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During the initial cycling of lithium-ion batteries, the generation of SEl at the electrode—electrolyte interface
and the occurrence of irreversible side reactions consume the active lithium, resulting in irreversible loss of
volume (ICL), which may also be accompanied by electrode volume changes and structural collapse.
Addressing these challenges has become critical, and pre-lithiation with additional lithium has emerged
as a key way to improve battery performance. Hence, this review comprehensively analyzes and
summarizes the causes of ICL in lithium-ion batteries, and systematically discusses various prelithiation

methods and mechanisms of different electrode structures, especially electrodes. Moreover, we discuss
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Accepted 21st December 2024 the importance of developing effective electrolyte, separator, and binder pre-lithiation technologies to
improve ionic conductivity and battery life. The effectiveness of each strategy in improving initial

DOI: 10.1039/d4ra08234f capacity and cycling stability, while addressing compatibility issues and minimizing potential side effects,

Open Access Article. Published on 15 January 2025. Downloaded on 1/19/2026 7:49:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Given the escalating challenges posed by the energy crisis and
environmental pollution, the development of sustainable and
clean energy is of paramount importance.'” Lithium-ion
batteries (LIBs) have emerged as the most prominent energy
storage devices owing to their elevated energy density, extended
cycle life, absence of memory effect, cost-effectiveness, and eco-
friendliness.®® During the initial charging and discharging of
lithium-ion batteries, a portion of the lithium ions is irrevers-
ibly utilized on the surface of the negative electrode to create
a solid electrolyte interface (SEI) layer. This process results in
a loss of the initial irreversible capacity, causing the actual
capacity of the battery to be inferior to the theoretical
capacity.®** Moreover, owing to significant volume fluctuations
of specific electrode materials (P, Si, Sn, etc.), there will be
persistent formation and degradation of the SEI, dead Li
generation and other side reactions on the electrode surface
during subsequent cycles, potentially resulting in substantial
active lithium depletion or even structural collapse of the elec-
trode.*>** The functionality of lithium-ion batteries relies on the
intercalation and deintercalation of lithium ions between the
anode and cathode; thus, the migration and diffusion of
lithium ions during cycling are crucial, directly influencing the
battery's capacity. Consequently, pre-lithiation technology
aimed at mitigating lithium loss and enhancing battery energy
density has been extensively researched.****
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is evaluated to inform the future development and large-scale application of pre-lithiation technology.

Prelithiation is a technique that uses prelithiation reagents
to incorporate active lithium into the electrode material prior to
battery assembly. It does not alter the original electrode mate-
rial or the battery architecture. Pre-introducing lithium ions
into the electrode material effectively mitigates irreversible
capacity loss during the early charge and discharge cycles,
thereby enhancing the battery's initial capacity. Furthermore,
prelithiation enhances the structural integrity of electrode
materials, mitigates capacity degradation during cycling, and
extends the battery's lifespan. To enhance the active lithium
content, modifications can be made to the anode, cathode and
separator. To date, various prelithiation techniques have been
established, which broadly categorized into prelithiation addi-
tives, chemical prelithiation, electrochemical prelithiation, and
mechanical prelithiation. These approaches can enhance active
lithium through diverse mechanisms to augment battery energy
density, although they encounter numerous hurdles. Electro-
chemical prelithiation facilitates meticulous regulation of
lithium concentration and distribution inside the electrode,
however it may be intricate and labor-intensive. Chemical pre-
lithiation offers ease and scalability, although it may lead to
undesirable side reactions and contaminants. Mechanical
techniques, including direct interaction with lithium metal, are
rapid and uncomplicated but frequently encounter challenges
concerning uniformity and regulation. Notwithstanding these
gains, other challenges persist, including the stability of pre-
lithiated materials under ambient settings, safety issues related
to the handling of reactive lithium, and the scalability of pre-
lithiation techniques for commercial applications.

This review aims to provide a comprehensive analysis of the
current status of prelithiation strategies for LIBs, covering the
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fundamental principles, recent developments, and practical
challenges associated with diverse prelithiation methods. We
will examine the mechanisms of several prelithiation methods,
assess their efficacy in improving battery performance, and
investigate their feasibility for large-scale implementation.
Furthermore, the review will highlights innovative applications
of prelithiation, such as the advancement of next-generation
anode materials, optimization of battery components, and
enhancement of the safety and longevity of LIBs. Ultimately, we
discuss the anticipated the future trajectory of prelithiation
research and its potential for large-scale application. By
systematically reviewing existing research and identifying
future directions, this review aims to enhance the development
of efficient and reliable energy storage systems, thereby
promoting the broader adoption of high-performance LIBs.

2. Mechanisms of irreversible
capacity loss

The three prevalent operational modes of lithium-ion elec-
trodes are intercalation reaction, alloying reaction, and
conversion reaction, as illustrated in Fig. 1.° The initial form of
lithium involves intercalation into carbon and lithium titanate.
Lithium ions can be reversibly inserted into or detached from
the periodic crystal structure, resulting in minimal impact on
the anode material's structure. Lithium titanate, known as
a 'zero strain material', exhibits excellent structural stability
throughout the lithium de-intercalation process; nonetheless,
its theoretical specific capacity is limited to 175 mA h g%, and
the lithium intercalation potential is relatively high (1.55 V vs.
Li/Li"), resulting in a minimal market share.?* Carbon materials
can be classified into graphite and amorphous carbon based on
the degree of graphitization, with graphite serving as the
primary anode material for LIB due to its low lithium

(a) Insertion (or intercalation)

0909620209 090%0%0%%° FROROROR RN
o, 0. o
90959090959 I 000,050,050 I 90990909,9
b R ) Lithiation oo Delithiation P OWN Y
0%0%09%%%° 0%0%%9%%° 0%0%9%%%°
o 2o Lo
09%%0%9%%° 09%90%%%° 0%%%%%°
(b) Alloyin
9 0%
ying 2830330989338 98958 902 00,90 590,09
Q%00 S008I T 0®%%e "0 °
000000 3 AR OR 9 092 09 o
BDICOCICICC) epiog AOPAPBS G e SF38 0900,
Lithiation &9 $24% 929 290% Delithiation, 009 o9
00 000 0 859508 SBBBLYP -t ® 00
09900 LA
000000 aab'%ua'uﬂ““‘ﬁ'}“u“dﬁ - o % 5} ®
OS2,%08%0,099% 30 o Vo ] &)
OO BB o802 3,898,79950, 000 09 490
000000 2 950333%:°% 033533 e )
) o0 dmﬂuwzqu%u SRS 09 0%00 09

&
2
&
%

03
%

Q00000000
00990000000
000000000
000000000
000000000
9000,0090
000900090
CRSEEY- RERE RS X

Q00000000

920900050 o &
O

00000900 Lithiation @ 2,2 99 9 3,, >3 Delithiation

00000000 29939

(c) Conversion oiﬁ 0990
9

VOO0V

33 3805°98%
Fig. 1 Schematic diagrams of basic lithium storage principles of the
anode materials (a) embedding reaction mechanism, (b) alloying
reaction mechanism, (c) transformation reaction mechanism (reprin-
ted from ref. 20. Copyright 2020, with permission from MDPI).
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intercalation potential (0.2 V vs. Li/Li") and cost-effectiveness.
Despite graphite's high conductivity, its theoretical capacity is
limited to merely 372 mA h g~'.2>*® The rapid advancement of
the new energy industry has significantly constrained the
potential for enhancing the energy density of traditional
graphite rendering it inadequate for further development
requirements.

