heated to 1155 °C or

© Titanium
@ Lithium
@ Oxygen

16d site  8a site

Fig. 4. Crystal structure of (a) Li>TiO3; and (b) LisTisO;5 (Yellow tetrahedra represent lithium, and green octahedra represent disordered lithium and titanium) (Sun

et al., 2015; Marthi et al., 2021).
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Fig. 5. Proposed lithium adsorption mechanism model based on bond breakage and bond formation (Marthi et al., 2021).

above, the majority form becomes y- LioTiOs. It has been observed that
Li-H exchange efficiency is closely tied to the structure of the material.
Specifically, monoclinic B-LizTiOs, synthesized under 700 °C, exhibits a
superior exchange rate of lithium and protons compared to cubic
v-LioTiOs. This suggests that the p-LiTiOs structure has a greater
number of generated vacant crystal sites available for lithium attach-
ment (Zhou et al., 2017; Kang et al., 2022; Monchak et al., 2016).

3. Advanced heteroatom doped LISs for Li™ adsorption

The synthesis of LISs is predominantly carried out through two main
methods: solid-state reactions and hydrothermal reactions. The choice
of method often depends on the specific material being synthesized. For
LMO, hydrothermal reactions are commonly preferred, whereas for
LTO, solid-state reactions are more frequently employed.

The conventional solid-state reaction method is known for its
simplicity and ease of execution. However, this technique can result in
non-uniform contact and incomplete reactions among the raw materials.
Such issues often lead to the production of powders with large and un-
evenly distributed particle sizes. Additionally, solid-state reactions are
generally time-consuming and energy intensive.

In the case of LMO, a significant concern is the dissolution of Mn®*
ions. This challenge impacts not only the recyclability and adsorption
efficiency of the material but also raises environmental concerns due to
the potential release of Mn>* ions into aquatic ecosystems. Therefore,
addressing these issues is crucial to improving the effectiveness, envi-
ronmental compatibility, and overall sustainability of LIS adsorbents. In
the subsequent sections, the focus will be on a detailed examination and
discussion of doping-modified advanced LMO and LTO adsorbents,
specifically designed for Li" adsorption. This comprehensive analysis
will encompass various aspects of the doped LMO and LTO materials,
including their structural modifications through doping and the resul-
tant effects on their Li™ adsorption capabilities.

3.1. Doping-modified advanced LMO for Li* adsorption

In the realm of heteroatom doping for modified LMO, the elements
replaced by doped ions of varying valences differ, leading to distinct

underlying mechanisms. For doping with monovalent and multivalent
cations, the lithium and manganese elements in the LMO structure are
the primary targets for substitution. Conversely, for anion doping, ox-
ygen is the predominant element substituted. The aim of doping modi-
fication is to bolster the structural stability and enhance the adsorption
performance of LMO. To this end, the incorporated ions should
contribute positively to the stability of the structure.

There are essentially two strategies to enhance the stability of LMO.
The first involves introducing ions that foster more durable and robust
chemical bonds. This reinforcement enables the spinel structure to
retain a degree of stability during the acidic exchange process and the
high salinity adsorption process, thereby diminishing the dissolution
rate of Mn>* ions. The second strategy revolves around modifying the
overall valence state of the LMO by introducing ions, which reduces the
proportion of Mn®" ions within the structure. This modification miti-
gates the disproportionation reactions that can occur during the
adsorption process.

In this context, researchers have explored the doping of LiMn204 and
Li; Mn; 604 substrates. The aim is to replace specific elements in the
spinel structure with ions of different valences to enhance the perfor-
mance of LMO. The primary monovalent elements used for doping
include sodium (Na') (Qian et al., 2021a) and potassium (K*) (Qian
et al.,, 2020a), while multivalent elements encompass magnesium
(Mg?") (Bao et al., 2022), gallium (Ga®") (Ju et al., 2022), zirconium
(Zr**) (Wang et al., 2022), aluminum (AI1*") (Qian et al., 2021b; Chen
et al., 2018; Zhang et al., 2019), iron (FeH) (Gao et al., 2021), and
chromium (Cr®") (Cao et al., 2019). The effect of multivalent element
doping largely hinges on the ionic radius differential between the dopant
and the manganese ion. A larger ionic radius can lead to crystal
expansion, which increases pore size and thereby facilitates the
adsorption process. Conversely, a smaller radius can result in crystal
contraction, increasing the specific surface area and providing more
active sites for lithium adsorption. The details for each type of doping
technologies on LMO will be given on the following sections.

3.1.1. Cations doping
Qian et al. (2020a; 2021a) successfully doped monovalent metal ions
K" and Na™ into Li; §Mnj ¢O4’s spinel structure without causing lattice
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distortion or creating impurity phases, maintaining the material’s
morphology. In this structure, Na™ and K" mainly replace Li* at the 16d
sites, either on the surface or in the bulk. Na™ is more likely to replace
surface Li" due to lower formation energy, while K* prefers bulk
replacement. The enhancement of the stability of the spinel structure is
mainly ascribed to the fact that:

(1) the replacement of Li at the 16d sites by Na or K has a negligible
influence on the ion exchange effect between Li and H but can
largely improve the stability of the spinel structure owing to the
stronger Na-O and K-O bonds compared to that of Li-O bonds
(Qian et al., 2020a; 2021a).

the charge density of the 16d sites is gradually reduced with the
Na and K doping, which is favorable to increasing the average
valence state of Mn, thereby minimizing the disproportionated
reaction of Mn>+ (Jahn-Teller effect) (Qian et al., 2020a; 2021a).