The second anode material comprises Si, Sn and P alloys,
which undergo a chemical reaction with lithium for lithium
storage. These materials possess a high theoretical specific
capacity, nevertheless, they experience more significant side
reactions and greater initial active lithium loss compared to
graphite.®**** The significant volume change of this alloy mate-
rial during charging and discharging will result in the collapse
of its electrode structure, subsequently causing the fracture and
pulverization of the electrode material. The SEI film is concur-
rently degraded alongside the electrode damage, subsequently
reacting with the electrolyte to generate a new SEI film that
envelops the electrode material. This cycle may repeat multiple
times, leading to significant lithium loss. The redox potential,
ICE, and electronic/ionic conductivity of anode materials
significantly influence the electrochemical parameters of LIBs,
including energy density, power density, and cycling stability.
The side reaction between the electrode material and the elec-
trolyte results in the formation of a SEI film on the surface of the
anode, depleting active lithium from the lithium oxide or
phosphate in the cathode during the battery's initial charging,
significantly diminishing the capacity and energy density of the
lithium-ion battery.

The third is a conversion reaction characterized by multi-
electron processes. Unlike intercalation or alloying reactions,
where lithium ions insert into or combine with the metal
structure, the conversion reaction is more complex. Certain
transition metal compounds undergo reduction or oxidation by
lithium ions during charging and discharging, resulting in the
formation of diminutive particles comprised of metal and
lithium anion complexes.”**® The conversion reaction is
attractive due to its potential for much higher specific capacities
compared to traditional intercalation materials. This is because
the reaction involves the transfer of multiple electrons per
lithium ion, allowing for a significantly greater number of
lithium ions to be stored in the material. For example, a mate-
rial like iron oxide (Fe,O;) can achieve a theoretical capacity
much higher than graphite, which is the anode material
commonly used in lithium-ion batteries. This anode material
exhibits a superior specific capacity, yet, it is plagued by
significant volumetric fluctuations, inadequate reaction
reversibility, and elevated redox potential.

2.1 Formation of SEI films

The high electrochemical activity of lithium metal leads to
a reduction reaction with the electrolyte, resulting in the
formation of a passivation film. This phenomenon was initially
identified by Dey in 1970 and subsequently termed SEI film by
Peled in 1979.%° Fig. 2 illustrates the development process of the
SEI membrane, wherein the ongoing decomposition of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the formation of an SEI film on a graphite anode (reprinted from ref. 37. Copyright 2019, with permission from

Elsevier).

electrolyte leads to the progressive thickening of the SEI
membrane, potentially resulting in a mosaic or a layered
structure.*” In the mosaic configuration, inorganic nanocrystals
are randomly distributed inside an organic substrate;***° In the
hierarchical structure, the inner layer primarily consists of
inorganic substances, whereas the outer layer is predominated
constituted of organic matter.**> The ideal SEI membrane
should exhibit low electron conductivity and high ion diffusion
capacity, insolubility in electrolytes, and stability through
a broad spectrum of operating temperatures and voltages.*® The
predominant model is the rapid migration of lithium ions via
the mosaic model. Fig. 2 illustrates that the SEI layer is mainly
composed of an inorganic layer and an organic layer. The region
adjacent to graphite anode typically consists of an inorganic
layer, mainly of LiF, Li,O, Li,COj, LizN, LiOH, etc., which offers

Energy
>~

Dc

Oxidant Reductant

Electrolyte

Fig. 3 Schematic open-circuit energy diagram of an aqueous elec-
trolyte. @5 and @ are the anode and cathode work functions. £4 is the
window of the electrolyte for thermodynamic stability (reprinted from
ref. 45. Copyright 2009, with permission from ACS Publications).

© 2025 The Author(s). Published by the Royal Society of Chemistry

strength support for SEIL. The outer layer consists of an organic
layer that mainly forms an organic lithium salt, such as COO,Li,
HOOCLI and other substances with high oxidation state.** This
bilayer structure may lead to the electrolyte being coated with
organic components on the electrode's surface after the elec-
trode reacts, while the inner layer gradually transforms into
inorganic substances such as LiF.

Goodenough posited that the formation of the SEI layer on
the electrode surface is associated with the energy levels of the
HOMO (orbital with the highest energy level that has occupied
electrons)-LUMO (the orbital with the lowest energy level that
has not occupied electrons)of the electrolyte.* Fig. 3 illustrates
the comparative electron energies of the cathode and anode and
electrolyte redox pairs in LIBs. When the electrochemical
potential pA of the anode exceeds the minimum energy of the
unoccupied molecular orbital (LUMO) of the electrolyte,
a reduction reaction will occur on the anode's surface. Likewise,
when pC is beneath the energy of the highest occupied molec-
ular orbital (HOMO) of the electrolyte, the electrolyte experi-
ences an oxidation process at the cathode surface. To enhance
the energy density of the redox pair in lithium-ion batteries, it is
essential to achieve the maximum energy differential between
the cathode and anode, which corresponds to an elevated
operating voltage. The oxidation potential of typical organic
electrolytes is approximately 4.6 V (versus. Li'/Li), while the
reduction potential is nearly 1.0 V (vs. Li*/Li). The reduction
potential of Li" embedded in graphite ranges from 0 to 0.25 V
(vs. Li'/Li), which is inferior to that of the electrolyte.*® Conse-
quently, when the potential of the graphite anode falls below
the stable range of the electrolyte, the electrolyte decomposes
on the graphite surface, resulting in the formation of a solid
electrolyte interphase (SEI) film during the charging of the
graphite anode (lithium intercalation reaction at the graphite
anode)."”

2.2 Electrolyte breakdown

The electrolyte in lithium-ion batteries (LIBs) generally
comprises a lithium salt, like lithium hexafluorophosphate

RSC Adv, 2025, 15, 1249-1274 | 1251
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(LiPFs), dissolved in an organic solvent, such as ethylene
carbonate (EC) or dimethyl carbonate (DMC).*” Under condi-
tions of elevated pressure or temperature, both solvents and
salts may undergo decomposition.*® This decomposition
produces gaseous by-products and solid residues that negatively
impact the battery's performance and safety. Using the common
EC solvent as an example, during battery operation, especially at
elevated temperatures or under high voltage circumstances, EC
experiences reductive breakdown on the anode surface. This
process produces ethylene gas (C,H,), which increases the
internal gas pressure in the battery.*® Furthermore, any residual
water (H,O) in the electrolyte may breakdown during the
charging process, generating hydrogen gas (H,). The buildup of
these gasses results in elevated internal pressure, leading to the
battery's expansion and deformation. This distortion may
compromise the precise alignment of the battery's electrodes
and other components, potentially resulting in problems such
as electrode delamination, loss of electrical connectivity, and
heightened risk of electrolyte leakage or cell rupture. Further-
more, the solid residues generated from electrolyte breakdown
accumulate on the surfaces of the electrodes. These residues
may additionally augment the thickness of the solid electrolyte
interphase (SEI) layer or generate wholly novel interfacial layers.
The stability of the SEI layer is essential for safeguarding the
anode and maintaining long-term cycle stability; nevertheless,
the persistent generation of new SEI from continuing break-
down reactions results in several issues. The augmented SEI
layer elevates the internal resistance of the battery, thus
diminishing its overall conductivity and efficiency. The creation
of these solid residues also depletes active lithium ions, leading
to irreversible capacity loss (ICL) and reducing the battery's
energy density over time.

2.3 Lithium deposition

Due to the larger potential of lithium-ion embedding in
graphite (0.1 V vs. Li/Li") compared to lithium deposition (<0 V
vs. Li/Li"), lithium insertion into graphite is thermodynamically
favored over deposition. Nonetheless, the lithium insertion rate
in the anode surpasses the solid-phase diffusion rate of lithium
ions within the anode at elevated charging rates or low
temperatures, resulting in the facile deposition of lithium ions
on the anode surface, leading to the formation of dendritic or
needle-like structures. Fig. 4 demonstrates that dendritic
development will destabilize the electrode and current interface

Dead lithium
Ve

Reaction to form
secondary SEI

Side reaction to
form primary
SEI

Lithium deposition
reaction Graphite ] Electrolyte

Fig. 4 Schematic diagram of degradation mechanisms at low
temperature (reprinted from ref. 50. Copyright 2019, with permission

from Elsevier).
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during the cycling of lithium-ion batteries, compromising the
integrity of the formed SEI layer.***> Simultaneously, during the
growing phase, lithium dendrites will persist in depleting the
electrolyte, resulting in the irreversible deposition of metallic
lithium, hence forming dead lithium and inducing low
coulombic efficiency. Lithium dendrites can penetrate the
separator, causing internal short circuits in lithium-ion
batteries, leading to thermal runaway, ignition, combustion,
and explosion.*

2.4 Transition metal dissolution

The dissolution of transition metals in lithium-ion batteries
(LIBs) significantly impacts battery performance and longevity.
The dissolving process is intensified by elevated operating
voltages, high temperatures, and the chemical instability of the
cathode material. Transition metal ions (e.g., Mn, Co, Ni) in the
cathode material may dissolve into the electrolyte during
cycling, particularly at elevated voltages.** The dissolved metal
may migrate to the anode and be deposited on the solid elec-
trolyte interphase (SEI) or within the anode material, so
promoting the breakdown of the electrolyte and resulting in the
formation of further SEI films. The presence of these metal ions
at the anode-electrolyte interface destabilizes the solid elec-
trolyte interface (SEI), a protective layer essential for sustaining
battery performance. The continuous formation and decom-
position of SEI films lead to increased lithium-ion consump-
tion, resulting in irreversible capacity loss (ICL). The migration
and deposition of dissolved transition metals on the anode can
inflict structural damage to the anode material. Shin et al
included Mn(PF), into the ester electrolyte, demonstrating that
the deposition of dissolved Mn ions on the graphite anode
results in the thickening of the SEI layer and an increase in the
charge transfer impedance of the battery (Fig. 5).°* This leads to
increased resistance, diminished conductivity, and reduced
overall cell efficiency.

2.5 Volume changes and structural degradation of
electrodes

High-capacity anode materials, including silicon, tin, and
phosphorus, have attracted much attention for their potential
to substantially enhance the energy density of lithium-ion
batteries (LIBs). Nonetheless, these materials encounter
considerable hurdles, primarily due to the enormous volume
alterations they experience during lithiation and delithiation
processes.>**” Silicon, which can theoretically accommodate ten
times more lithium than graphite, undergoes a volume increase
of up to 300% upon full lithiation. Likewise, tin and phos-
phorus experience significant volume alterations, albeit to
a somewhat smaller degree. The significant expansions and
contractions during charge and discharge cycles induce
substantial mechanical stress within the electrode material
(Fig. 6).°*°* This stress can induce the fragmentation and
fissuring of anode particles, causing the active material to
detach from the surrounding binder and disassociate from the
current collector. Structural degradation caused by these
volume variations adversely impacts battery performance and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The spatial distribution of Mn deposited at the SEl/graphite interface (reprinted from ref. 55. Copyright 2015, with permission from
Elsevier).

cycle stability. The development and spread of fissures in the This degradation can segregate sections of the active material,
anode material compromise the electrode's integrity, resulting rendering them inactive and thereby diminishing the overall
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Fig. 6 (a) Evolution of stress in amorphized layer as a function of time during lithiation and delithiation of a crystalline Si film (two solid lines
corresponding to two orthogonal directions on the wafer) (reprinted from ref. 58. Copyright 2011, with permission from American Physical
Society). (b) The variation of Young's modulus of the composite electrode with Li concentration (x in Li,Si) during the lithiation/delithiation
process (reprinted from ref. 61. Copyright 2018, with permission from Wiley-VCH). (c) Schematic illustration of (100)-oriented crack (reprinted
from ref. 62. Copyright 2019, with permission from Elsevier). (d) Statistics showing the critical size (Dc) around 150 nm (reprinted from ref. 60.
Copyright 2012, with permission from ACS Publications).
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and reformation of the solid electrolyte interphase (SEI) layer on
the anode surface intensify the issue. The SEI is a passivation
layer that develops during the early cycles, stabilizing the elec-
trode-electrolyte interface by inhibiting additional electrolyte
breakdown. Nonetheless, with each cycle, when the anode
material undergoes expansion and contraction, the solid elec-
trolyte interphase (SEI) layer may fracture and then regenerate.
This process depletes additional lithium ions, resulting in
irreversible capacity loss (ICL), while promoting the growth of
thicker and less stable solid electrolyte interphase (SEI) layers,
hence elevating internal resistance and diminishing cell
efficiency.