(2

—

K-doped Li; ¢Mn; 604 shows an adsorption capacity of 26.0 mg g’l,
close to the undoped capacity (25.9 mg g~') and reduces Mn ion
dissolution from 5.4% to 4.0% (Table 2). Na-doped Li; gMn; 604 ach-
ieves a slightly higher adsorption capacity of 33.9 mg g~* (0.4 mg g~*
higher than the undoped variant) and lowers Mn dissolution from 5% to
4.4%. After six cycles, K-doped Lij ¢Mnj 04 retains 90.8% of its
adsorption capacity, outperforming Na-doped Li; ¢Mn; 04 with 87%
(Table 2).

Doping multivalent ions like Mg2+, Gag+, Zr4+, Fe3+, Al3+, and Cr>t
in LMO primarily replaces Mn>" ions, impacting the material differently
than monovalent ion doping. Mg?" (0.72 &), Ga®" (0.76 A), and Zr*+
(0.79 A) cations are the ones with radii slightly larger than Mn>* (0.66
A), the doped LMO are supposed to retain its original spinel structure,
but with an expanded lattice constant and improved average valence of
Mn (Bao et al., 2022; Wang et al., 2022; Ju et al., 2022). APt (0.57 /o\),
Fe3* (0.55 &), and Cr®* (0.62 A) cations are the ones with radii slightly
smaller than Mn>*, the doping of such kind of cations can cause the
crystal shrinkage and increase the specific surface area. Moreover, the
partially replacement of Mn®* by doped ions can create new bonds
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(Al-O, Fe-O, and Cr-O bonds) with stronger bond energy (Zhang et al.,
2019; Gao et al., 2021; Cao et al., 2019).

In the case of MgZ™ (Bao et al., 2022), Ga>*(Ju et al., 2022) and Zr**
(Wang et al., 2022) doped LMO, the average valence of Mn showed
separate increments from 3.58 to 3.72, 3.36 to 3.45, and 3.94 to 3.98.
This increase in valence can mitigate the disproportionation reaction of
Mn®*, thus contributing to enhanced structural stability. However, Zr*+
doping may lead to the formation of a dense ZrO, layer above the LMO
surface rather than lattice substitution. Following Mg?* doping (Bao
et al., 2022), the adsorption capacity witnessed a slight rise from 33.2
mg ¢! to 35.6 mg g, maintaining 60% of its initial performance after
10 cycles . Correspondingly, the dissolution rate of Mn decreased from
3.23% to 0.55% (Table 2). On the other hand, for Ga®t (Ju et al., 2022)
and Zr*t (Wang et al., 2022) doping, the adsorption capacity remained
relatively lower, measuring 25.3 mg g~ ' (undoped: 24.48 mg g~ 1) and
25.96 mg g ' (28.88 mg g 1), respectively. Ga>* doped LMO sustained
68.25% of its original performance after 8 cycles, while Zr*" doped LMO
continued to exhibit stable performance even after 15 cycles (sustained
92.18% of its original performance), with the Mn dissolution rate
reduced from 0.349% to 0.293% (Table 2). The difference in adsorption
capacity is closely related to factors such as the type of precursors,
synthesis method, initial concentration of the adsorption solution, and
pH conditions.

In the context of AI** (Qian et al., 2021b; Chen et al., 2018; Zhang
etal., 2019), Fe>* (Gao et al., 2021), and Cr>* (Cao et al., 2019) doping,
the enhancement of structural integrity can be attributed to the eleva-
tion of the average valence of Mn>" and the introduction of stronger
chemical bonds (Al-O, Fe-O, Cr-O) due to the partial substitution of
Mn3*. For instance, researchers such as Zhang et al. (2019) and Chen
et al. (2018) separately incorporated Al into the spinel structure of LMO
using Li; ¢Mn; 604 and LiMnyO4 as precursors. This led to an increase in
the average valence of Mn from 3.58 to 3.65 and from 3.533 to 3.723,
respectively. With Fe>* doping (Gao et al., 2021), the valence value rose
from 3.41 to 3.61. In the case of Al doping within the Li; gMnj O4
structure (Zhang et al., 2019), the adsorption capacity elevated from
27.6 mg g~ ! to 32.6 mg g}, retaining 82.2% of its initial performance

Table 2
Adsorption performance of different types of doped LMO.
Doped LMO Dopant Solution AC, mg Metals dissolution Acid Recyclability Ref.
Element precursors valence g“‘ rate,% pickling
K Li; eMn; 604 +1 0.5 g L' LiCl, 26.0 4.0 0.6 mol L.~} 6 cycles, 90.8% (Qian et al.,
pH=12 HCl 2020a)
Na Li; 6Mn; 604 +1 1.0 g L' Licl, 33.9 4.4 0.6 mol L™! 6 cycles, 87% (Qian et al.,
pH=12 HCI 2021a)
Mg Liy 6Mn; 604 +2 0.4 g L' LiCl, 35.6 3.23 0.5 mol L.7! 10 cycles, 60% (Bao et al.,
pH=12 HCl 2022)
Ga LiMn,0,4 +3 0.05 g L' LiCl, 25.3 4.65 0.1 mol L ! 8 cycles, 68.25% (Ju et al.,
pH=9 HCl 2022)
Zr Li; éMn; 604 +4 Qinghai Kunty salt 25.96 0.349 0.1 mol ! 15 cycles, 92.18% (Wang et al.,
lake brine HCl 2022)
Al LiMny04 +3 0.05¢g L~ LiOH, 27.66 3.71 0.1 mol 7! 5 cycles, 74% (Chen et al.,
pH=8-9 HCl 2018)
Al Li; ¢Mn; 04 +3 1.0 g L7 Licl, 40.9 2.1 0.6 mol ! 6 cycles, 94% (Qian et al.,
pH=12 HCl 2021b)
Al Li; 6Mn; 604 +3 2.1 g L' LiOH, 32.6 1.92 0.5 mol L.7! 4 cycles, 82.2% (Zhang et al.,
pH=12 HCl 2019)
Fe LiMn,04 +3 0.05¢g L7l Licl, 34.8 0.51% 1 mol L7} 5 cycles, 70% (Gao et al.,
pH=12 HCl 2021)
Cr Li; eMn; 604 +3 salt lake brine 31.67 2.1 0.5 mol L! 20 cycles, 21.7% (Cao et al.,
HCl 2019)
F, S Li; Mn; 04 -1,-2 05¢g L7 Licl, F:334S: F:5.48S:6.6 0.6 mol ™! 6 cycles, F: 86.52%, S: (Qian et al.,
pH=12 27.9 HCl 85.66% 2020b)
F Li; 6Mn; 04 -1 0.35 g L7}, pH=12 32.84 1.58 0.5 mol L! 5 cycles, 91.29% (Zhang et al.,
HCl 2021)
Al-F Li; eMn; 604 +3,-1 0.35 gL}, pH=12 33.7 1.8 0.5 mol ™! 5 cycles, 92.13% (Zhang et al.,
HCl 2022)
Al-Fe Li; 6Mn; 604 +3, +3 0.1 gL}, pH=10.5 45.31 3 0.3 mol L! 5 cycles, 95% (Han et al.,
HCl 2022)

Note: AC, adsorption capacity, mg/g means mg Li*/ g active material.
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and a Mn dissolution rate of 1.92% after 4 cycles (Table 2). Similarly, Al
doped LiMny0, exhibited an adsorption capacity of 27.66 mg g~!
(undoped: 32.4 mg g~1), maintaining 74% of its original performance,
with a Mn dissolution rate of 3.71% after 5 cycles (Table 2). For Fe3*
(Gao et al., 2021) and Cr®* (Cao et al., 2019) doped LMO, the adsorption
capacities measured 34.8 mg g~ (undoped: 38.6 mg g~ !) and 31.67 mg
g ! (undoped: 30.8 mg g1), respectively. Following 5 and 20 cycles,
they retained 70% and 81.7% of their initial performance, respectively.
Notably, Fe>* doping led to a reduction in the Mn dissolution rate from
2.48% to 0.51%, while the Mn dissolution rate for Cr>* doped LMO
stood at 2.1% (Table 2).

In the case of AI%* doped Li; gMn; 604 synthesized by Qian et al.
(2021b), it was revealed that, apart from lattice substitution, the doped
Al primarily localized in the surface layer and did not permeate the
crystal lattice’s bulk. The surface exhibited a lower formation energy
than the bulk, reaching its minimum at the 16d sites on the surface (0.67
eV), confirming the presence of Al doping at the surface layer (Fig. 6a-d).
Moreover, the Mn atoms in proximity to the Al atoms experienced a
greater charge loss compared to those farther from the Al atoms, indi-
cating an elevation in the average valence of Mn due to Al doping
(Fig. 6e-f). This enhancement contributed to an improved resistance
against dissolution. Notably, the adsorption capacity escalated from
33.4 mg g~ to 40.9 mg g}, and even after 6 cycles, it retained 94% of
its original performance, with the Mn dissolution rate remaining below
2.1% (Table 2) (Qian et al., 2021b).

The above research results indicate that cation doping in LISs can
effectively enhance their stability. This enhancement is primarily ach-
ieved by substituting some of the trivalent manganese in the structure of
the LISs, thereby providing stronger chemical bonds and reducing the
content of trivalent manganese (Qian et al., 2021b; Chen et al., 2018;
Zhang et al., 2019; Gao et al., 2021; Cao et al., 2019). Such substitutions
alter the overall valence state of the structure, leading to a decrease in
manganese dissolution (Zhang et al., 2019). It is noteworthy, however,
that despite the improved structural stability of the LISs, their adsorp-
tion performance does not necessarily enhance and may even decrease.
This is mainly because the substitution of metal ions reduces the number
of active sites available for Li-H exchange, consequently diminishing the
adsorption capacity. Balancing the relationship between structural sta-
bility and adsorption performance requires further study. Additionally,
research is needed to determine whether the doped metal ions also
exhibit solubility behavior and whether they produce environmentally
harmful substances.

3.1.2. Anions doping
Qian et al. (2020b) and Zhang et al. (2021) both explored anionic
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doping in the spinel structure of Li; gMnj 04, focusing on fluorine (F™)
and sulfur (SZ_) ions. They found that doping with F~ and $%~ had
minimal impact on the particle morphology of Li; ¢Mn; ¢O4. F~ ions, due
to their smaller size compared to $2~, were more readily incorporated
into the lattice. F~ doped Li; ¢Mn; ¢O4 showed a higher adsorption ca-
pacity than S-doped and undoped samples, with Density Functional
Theory (DFT) calculations suggesting that F~ or S?~ doping most likely
replaces O at 32e sites in the bulk, improving charge density and
adsorption-desorption efficiency (Fig. 7).