3. Current status of prelithiation
research

The creation of the SEI layer and the occurrence of irreversible
side reactions lead to significant consumption of active lithium,
a reduction in battery energy density, and degradation of the
electrode structure, ultimately shortening cycle life of lithium-
ion batteries. Consequently, the supplementary adjustment of
active lithium through pre-lithiation has emerged as a pivotal
subject for scientific researchers. Pre-lithiation is conceptually
distinct from the pretreatment of battery materials or elec-
trodes; it aims to supply supplementary active lithium to
lithium-ion batteries through specific pre-lithiation reagents,
materials, or treatments prior to battery cycling. This process
increases the lithium content prior to charging and discharging
(Fig. 7).* The pre-lithiation effect can facilitate the pre-
regulation of SEI composition, stimulate the synergistic coex-
istence of many components, and enhance SEI stability. In
conclusion, prelithiation techniques are essential for
enhancing the performance and efficiency of lithium-ion
batteries. By tackling lithium depletion and improving the
stability of anode materials, these methods are crucial in
promoting the advancement of high-energy-density lithium-ion
batteries. Ongoing research and innovation in this field are

Without Prelithiation/Presodiation
+ -

Discharge

Discharge

Fig. 7 Schematic of the influence of prelithiation/presodiation in LIBs
and SIBs (reprinted from ref. 19. Copyright 2020, with permission from
Wiley-VCH).
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crucial for overcoming existing limits and realizing the
complete potential of lithium-ion battery technology.
Prelithiation can be executed on various battery compo-
nents, including cathodes and anodes, through methods such
as electrochemical prelithiation at the electrode level, chemical
prelithiation at the material or electrode level, the use of pre-
lithiation additives at the cathode, and direct contact or short
circuiting of the anode with lithium metal. Fig. 8 illustrates pre-
lithiation at both the material and electrode levels, encom-
passing the synthesis and utilization of pre-lithiation materials,
electrochemical pre-lithiation, and chemical pre-lithiation at
the electrode level.®® Various pre-lithiation techniques,
employing distinct mechanisms, have demonstrated varying
efficiencies in enhancing the energy density and other perfor-
mance metrics of lithium-ion batteries (LIBs). Five prevalent
pre-lithiation techniques are as follows: first, active lithium is
electrochemically deposited onto the electrode; second,
a lithium sheet is mechanically pressed onto the electrode
material to provide lithium; third, lithium-containing additives
are utilized; fourth, lithium metal is combined with an organic
reagent to create a slurry that coats the electrode surface via
solid reaction; fifth, the electrode material is treated through
chemical immersion. The cathode is typically stable, but the
anode is the primary site of active lithium loss, prompting
extensive research on the surface engineering of the anode. This
paper will systematically present the research on pre-lithiation
in recent years, beginning with the fundamental structure of
the battery and addressing the electrode, electrolyte, separator,
and binder levels, in accordance with the reaction mechanisms
of various components to compensate for lithium. The
electrode-level lithium source replenishment can be categorized
into four methods of pre-lithiation technology: electrode pre-
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(reprinted from ref. 66. Copyright 2021, with permission from Wiley-
VCH).
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lithiation additives, chemical pre-lithiation, electrochemical
pre-lithiation, and mechanical pre-lithiation.

3.1 Electrode prelithiation

The first cyclic irreversible lithium loss of the electrode material
mostly results from the solid electrolyte interface (SEI) estab-
lished at the electrode/electrolyte interface and irreversible
lithium-ion intercalation. Prelithiation at the electrode level
primarily involves the incorporation of supplementary lithium
sources into the positive and negative electrode materials to
enhance the initial coulombic efficiency of the battery and
mitigate the irreversible lithium loss resulting from the
electrode/electrolyte interface reaction and structural alter-
ations during the initial cycle. This section will explore the
existing mechanisms of action of pre-lithiation additives, elec-
trochemical prelithiation, chemical prelithiation, and
mechanical prelithiation, along with their present problems.
3.1.1 Prelithiation additives. Anode prelithiation aims to
mitigate the irreversible lithium loss during the initial cycle
caused by SEI film development and lithium intercalation, with
additives chosen for pre-lithiation utilizing materials or
reagents with high lithium activity concentration. To align with
the current battery business, pre-lithiation additives must be
incorporated into the electrodes via slurry mixing, electrode
casting, and drying procedures. Anode prelithiation additives
exhibit greater promise owing to their reduced reactivity. Lith-
iation alloys (LiX, where X = Si, Sn, Ge, Al etc.) and stabilized
lithium metal powders (SLMPs) are two representative lithium
additives for negative electrodes, characterized by high theo-
retical specific capacity and low delithiation potential.”7> Si
particles alloy with molten lithium metal under mechanical
stirring in an argon environment at high velocity to produce
Li;5sSiy. Typically, SLMPs are generated through the rapid
agitation of molten lithium metal, resulting in the formation of

View Article Online
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a Li,CO; nanoshell that undergoes surface passivation during
this process, providing stability in arid conditions. SLMPs
possess an exceptionally high theoretical specific capacity of
3600 mA h g~ and a particle size ranging from approximately 5
to 50 um. Prelithiation is commonly performed in two methods:
by calendering the dry powder directly or by applying a coating
of its suspension droplets in a low-polarity solvent over the
electrode.

Lithium alloys exhibit a reduced lithium intercalation
potential and can discharge lithium ions during the initial
cycle, compensating for lithium loss in the anode material. Li,Si
nanoparticles exhibit a low lithiation potential of 10 mV and
a large theoretical specific capacity of 2000 mA h g7, facilitating
efficient and rapid prelithiation of the negative electrode. Zhao
et al. documented Li,Si-Li,O core-shell nanoparticles exhibit-
ing high specific capacity as an effective pre-lithiation agent to
mitigate first-pass capacity loss (Fig. 9a).*® Li,Si-Li,O core-shell
nanoparticles are amenable to processing in a one-step thermal
alloying process in slurries, demonstrate excellent capacity in
dry air environments, and are safeguarded by Li,O passivated
shells. This method is facile and suitable for mass-producible.
Both the silicon and graphite anodes were effectively pre-
lithiated with these nanoparticles, attaining elevated first-pass
coulombic efficiencies ranging from 94% to over 100%. Li,Si
can benefit from the mature manufacturing infrastructure of
the Si industry for scale-up and low-cost manufacturing.
However, this material is unstable in air with low relative
humidity and has a limited lifespan; therefore, it is essential to
produce pre-lithiation additives with enhanced air stability
(Fig. 9b). Yang proposed a straightforward, economical, and
regulated approach to synthesis of environmentally stable Li,Si-
based prelithiation reagents.” A chemical reaction between
aluminum isopropanoxide and Li,Si results in the formation of
a Li,AL,SiO,/Li,O protective layer on the surface, endowing the
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Fig. 9

(a) Schematic diagrams showing Si NPs react with melted Li to form Li,Si NPs. (b) The capacity retention of Li,Si—Li>O NPs exposed to dry

air with varying durations and air at different humidity levels (reprinted from ref. 69. Copyright 2014, with permission from Springer Nature). (c)

Synthesis process for the LiAl,SiO,/Li,O-coated Li,Si (A-Li,Si).
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Li,Si (A-Li,Si) covered with this layer with chemical stability and
robust environmental adaptability (Fig. 9¢). Utilizing A-Li,Si as
a lithium supplement for the graphite anode enhances the
anode's initial coulombic efficiency while also imparting stable
chemical qualities and robust environmental adaptability. Zhao
et al. devised a comprehensive one-pot metallurgical method to
prelithiate group IV elements and their respective oxides,
yielding electrode materials that approach theoretical specific
capacity (Fig. 10d).” The synthesized Li,,Zs alloy and Liy,Zs-
Li,O composites (Z = Si, Ge, Sn, etc.) served as prelithiation
agents to enhance the initial coulombic efficiency of graphite
and alloy-type anode materials. Li,Ge demonstrates superior
stability in air because of the substantial binding energy
between Li and Ge atoms in the Li,,Ges crystal (Fig. 10d). The
uniformly distributed reactive Li,Z nanodomain is consistently
integrated inside a durable, highly crystalline Li,O matrix.