Zhang et al.’s approach (Zhang et al., 2021), however, revealed that
direct doping of fluorine on Li; ¢Mn; 04 is akin to surface fluorination,
with fluorine atoms mostly residing on the material’s surface rather than
within the bulk. This surface fluorination changes the material’s
microstructure but not its underlying spinel structure. The process
slightly lowers the average Mn valence, indicating a partial replacement
of 0%~ by F-and the reduction of Mn** to Mn®". Surface fluorination
also leads to a stronger bond energy between F 2p and Mn 3d orbitals
than between O 2p and Mn 3d orbitals, enhancing structural stability
and increasing charge density at the doping site.

Surface fluorination (Zhang et al., 2021) and lattice fluorination
(Qian et al., 2020b) yield different adsorption results. Surface fluori-
nation (Zhang et al., 2021) slightly changes the adsorption capacity,
with the fluorinated sample showing a capacity of 32.84 mg g!
(undoped: 31.59 mg g~ 1) for Li* and retaining 91.29% of this capacity
over five cycles, along with a reduced Mn dissolution rate (1.58%)
(Table 2). In contrast, lattice fluorination with F~ and $2~ leads to higher
Lit adsorption capacities (33.4 mg g~ * and 27.9 mg g, respectively)
compared to unmodified LMO (26.1 mg gfl) (Table 2) (Qian et al.,
2020b). These doped materials maintain substantial portions of their
initial capacities over six cycles, but with higher Mn dissolution rates.
Surface fluorination’s effectiveness in reducing Mn dissolution is
attributed to the formation of a protective LiF layer, while lattice fluo-
rination likely improves adsorption through increased charge density.

Anion doping primarily involves surface doping and lattice doping.
Compared to surface doping, lattice doping can more effectively
enhance the adsorption performance of LISs. Moreover, selecting anions
with a radius similar to oxygen for doping can relatively maintain
structural stability and improve adsorption performance (Qian et al.,
2020b; Zhang et al., 2021). However, unlike cation doping, anion
doping does not significantly enhance the structural stability. In fact, it
may even exacerbate the dissolution of manganese ions compared to the
undoped structure. Additionally, fluoride and sulfide ions are environ-
mentally harmful. If these ions are also released from the structure, it
could lead to secondary pollution.

16d Liof

o 8a site

Fig. 6. Optimized structures of replacing Li or Mn sites with Al: (a) 8a, (b) 16d site in bulk; (c) 8a, (d) 16d site in surface; The charge density contour of LMO of (e)

bare and (f) Al gradient doping (Qian et al., 2021b).
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Fig. 7. Optimized structures with substitution of O by F or S anions. (a) Li at 8a sites and (b) Li at 16d sites in bulk. (c) Li at 8a sites and (d) Li at 16d sites on the (100)
surface; The charge density maps for the (e) undoped LMO; (1 0 0) surface of LMO with (f) F-doping and (g) S doping at the 32e sites (Qian et al., 2020b).
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Fig. 8. Schematic of the proposed structural model and action mechanism of the synthesized materials (Zhang et al., 2022).
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3.1.3. Co-doping

The aforementioned results indicates that anionic doping of LMO
improves adsorption capacity, while cationic doping enhances structural
stability. A synergistic effect is hypothesized for co-doping with anions
and cations.

Zhang et al. (2022) utilized a co-doping strategy that incorporated
both Al and F ions into the spinel structure of Li; ¢Mn; ¢O4. The exper-
imental outcomes underscore that the co-doping of Al and F induces
lattice contraction while minimally affecting the overall shape of the
adsorbent. However, the particle dimensions exhibit a significant
reduction, accompanied by the development of a roughened surface.
Intriguingly, fine nanoparticles (referred to as nano-islands) appear on
the F-LAMO surface, potentially contributing to a substantial enhance-
ment in the diffusion kinetics of Li" within the adsorbent. This
improvement can be attributed to the presence of abundant active sites
and a larger surface area (Fig. 8). The origin of these surface
nano-islands may lie in the etching of the bulk LMO surface during NH4F
modification. Furthermore, F doping is more prone to form an AlF3
coating layer atop the Li; ¢Mn; ¢O4 surface, safeguarding the structural
integrity against degradation. In contrast, A1>* metal ions possess the
capacity to partially replace Mn>* within the crystal lattice bulk, leading
to uniform distribution. The augmented structural stability and
adsorption capacity are grounded in the following factors: (1) The bond
lengths of formed Mn-F and Al-O bonds are 1.80 A and 2.11 A, respec-
tively, shorter than that of Mn-O (2.24 10\). This reduction in bond length
translates to increased bond energy and heightened stability; (2) The
creation of an AlF3 coating layer, acting as a robust ion conductor, fos-
ters the diffusion of Li*. Simultaneously, the emergence of nano-islands
on the surface fosters roughening and augments the specific surface area
for Li™ interaction. This cumulative effect significantly amplifies the
adsorption capacity. The co-doped Al-F LMO manifests a significant
enhancement in LiT adsorption capacity compared to the undoped
counterpart (rising from 28.5 to 33.7 mg g~ 1). Remarkably, even after
undergoing five cycles, it retains an impressive 92.13% of its initial
lithium capacity and demonstrates a minimal Mn dissolution rate of just
1.62%, thereby establishing its good cycling stability (Table 2).