The utilization of lithium metal as a pre-lithiation additive
for the anode prevents the incorporation of extraneous
contaminants, while the Li,CO; nanoshell on the surface of
SLMPs offers effective protection to maintain air stability.
SLMPs, when prelithiated with slurry, exhibit incompatibility
with polar solvents; therefore, they must be combined with
styrene-butadiene rubber (SBR) and toluene (SST) to ensure
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stable lithium supplementation (Fig. 11a). The quantity of ICE
and SST is roughly linear, allowing for the adjustment of ICE to
60-120% by varying the volume of SST for different levels of
prelithiation.”” Upon calendering and prelithiation of SLMPs,
the Li,CO; protective layer fractures at an external pressure of
15 MPa, thereby exposing the fresh lithium metal to graphite.”™
Upon the addition of the electrolyte to moisten the electrode,
a spontaneous electrochemical reaction transpires between the
exposed lithium and graphite particles, yielding a partially
lithiated graphite anode. Furthermore, Liu et al. synthesized
stable nanoscale lithium powders (<500 nm) from lithium foil
using ball milling high melting point ionic liquids ([P4444]TFSI)
at low temperatures, in conjunction with employing Li,CO;
nanoshell protection (Fig. 11b).” The solid [P4444]TFSI ionic
liquid at ambient temperature serves as a dispersion for the
preparation of fine lithium powder particles and functions as
a protection agent for newly exposed lithium surfaces. Utilizing
it as a pre-lithiation reagent for lithium-free anode materials (Si,
SiO, SnO), the initial coulombic efficiency of the constructed
half-cell improved from 48.4%, 44.2%, and 52.9% to 93.2%,
93.7%, and 92.8%. Furthermore, Huang et al. synthesized
ultrafine air-stabilized lithium spheres (ASLSs) consisting of
metal lithium cores and LiF/Li,O shells using electrochemical
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55%
2.0 -
- / 41%
S 15 J
S 77 51%
©
=
S 1.0 /
phite: PVDF: 1311
pl : ALLSI: PVDF: Ketjenblack=6.30.7:3:1
pl : $i: PVDF: Ketjenblack=6.3:0.7:31
0.5
§§
0.0 T ; :
0 200 400 600
Specific Capacity(mAh/g)
o
Blender O Q
Si/SiO, Liy,Sis/Liy,Sis-Li,O
GelGeO, Li,,Ges/Li,,Ges-Li,O
Sn/Sn0, Li»»Sng/Li,Sns-Li,O

Tantalum Crucible Molten Lithium

Fig. 10 (a) Images of galvanostatic discharge/charge profiles of A-Li,Si NPs at 0.05 A g~ in the first cycle. (b) First-cycle voltage profiles of
graphite/A-Li,Si (blue line), graphite/Si (purple line) and graphite (red line) (reprinted from ref. 71. Copyright 2022, with permission from Elsevier).
(c) The LigSiyo pseudo-tetrahedron from cubic Li,Sis, LisGe;g pseudo-tetrahedron from cubic Lio,Ges, and LisSng octahedron from cubic Liz,Sns
were selected as the simulation units to calculate the binding energy (Ep,) of Li with Z (Z = Si, Ge and Sn). (d) Schematic diagram showing a one-
pot metallurgical process to synthesize Li»Zs alloys and Li»Zs-Li,O composites by using Z and ZO, as the starting materials, respectively

(reprinted from ref. 73. Copyright 2018, with permission from Elsevier).
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Fig. 11 (a) Schematic illustration of pre-lithiation process on an SiO
electrode (reprinted from ref. 67. Copyright 2021, with permission
from ACS Publications). (b) Schematic illustration of the ionic liquid-
assisted cryomilling preparation process for nanoscaled Li powders
(reprinted from ref. 75. Copyright 2019, with permission from Wiley-
VCH). (c) Schematic of the fabrication process of the ASLSs (reprinted
from ref. 76. Copyright 2021, with permission from Elsevier).

plating (Fig. 11c).”® The LiF/Li,O shell efficiently safeguards
ASLSs in atmospheric conditions and remains stable for 30
days. ASLS has superior pre-lithiation performance relative to
coarse-grained Li powder, owing to its consistent small particle
size and thin layer protection. Prelithiation with ASLSs
increased the CE of graphite electrodes rose from 77.4% to
101.9%, and the energy density of the entire cell constructed
with LiCoO, was markedly enhanced.

The primary objective of cathode prelithiation is to mitigate
irreversible capacity loss by using lithium-rich additives that
possess a greater lithium-ion supply capacity, hence releasing
supplementary lithium ions during the initial charge-discharge
cycle. To compensate for lithium on the cathode side, lithium
carbon-nitrogen oxide LiX (where X represents C, N, O, P, etc.),
lithium-rich ternary compounds Li,M, 0, (with M as Ni, Co, Fe,
etc.), and metal/Li,0O nanocomposites can offer substantial
lithium-ion capacity beneath the charge cut-off potential
window of the current cathode.””*

Upon charging the lithium-rich ternary material Li,M,0O, to
the lithium extraction potential at the negative electrode,
lithium ions will be transported from the additives and incor-
porated into the negative lattice or used to form a solid elec-
trolyte interphase (SEI) film to compensate for the consumption
of active lithium. The lithium-rich compound LigZrOs (LZO)
contains 8 lithium ions per formula unit, enabling a substantial
release of lithium ions at reduced mass loads to offset the
irreversible capacity loss observed in the initial week. LZO is
integrated with the cathode material LiNi, sMn; 50, (LNMO) to
construct a button battery, with graphite as the anode, exhib-
iting a reversible specific capacity improvement of 15-18% and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a capacity retention rate of 30% after 50 charge-discharge cycles
(Fig. 12a).** Furthermore, electrochemical impedance spec-
troscopy indicated a substantial reduction in the recombination
resistance of the LNMO half-cell with LZO prelithiation
(Fig. 12b). LisCoO, possesses an initial charge capacity of up to
573.6 mA h g ' and a discharge capacity of merely
25.6 mA h g7, yielding a supplemental lithium capacity of
548 mA h g~ ". Moreover, at 50% relative humidity (RH), LigCoO,
can preserve its structure integrity, morphology, and electro-
chemical stability for one hour. Li et al. effectively synthesized
an air-stable LigCoO,@LisFeO, (LCO@LFO) composite pre-
lithiation reagent by meticulously encapsulating LisFeO, with
LigCoO, (Fig. 12¢).* The LizCoO,@LisFeO, demonstrated
exceptional resistance to water and oxygen, maintaining
stability in air for one hour (Fig. 12d).

Nonetheless, the majority of ternary pre-lithiation additions
exhibit poor theoretical specific capacity, leading to a restricted
enhancement in battery energy density. Li;N is a widely utilized
self-sacrificing pre-lithiation additive with a substantial theo-
retical specific capacity of 2308.5 mA h g~'. It decomposes at
voltages exceeding 0.44 V (vs. Li*/Li) and remains unoxidized by
the discharge cathode during charging, thereby serving as
a sacrificial additive to augment lithium for the discharge
cathode. Park et al. employed it as an addition to the cathode
material LiCoO, and discovered that only the small particles
with a pristine surface of Li;N exhibited electrochemical activity
for prelithiation of the cathode.” It exhibits chemical stability
in a dry environment, enhancing the reversible capacity of the
entire cell without compromising rate performance. In the
initial cycle of electrochemical oxidation of the half-cell, the
voltage plateau at 0.9 V (versus Li'/Li) signifies the generation of
N, and active lithium. Upon charging to 4.2 V, a substantial
capacity of 1399.3 mA h g~ ' is achieved, equating to 1.8 Li in
Li;N (Fig. 12e). Substituting 2wt% of LiCoO, with Li;N, the
charging capacity rose from 149.7 mAh g ' to 1784 mAh g™},
representing an increase of 28.7 mA h g~ " over LiCo0O,, equiv-
alent to 1584.2 mA h g~' (=2.1Li) of Li;N. Although LiN; is
stable in air, it thermally decomposes between 115 and 298 °C.
In general, battery electrodes are dried at 120 °C or higher, so
their practical application may be limited.

Alongside LizN, the self-sacrificial prelithiation additions
will generate gas, while Li,S, Li;P, and Li,Se will yield S, P, and
Se residues post-delithiation. Li,S possesses a substantial
theoretical capacity (1167 mA h g~ '); however, the delithiation
process generates sulfur compounds with inadequate conduc-
tivity and polysulfide intermediates that are incompatible with
ester electrolytes. Consequently, to utilize it for cathode pre-
lithiating agents, modifications are necessary. The core-shell
Li,S/KB/PVP nanocomposites developed by Zhan et al. have an
irreversible specific capacity of 1084 mA h g~ '. The capacity
retention rate of the entire cell, comprising a Si-C anode and
LiFePO,, improved from 53% to nearly 100% after 200 cycles
(Fig. 13b).”* They synthesized M/Li,O (M: Co, Fe, Ni, etc.)
nanocomposites in a one-step method, which is versatile and
widely generalized for industrial production. In addition, its Li-
extraction specific capacity was maintained at a certain level,
only 51 mA h g~ " lower than the initial value after eight hours of
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indicated LZO loadings (reprinted from ref. 81. Copyright 2022, with permission from ACS Publications). (c) The preparation process of LCO@LFO
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from IOP Publishing). (e) Initial voltage curve of the ground LisN during charging to 4.2 V versus Li*/Li (reprinted from ref. 78. Copyright 2016, with

permission from Wiley-VCH).

exposure to the environment, indicating compatibility with
conventional lithium-ion battery manufacturing environments.

Lithium selenide (LiySe) exhibits superior theoretical
specific capacity and conductivity compared to the previously
documented LigCoO,, Li,O, and Li,S, and can be permanently
transformed into selenium (Se) at 2.5-3.8 V, hence supplying
extra lithium. Significantly, Li,Se prevents gas evolution during
electrochemical decomposition and is compatible with
carbonate electrolytes. Pan et al. included 6 wt% Li,Se into the
LiFePO, (LFP) cathode, resulting in a 9% enhancement in the
initial specific capacity of the Li//LFP half-cell and a 19.8%
increase in energy density.*® The discharge specific capacity of
the Gr//LFP complete battery increased from 135 mA h g~ to

1258 | RSC Adv, 2025, 15, 1249-1274

151 mA h g during the initial cycle, hence enhancing the
energy density of lithium-ion batteries (Fig. 13d).
Furthermore, the cathode prelithiation additives derived
from the amalgamation of metals with binary or ternary mate-
rials exhibit elevated prelithiation efficiency and excellent
compatibility, enhance the capacity of lithium-ion batteries,
and prevent the emission of deleterious gases. Sun described
a cathode additive M/Li,O composed of nanoscale mixes of
transition metals and lithium oxide, synthesized through
conversion processes of metal oxide and lithium (MO, + 2yLi +
2ye'~ — xM + yLi,0) (Fig. 14a).”* The theoretical specific
capacity of M/Li,O nanocomposites surpasses that of current
cathode materials, with values of 724 mA h g ' for Co/Li,O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LioSe powder. (d) Initial charge/discharge profiles at 0.05C (reprinted from ref. 80. Copyright 2023, with permission from ACS Publications).

(molar ratio = 3/4), 799 mA h g~ for Fe/Li,O (molar ratio = 2/3),
and 935 mA h g~ for Mn/Li,O (molar ratio = 1/2). The research
demonstrated that the overall capacity of the LiFePO, electrode
containing 4.8% Co/Li,O was enhanced by 11% relative to the
original LiFePO, electrode in the complete cell (Fig. 14b).
Besides employing various metals, pre-lithiation can also be
executed with binary compounds produced through chemical
processes involving distinct oxides, sulfides, fluorides, and
lithium. Li,S/Co nanocomposites were suggested as a solution
to the issue of pre-lithiation. A comprehensive technique has
been suggested, wherein the lithium source in the composite
can be electrochemically extracted during the charging process
through a reverse electrochemical conversion reaction in the
initial cycle (Fig. 14¢).** Li,S/Co nanocomposites can deliver
a substantial specific capacity of 670 mA h g~ to offset lithium
depletion in the anode. Furthermore, multi-component Fe/LiF/
Li,O nanocomposites have been engineered for cathode pre-
lithiation, capable of delivering up to 550 mA h g~ of lithium-
ion capacity during the initial charging phase by a multi-
electron reverse conversion event.” Importantly, such pre-
lithiation additive showed good compatibility with the existing
battery fabrication process. Fe/LiF/Li,O nanocomposites
provide superior lithium compensation effects as additions for
diverse cathode materials, including LiCoO,, LiFePO,, and
LiNi; _,_,Co,Mn,0, (15% increase in reversible capacity using
4.8 wt% of the additives).