In addition to the incorporation of cations and anions, the simulta-
neous integration of dual cations emerges as a promising co-doping
strategy (Han et al., 2022). Considering that the ionic radii of ARt
(0.57 A) and Fe®*" (0.55 A) are smaller than that of Mn®" (0.66 A),
co-doping both these cations into the spinel structure of LMO could
potentially induce grain contraction (Han et al., 2022). Nevertheless,
this shrinkage could be counterbalanced by the formation of robust Al-O
and Fe-O bonds, thereby compensating for the reduced structural sta-
bility. Importantly, the introduction of dually integrated cations also
imparts magnetic properties to the doped LMO, a beneficial outcome
stemming from the partial substitution of Mn®" with Fe3'. This
enhanced magnetism not only augments the material’s overall func-
tionality but also holds the potential to enhance its viability for subse-
quent recycling applications. The co-doped LMO displayed a
significantly higher lithium adsorption capacity than undoped LMO
(rising from 29.44 mg g~ to 45.31 mg g~1), maintaining a high capacity
over five cycles with low Mn dissolution rates (retains an impressive
95% of its initial lithium capacity after five cycles and demonstrates a
minimal Mn dissolution rate of 3%) (Table 2) (Han et al., 2022).

The strategy of co-doping in LISs, encompassing both anion-cation
and cation-cation co-doping modalities, is instrumental in concur-
rently augmenting the adsorption efficacy and the structural robustness
of the LISs. Notably, cation-cation co-doping exhibits a marked superi-
ority over anion-cation co-doping in terms of substantially enhancing
lithium adsorption capacity, while also maintaining commendable
recyclability. Consequently, it is imperative for forthcoming research to
delve more deeply into the prospects of cation-cation co-doping.
Furthermore, empirical testing of these co-doped and modified adsor-
bents in real brine solutions is recommended to rigorously assess their
practical treatment efficiencies and applicability in real-world
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conditions.
3.2. Doping-modified advanced LTO for Li* adsorption

LTO is typically synthesized via a high-temperature solid-state re-
action. However, this process often incurs aggregation due to high
temperatures, subsequently affecting its practical applications (Wei
etal., 2020). Ion doping serves to mitigate this aggregation phenomenon
during synthesis, thereby enhancing its performance. Simultaneously,
specific ions can impart unique functionalities to the modified material.
For instance, Fe doping endows LTO with magnetism, facilitating the
recycling of the doped LTO. Furthermore, the introduction of Al1>*, with
its stronger electronegativity compared to Ti**, can boost the adsorption
of Li™ by the doped LTO, thereby augmenting its efficiency.

Enhancing the properties of LTO through doping with various ele-
ments has been well studied. Wang et al. incorporated Fe (Wang et al.,
2018a; 2018b) and Mo (Wang et al., 2019) into LTO, using synthetic
solutions and practical brines to test the material’s stability and selec-
tivity. The authors indicated that Fe doping not only conferred magnetic
properties to LTO but also effectively reduced particle aggregation, thus
aiding in recycling and reuse. On the other hand, Zhou et al. (2022)
doped Zr into LTO using a solid-state reaction method. This approach
yielded a more homogeneous product and decreased grain size, which
helped to reduce particle aggregation. The increase in surface area and
pore volume as a result of this grain size reduction significantly
enhanced the adsorption performance of the material. Additionally,
doping with Mo and Zr was found to increase the oxygen content in LTO
from 53.26% to 61.58% and 54.96% to 70.13%, respectively. This
higher oxygen content provided additional active sites for lithium
adsorption, thereby boosting the overall efficacy of the LTO.

Dai et al. (2021) conducted a study on doping LTO with Al jons,
focusing on improving the material’s properties for lithium adsorption.
The research showed that Li-Al layered double hydroxide, which has a
strong affinity for Li" ions, benefits from the higher electronegativity of
ARt compared to Ti** ions. This results in a stronger attraction to
positively charged ions like Li*. The primary objectives of doping AI>*
into the layered Li;TiOs3 structure were to reduce particle aggregation
during the calcination process and to enhance the selective adsorption of
Li* ions. In contrast to doping with Fe, Mo, and Zr ions, Al doping did
not significantly alter the crystal structure of LTO, nor did it cause the
grains of the doped product to shrink or expand. This indicates that AI>*
doping effectively maintains the structural integrity of LTO, preserving
its original beneficial properties while also improving its capacity for Li*
ion adsorption.

Post-doping modifications significantly influence the lithium
adsorption performance of LTO. For Fe-doped LTO (Wang et al., 2018a),
treating a synthetic solution with a lithium hydroxide concentration of
1.8 g L' at pH 12, the adsorption capacity slightly increased from 50.5
mg g~! to 53.3 mg g}, with Ti loss maintained at <1% and Fe loss
stabilizing around 1.5% over multiple cycles (Table 3). However, in
practical brine with a pH of 8.8, the maximum adsorption capacity
dropped to 34.8 mg g~ due to enhanced ion exchange (Wang et al.,
2018b). Despite this, the stability and adaptability of Fe-doped LTO
remained robust. Its magnetic properties, introduced by Fe doping,
improved recyclability, allowing for 90% solid powder recycling in 15
mins using flowing N2 gas. In contrast, Mo (Wang et al., 2019) and Zr
(Zhou et al., 2022) doping significantly raised the adsorption capacity of
LTO to 78 mg g ' and 93.2 mg g}, respectively, primarily due to
increased 0%~ content in the structure. Zr-doped LTO was also trans-
formed into a granular form, slightly reducing its capacity to 47.5 mg
g~! but maintaining good recycling performance and a Ti dissolution
rate under 2% (Table 3). Al-doped LTO showed a modest increase in
adsorption capacity to 32.12 mg g~ ', preserving 91.3% of its efficacy
over five cycles with a Ti dissolution rate of 1.7% (Table 3) (Dai et al.,
2021).