An overview of representative anode prelithiation strategies
is shown in Table 1. Most prelithiation additives have signifi-
cant advantages in lithium-ion batteries, as they can provide

© 2025 The Author(s). Published by the Royal Society of Chemistry

a high specific capacity, which significantly increases the
capacity of the battery. In addition, pre-lithiation additives can
be mixed directly with the electrode material, which is simple
and easy to implement without changing the basic structure of
the electrode material. However, when selecting electrode pre-
lithiation additives, we must consider their compatibility with
electrode materials, but this has considerable limitations for
a wide range of applications. Second, some additives may
undergo undesirable side reactions with the electrolyte or
electrodes, or they may decompose or fail during long charge-
discharge cycles, affecting the life of the battery. In addition, the
application of pre-lithiation additives may increase the
production cost of batteries, especially in the industrial
production process. Balancing improved battery performance
with cost control remains an important issue. Finally, the
environmental impact and health risks of pre-lithiation addi-
tives also need to be further evaluated, especially for additives
that may contain harmful ingredients, and their safety and
environmental friendliness still need to be rigorously tested in
practical applications. Positive and negative prelithiation
additives play an important role in improving battery perfor-
mance, but their application still faces challenges in terms of
technology, cost and long-term stability.

With the continuous research and development of new pre-
lithiation materials (such as organic lithium compounds and
inorganic lithium salts), pre-lithiation additives will be able to
achieve large-scale production at lower cost and higher perfor-
mance in the future. In addition, the optimization of formula-
tions and the development of novel additives will further

RSC Adv, 2025, 15, 1249-1274 | 1259
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(a) Schematic of the fabrication process of the N-M/N-Li,O composites. (b) The initial charge/discharge potential profiles of LiFePO4/

graphite full cells with and without the N-Co/N-Li,O additive (reprinted from ref. 93. Copyright 2016, with permission from Springer Nature). (c)
Schematic of the chemical synthesis of Li,S/metal (e.g., LiS/Co) composite and the electrochemical extraction of lithium during the charge
process (reprinted from ref. 94. Copyright 2016, with permission from Wiley-VCH). (d) Cycling stability of LiNig gC0g1Mng 10,|SiO—graphite full
cells with and without Fe/LiF/Li,O additive (reprinted from ref. 95. Copyright 2020, with permission from ACS Publications).

Table 1 Representative prelithiation additives

Prelithiation material Targeted substance Cell configuration ICE Performance Refs
SLMP Sio NCM622//SiO 70% 40 cycles, 50% capacity retention 67
SLMP Si-CNT NCA//Si-CNT 79% 50 cycles, 93% capacity retention 68
Li,Si-Li,O Graphite Li//Gr 104% 50 cycles 69
Si Li//Si 94% 20 cycles
Li foil Sn@PPy LiFePO,//Li,Sn@PPy — 80 cycles, 83% capacity retention 70
Li,,Zs alloys/Li»Zs-Li,O composites Gr Li//Gr 100% 100 cycles 73
Li microspheres Sio@C LiCo0,//Si0@C 95% 100 cycles, 81.5% capacity retention 76
LizN LiCoO, LiCo0,//Si0,/C@Si 78.1% 100 cycles 78
Li,Se LiFePO, LiFePO,//Gr — 100 cycles, 89.4% capacity retention 80
Li,C,0,4 NCM622 NCM622//Si/Gr 71.4% 138 cycles, 60% capacity retention 83
Li,C,0,4/NiO HC LiCoO,//HC 53.8% 200 cycles, 77% capacity retention 84
Li, O, NCM NCM//Gr — 55 cycles 85
Al,O;@Li,NiO, LiCoO, LiCo0,//Gr 100% 250 cycles, 87% capacity retention 86
CS-LiCo0O, LiCoO, CS-LiCo0,//Gr-SiO — 100 cycles, 80% capacity retention 88
LigCoO,@LisFeO, NCMS811 NCM811//Gr 63.1% 50 cycles 89
Li,S Si-C LiFePO,//Si-C 100% 200 cycles, 100% capacity retention 92
Co/Li,O LiFePO, LiFePO,//Gr — 100 cycles 93
Li,S/metal composite LiFePO, Li//LiFePO, — 100 cycles 94
Fe/LiF/Li,O Gr NCM811//SiO0-Gr 80% 100 cycles, 88.4% capacity retention 95

promote their application in large-scale production. Depending
on market demand, the production cost and environmental
impact of pre-lithiation additives are expected to be further
reduced.

3.1.2 Chemical prelithiation. Chemical prelithiation final-
izes the prelithiation process by facilitating contact between the
anode material and redox reagents, utilizing the redox potential
difference to transfer active lithium to the negative electrode.
Accurate regulation of lithium supply is essential during pre-
lithiation, with the extent of prelithiation frequently dictated by

1260 | RSC Adv, 2025, 15, 1249-1274

the duration of the reaction and the redox potential of the
reagent. Excessive pre-lithiation may result in the formation of
lithium dendrites during the cycling process, leading to
a decline in battery performance. Nonetheless, the pre-
lithiation is inadequate, and the battery fails to attain the
enhancement of ICE. Consequently, it is crucial to precisely
regulate the extent of pre-lithiation and modulate the quantity
of lithium incorporation to enhance the electrochemical
performance of lithium batteries and mitigate any safety risks.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A prevalent chemical prelithiation method involves
submerging the electrode in an electrochemically active
lithium-aromatic-ether solution and infusing lithium ions from
the prelithiation system into the active material, therefore
enhancing the initial coulombic efficiency (ICE). The primary
mechanism involves utilizing the electrophilicity of aromatic
hydrocarbons to react with lithium metal in ether solvents,
resulting in the formation of lithium-containing aromatic
radical compounds (LACs), followed by the transport of dis-
solved lithium ions to the negative electrode via the potential
difference. The extensively researched organic reagents,
including lithium naphthalene (Li-NaPh) and lithium biphenyl
(Li-Bp), have low chemical potentials (about 0.33 and 0.35 V
versus Li'/Li), facilitating the lithiation of carbon-based anodes.
The excellent wettability of ether solvents allows for complete
infiltration of the electrode, ensuring homogeneous lithiation
of the active substance. The sensitivity of lithium-aromatic-
ether-based solutions to air or moisture is less than that of
metallic lithium foils or powders, hence enhancing the opera-
tional scope of pre-lithiation investigations. Solvents and
organic reagents are inherently poisonous and volatile, neces-
sitating their use in an inert atmosphere. Consequently,
researchers have investigated the pre-lithiation of hard carbon,
phosphorus, tin oxide, and sulfur electrodes utilizing lithium-
naphthalene and lithium-biphenyl systems.