In summary, by doping layered LTO with metal ions, the particle
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Table 3
Adsorption performance of different types of doped LTO.
Doped LTO Dopant Solution AC, mg Metals dissolution Acid pickling Recyclability Ref.
element precursors valence g! rate,%
Fe Li,;TiO3 +3 18¢g Lt LiOH, pH = 53.3 Ti: <1%; Fe: ~1.5% 0.5 mol ! 10 cycles, (Wang et al.,
12 HCI >95% 2018a)
Fe Li,TiO3 +3 1.56 g L™, Brine, pH 34.8 Ti: <1%; Fe: ~1.5% 0.5mol L™! 9 cycles, >95%  (Wang et al.,
=88 HCl 2018b)
Mo Li,TiO3 +4 1.8gL 'LIOH,pH= 78 - 0.5 mol L™! 6 cycles, >95%  (Wang et al.,
12 HCl 2019)
Al Li»TiO3 +3 1.5gL7'LiCL,pH=12  32.12 Ti: 1.7%; 0.6 mol L™! 5 cycles, 91.2% (Dai et al., 2021)
HCl
Zr Li,TiO3 +4 1.8 g L' LiOH, pH = 93.2 Ti: <2%; 0.25 mol L ™! 5 cycles, ~99%  (Zhou et al.,
12 HCl 2022)
Note: AC, adsorption capacity, mg/g means mg Li*/ g active material.
aggregation caused by high-temperature solid-state reactions can be
N . . . L Table 4
effectively alleviated. Appropriate doping can reduce the grain size, . . .
. ops . . . Adsorption behavior of different types of heteroatom doped LISs.
which not only mitigates particle aggregation but also increases the
specific surface area and pore volume, providing more active sites for Heteroatom Adsorption Adsorption behavior Ref
lithium adsorption. Different metal ion dopants can endow LTO with doped LISs time, h
specific functionalities. For instance, iron doping imparts certain mag- K-LMO 48 Pseudo-second-order; (Qian et al.,
netic properties to the modified LTO, facilitating its subsequent cyclic Langmuir 20202)

d H duri he dopi £ LTO Na-LMO 48 Pseudo-second-order; (Qian et al.,
recovery and reuse. However, during the oping process o » con- Langmuir 2021a)
siderations should also be given to the economic costs of the dopant ions Mg-LMO 24 Pseudo-second-order; (Bao et al.,
and their leaching behavior post-doping. Langmuir 2022)

Ga-LMO 24 Pseudo-second-order; (Juetal.,

it s . . . . . Langmuir 2022)

4. Li" ions adsorption kinetics and adsorption isotherms over Z0LMO 12 Pseudo-second-order: (Wang et al,
heteroatom doped LISs Freundlich isotherm 2022)

Al-LMO 48 Pseudo-second-order; (Qian et al.,

Equilibrium isotherm modeling and kinetics modeling are critical Langmuir 2021b)

tools in interpreting adsorption data, crucial for understanding the ef- ALLMO 24 Pseudo-second-order ;‘011191;5 etal,
ficiency, so?bent utilization, ané key.par.ameters es.sentlal. for scaling up Fe.LMO 24 Pseudo-second-order; (Gao et al.,
the adsorption process. Adsorption kinetic models, including the pseudo Langmuir 2021)
first-order, pseudo-second order, intraparticle diffusion, and film diffu- Cr-LMO 25 Pseudo-second-order (Cao et al.,
sion models, are instrumental in evaluating the efficiency and rate- 2019)
determining steps of Li* adsorption onto LISs (Limjuco et al., 2016; F, $1MO 8 i;i‘;ii’:;wnd'order’ ;%;“(;L;T al,
Gu et al., 2018; Sun et al., 2023). These models help to elucidate the F-LMO 2 Pseudo-second-order; (Zhang et al.,
overall adsorption mechanism and identify the rate-limiting steps. The Langmuir 2021)
pseudo-first-order model, indicative of physical diffusion in solid-liquid Al, F-LMO 24 Pseudo-second-order; (Zhangetal.,
systems, and the pseudo-second-order model, suggestive of chemisorp- Langmuir 2022)

: icularl ionifi A di Table 4. i b Al, Fe-LMO 24 Pseudo-second-order; (Han et al.,
tion, are particularly significant. According t.o able 4, it can be Langmuir 2022)
concluded that the pseudo-second-order model is often found to better Fe-LTO 50 Pseudo-second-order; (Wang et al.,
represent Li™ adsorption kinetics on LISs than the pseudo-first-order Langmuir 2018a)
model. Furthermore, the majority of the modified LISs discussed Fe-LTO 50 Pseudo-second-order; (Wang et al.,

. o . . Langmuir 2018b)
requu.‘e a.mllmmum of 24' h to complete thf: adsorption proces's. This Mo.LTO 50 Pseudo-second-order: (Wang et al,
duration indicates a relatively slow adsorption rate, underscoring the Langmuir 2019)
need for further enhancements to improve the efficiency of the process. Al-LTO 8 Pseudo-second-order; (Dai et al.,
Adsorption isotherms, such as the Langmuir and Freundlich models, Langmuir 2021)
describe the equilibrium performance of adsorbents at constant tem- ZrlTO 24 Pseudo-second-order; (Zhouetal,,

Langmuir 2022)

peratures, dependent on various factors like pH, ionic strength, and the
nature of the adsorbate and adsorbent. The Langmuir model assumes
uniform adsorbent surfaces and monolayer adsorption, while the
Freundlich model is suited for non-uniform surfaces and can describe
both monolayer and multilayer adsorption scenarios (Gu et al., 2018;
Shi et al., 2013; Yu and Sasaki, 2016; Han et al., 2018). Often, the
Langmuir model more effectively characterizes Li* adsorption on LISs
and doped LISs compared to the Freundlich model (Table 4).
However, research often lacks comparative studies of adsorption
behavior before and after modification, which is crucial as the same
adsorption model can yield different results based on varying parame-
ters. Key parameters like the Langmuir model’s separation coefficient
(k1) and the Freundlich model’s adsorption coefficient (k¢ and 1/n
factor play significant roles in depicting adsorption behavior and in-
tensity. These variations highlight the need for a comprehensive
assessment of how modifications impact adsorption dynamics,
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emphasizing the importance of detailed investigation in this field.

5. Practical applications of heteroatom doped LISs for Li" ions
adsorption

The practical application of various ions doped LISs in actual solu-
tions is crucial for their large-scale promotion. Table 5 presents the
adsorption results of heteroatom doped LISs that are currently used in
actual solutions. The compositions of the traditional coexisting ions like
Na®, K*, Lif, Mg2+ and Ca®" and their corresponding adsorption ca-
pacity are given to demonstrate the feasibility and selectivity of het-
eroatom doped LISs for Li" adsorption.

As indicated by Table 5, heteroatom-doped LTO demonstrate supe-
rior adsorption performance in practical applications compared to
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Table 5
Adsorption performance of different types of ions doped LISs for practical applications.

Types of LISs Water resources Ions concentration, mg Lt Mg/Li ratio Adsorption performance, mg g’1 Ref

K-LMO Lagoco salt lake brine Li': 253.5 Li': 18.39 (Qian et al., 2020a)
Mg?*: 787.5 Mg 0.19
K*: 2439 0.88 K': 4.68
Na': 16,726.9 Na':47.38
Ca®": 38.36 Ca®*": 0.04

Na-LMO Lagoco salt lake brine Li': 261.5 Li": 18.8 (Qian et al., 2021a)
Mg>*: 802.1 Mg>*: 0.38
K*: 2432.0 0.88 K*":9.36
Na*:15,600 Na*:4.9
Ca?": 21.56 Ca?": 0.08

Mg-LMO Salt lake brine Li': 156.0 Li': 35.0 (Bao et al., 2022)
Mg?*: 301 Mg?*: 0.44
K*: 2310 1.93 K*:1.07
Na': 39,000 Na':3.42
Ca®": 4.00 Ca®*: 0.09

Zr-LMO Qinghai Kunty salt lake brine Li*: 154.95 Li*: 25.96 (Wang et al., 2022)
Mg**: 10,523.69 Mg>*: 71.87
K': 3630.06 67.92 K':0.07
Na': 5390.33 Na':1.10
Ca?": 72.00 ca?": 0

Fe-LMO Synthetic salt lake brine Li': 38.06 Li™: 9.63 (Gao et al., 2021)
Mg?*: 573.21 Mg**: 8.47
K*:150.36 15.06 K*": 0.78
Na':1198.33 Na':4.72
Ca®*: 147.03 Ca®*:1.93

F-LMO Qarhan brine. Li*: 92.45 Li*: 15.36 (Zhang et al., 2021)
Mg?*: 65,008 Mg?*: 0
K*: 13,408 703.17 K™ 1.89
Na': 15,023 Na*:0
Ca?*: 10,708 Ca?*: 0.08

Al-F-LMO Qarhan brine Lit: 72.7 Li': 16.44 (Zhang et al., 2022)
Mg?*: 67,621 Mg 0.91
K*: 13,711 930.14 K*:2.21
Na': 16,753 Na':0.80
Ca”*: 10,559 Ca®*: 2.11

Fe-LTO Concentrated Brine Lit: 1510 Lit: 34.7 (Wang et al., 2018a)
Mg*": 52,600 Mg 211
K': 540 34.83 K*:0.82
Na™: 1630 Na*:0.96
Ca®": 56,800 Ca®": 1.64

Fe-LTO Brine Li': 1560 Li': 34.8 (Wang et al., 2018b)
Mg?*: 55,200 Mg 2.26
K": 500 35.38 K*":1.29
Na*: 1600 Na*:1.13
Ca®*: 58,500 Ca®*: 1.67

Mo-LTO Brine Lit: 1510 Li*: 39.5 (Wang et al., 2019)
Mg?*: 52,600 Mg?*: 1.69
K': 540 34.83 K*:0.67
Na': 1630 Na':0.89
Ca®": 56,800 Ca?": 1.44

Zr-LTO Simulated salt lake brine Li': 1560 Li™: 51.8 (Zhou et al., 2022)
Mg?*: 55,200 Mg?*: 1.86
K*: 760 35.38 K*: 0.3
Na': 1600 Na':0.95
Ca®*: 56,800 Ca®": 1.64

heteroatom-doped LMO. For instance, LMO doped with monovalent
heteroatoms (e.g., K™ (Qian et al., 2020a) and Na*(Qian et al., 2021a))
exhibit an adsorption capacity of only 18 mg g~* for Li* in salt lake
brines. They also show some adsorption affinity for K*and Na™ ions,
likely due to the ion doping imparting a certain ion memory effect for
these ions. In contrast, LMO doped with multivalent ions like Mg?* (Bao
etal., 2022), Zr** (Wang et al., 2022), and Fe>* (Gao et al., 2021) only
show better selectivity for lithium in scenarios where the Mg2*/Li* ratio
is low (e.g., 1.93). However, when the concentration of Mg2+ ions in the
brine is high (e.g., Mg?*/Li*: 67.92 and 15.06), these sieves also exhibit
adsorption for Mg+, indicating poorer selectivity. In comparison, LTO
doped with heteroatoms (Wang et al., 2018a; Wang et al., 2018b; Wang
etal., 2019; Zhou et al., 2022), in conditions where the Mngr/Li+ ratio is
35, and with K* and Na™ concentrations around 500 mg L™! and 1600
mg L! respectively, show Li™ adsorption capacities exceeding 34 mg
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g~ 1. Moreover, their adsorption for other ions remains below 3 mg g},
demonstrating exceptional selectivity and adsorptive capacity. In prac-
tical applications, heteroatom-doped LTO present a more promising
outlook compared to heteroatom-doped LMO.

Notably, when LMO undergo anion doping and co-doping, they
exhibit good Li" adsorption even under very high Mg?*/Li" ratio (e.g.,
703.17 (Zhang et al., 2021), and 930.14 (Zhang et al., 2022)), while
maintaining low adsorption for Mg?* (below 1 mg g™ 1). Additionally, in
conditions with high Na* and K* concentrations (over 13,000 mg L™1),
their adsorption for these ions remains below 3 mg g}, indicating
exceptional selectivity. However, their adsorption capacity for Lit is
lower compared to LTO doped with heteroatoms, likely due to the lower
initial concentration of Li" ions in the solution.

In conclusion, LMO with anion doping and co-doping, as well as
heteroatom-doped LTO, exhibit significant promise for applications in
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salt lake brines. Particularly, the heteroatom-doped LTO demonstrate
excellent cyclic performance in single-solution adsorption processes.

6. Conclusions and future outlooks
6.1. Conclusions

This review highlights the role of heteroatom doped LISs in
enhancing lithium recovery from brines, key to optimizing water re-
sources and meeting the growing lithium demand. LISs, primarily LMO
and LTO, show high lithium selectivity despite coexisting ions like K,
Ca?*, Na*, and Mg?*. Challenges include Mn®* or Ti*" ion dissolution
affecting stability and particle aggregation during synthesis. Heteroatom
doping, including cationic, anionic, and co-doping, improves these is-
sues by stabilizing the valence state in LMO and reducing aggregation in
LTO. Doping can occur on the surface or within the lattice, depending on
the synthesis stage and dopant properties. These enhancements in doped
LISs lead to better stability, selectivity against interfering ions, and
prolonged reuse cycles, presenting a promising advancement in efficient
lithium extraction from brines.

6.2. Future outlooks

Despite encouraging strides, the field of Li* ion adsorption using ions
doped LISs is still relatively nascent. The challenges and future per-
spectives are outlined as follows:

Firstly, the modification methods are time-consuming, with some
even requiring up to 48 h to complete the synthesis process. Further-
more, these procedures can be quite intricate in nature. Comparisons
between modified and unmodified LISs adsorbents are often lacking,
failing to effectively showcase the advantages of the modification pro-
cesses. Another limitation of LISs adsorbents lies in their extended
adsorption times and suboptimal adsorption capacities. Satisfactory
adsorption outcomes tend to manifest only when higher Li" ion con-
centrations present. Unfortunately, heteroatom doping does not seem to
notably enhance this aspect of adsorption performance. This highlights
the need for further research and innovation to address these challenges
and enhance the efficiency of LISs-based adsorption systems.

Secondly, the practical application of LISs adsorbents remains
largely confined to laboratory scales. While LISs demonstrate promising
adsorption performance in comparison to other adsorbents, their utili-
zation on an industrial scale remains limited. Future research efforts
should shift towards treating real-world solutions, with the aim of
developing adsorbents that exhibit heightened selectivity. Modification
endeavors should prioritize the integration of lower-cost ions. This
would ensure that the adsorbents can effectively withstand the influence
of coexisting ions, enabling selective adsorption of Li* ions even in so-
lutions characterized by high Mg?*/Li* ratios. In parallel, it is essential
to conduct continuous adsorption experiments utilizing specialized de-
vices such as adsorption columns. This approach mimics the actual
adsorption and desorption processes, furnishing valuable data to sup-
port subsequent industrial implementation. This shift towards practical
application and refinement is crucial to realizing the full potential of
LISs adsorbents in addressing the growing demand for lithium resources.

Thirdly, the mechanism of doping modification is indeed not clearly
described in many current reports. Most studies attribute this modifi-
cation to lattice doping, but the reality might be more complex. The
doping mechanism and effect of heteroatoms are indeed influenced by
various factors. The most crucial factor is the inherent chemical prop-
erties of the ions themselves. For example, some ions might more easily
embed into the lattice due to their radius and charge state matching well
with the host lattice. In contrast, other ions might prefer to form doping
or simple coverage on the lattice surface due to a mismatch with the
lattice. To delve deeper into the doping mechanism, the following
methods and techniques might be extremely useful: high-resolution
transmission electron microscopy (HRTEM), X-ray Photoelectron
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Spectroscopy (XPS), DFT calculations, and Raman Spectroscopy and
Infrared Spectroscopy.

Finally, emphasis should be placed on both the structural stability
and potential environmental risks posed by adsorbents. The degradation
of adsorbents could result in the leaching of cations and anions and the
generation of nano-sized particles. The release of these byproducts into
water bodies has the potential to trigger secondary pollution. Moreover,
interactions between adsorbents and other species in water may give rise
to the formation of novel contaminants. These adverse aspects bear
significant relevance to the practical applications of adsorbents.
Consequently, a critical need arises to evaluate the stability of adsor-
bents in real-world water systems. Furthermore, the efficient and com-
plete removal of adsorbents from water following their utilization
presents an additional challenge. Addressing these concerns is vital to
ensuring the responsible deployment of adsorbents for Li* recovery
purposes.
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