Abe employed naphthalene as the solvent for lithium to
investigate the electrochemical properties of natural graphite
flakes subjected to various solvent treatments.’® The solvents
include tetrahydrofuran (THF), 2-methyltetrahydrofuran
(MeTHF), 2,5-dimethyltetrahydrofuran (di-Me-THF), 1,2-dime-
thoxyethane (DME), 1,2-diethoxyethane (DEE), 1-methox-
ypropane (MP), 1-methoxybutane (MB), and ether (Et,O)
(Fig. 15a). Li co-intercalated with THF, DME, and DEE formed
ternary Li-solvent graphite intercalation compounds (GICs),
while solvent-free binary Li-GICs were achieved using MeTHF,
diMeTHF, MP, MB, and Et,0O. Shen, drawing on ionic solvation
and coordination chemistry, introduced an innovative design
strategy for pre-lithiation solutions, effectively achieving the
pre-lithiation of the Gr anode by selecting a solvent character-
ized by strong electron donation, steric hindrance, and chem-
ical stability to modulate the redox potential of the pre-
lithiation reagent and inhibit solvent co-embedding during
the pre-lithiation process.” The Gr anode may be accurately
prelithiated to the necessary state within minutes using lithium
biphenyl/2-methyltetrahydrofuran (Li-BP/2-MeTHF), without
compromising its lattice structure (Fig. 15b). When the pre-
lithiated graphite negative electrode (pGr) is coupled with the
positive electrode, the entire cell demonstrates markedly
enhanced initial coulombic efficiency (ICE) and increased
energy density relative to the original graphite anode. Likewise,
the pre-lithiation of the graphite anode utilizing lithium
naphthalene as a lithiation agent and 2-methyltetrahydrofuran
as a reductive solvent exhibits a minimal redox potential of
0.19 V, enabling the controlled and efficient prelithiation of the
graphite anode to the desired level within a few minutes,
without requiring solvent co-intercalation.?® The prelithiated Gr
anode for 3 minutes demonstrated an initial coulombic
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efficiency of 100%, superior rate capability, and enhanced cycle
capacity retention. By managing the time and temperature of
the immersion process, the degree of pre-lithiation and spatial
uniformity of the active lithium throughout the electrode can be
finely controlled, thus ensuring process fidelity and low cost for
large-scale integration.

Chemical pre-lithiation with reducing chemical solutions
has been shown to inhibit the direct incorporation of active
lithium into the silicon-based anode. The reducible reagent on
the silicon anode surface preferentially reacts with the electro-
Iyte components or the silicon surface, facilitating the forma-
tion of a solid electrolyte interface (SEI) coating. The creation of
this SEI film can stabilize the anode surface to some degree and
mitigate later irreversible lithium loss; nevertheless, it obstructs
further lithium-ion intercalation and prevents effective lithium
alloying with silicon. Conversely, the reducibility of lithium-
naphthalene, lithium-biphenyl, and similar systems is insuffi-
cient to prelithiate anode materials with low lithiation poten-
tial, such as silicon, graphite, and silicon oxide. The
incorporation of diverse electron-donor functional groups (CHz,
CH,CH;, CH(CHj;),, and OH) into aromatic hydrocarbon
molecules significantly enhances electron density, conse-
quently diminishing electron affinity and reduction potential,
which further augments the reducing capability of prelithiation
reagents. The pre-lithiation potential of SiO in methyl butyl
ether solvents for silicon-based anodes is 0.21 V.”® According to
the electron donor group theory, Lee et al. indicated that the
reduction potential of LAC was modified to below 0.2 V by
molecular engineering of BP derivatives, and the active lithium
doping in silicon-based anodes was demonstrated for the first
time via a uniform and scalable chemical reaction.'® The
insertion of methyl groups on the benzene ring elevates the
lowest unoccupied molecular orbital (LUMO) level of BP deriv-
atives. In comparison to the neighboring methyl group (2-Me),
there exists a more significant potential shift concerning the
intermediate position (3,3-2Me) and para position (4,4-2Me).
Conversely, for the 4 substituents in 3,3,4,4-4MeBP, the redox
potential of LACs diminishes to 0.129 V, which is inferior to the
redox potential of SiO,, thereby instigating the regulation of
active lithium in SiO, and elevating the initial coulombic effi-
ciency to over 100%. This indicates that the electronic influence
of the substituents correlates with the elevation of the molec-
ular orbital energy level, addressing the issue of the SiO,
anode's inability to undergo prelithiation with BP, hence facil-
itating the practical use of this technology.

Chemical pre-lithiation can form a stable artificial SEI film
through the electrode material and pre-lithiation reagent in
advance, which can reduce the direct contact between the
electrolyte and the anode material and reduce the occurrence of
side reactions. Stability is enhanced by precise control of
composition and structure, so as to better cope with the volume
changes of the anode material during charging and discharg-
ing, especially in high-capacity anode materials such as silicon.
Sun et al. proposed a novel strategy to construct an artificial
hybrid SEI layer composed of LiF and Li;Sb iz situ at the anode
by the spontaneous chemical reaction of prelithiated SiO,
anode with SbF;."* The prefabricated artificial SEI layer with
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(a) Geometrical configurations and HOMO energy levels (reprinted from ref. 97. Copyright 2021, with permission from Wiley-VCH). (b)

Schematic illustration for the prelithiation reaction of Gr with Naph-Li/2-Me-THF solution (reprinted from ref. 98. Copyright 2022, with

permission from Wiley-VCH).

long-term cycling stability and enhanced Li transmission
capacity can inhibit the volume change of SiO, anode, and
significantly improve the capacity retention and rate perfor-
mance of the modified SiO,", and increase the ICE to 94.5%. In
addition, the whole cell assembled with NCM811 and modified
SiO, exhibited high ICE (86.0%) and capacity retention (86.6%)
after 100 cycles at 0.5C.

To attain elevated energy density, the positive and negative
electrode materials may be prelithiated concurrently. Shen et al.
devised a straightforward prelithiation method employing Li-
Naph reagents to fully prelithiate sulfur-polyacrylonitrile (S-
PAN) composites into a Li,S-PAN cathode and partially pre-
lithiate nanosilicon into a Li,Si anode, thereby creating an
innovative variant of silicon/sulfur lithium-ion batteries.'*> The
Li,Si/Li,S-PAN battery demonstrates a high specific energy of
710 W h kg™, an initial coulombic efficiency of 93.5%, and
substantial cycling performance.

Chemical pre-lithiation is an effective strategy for enhancing
the performance and stability of lithium-ion batteries, espe-
cially in high-capacity anode materials like silicon. By pre-

1262 | RSC Adv, 2025, 15, 1249-1274

lithiating the anode material with a pre-lithiation reagent,
a stable artificial solid electrolyte interphase (SEI) film is
formed. This pre-formed SEI layer reduces the direct interaction
between the electrolyte and the anode material, minimizing
undesirable side reactions during battery cycling. The stability
of the SEI film can be further improved by precisely controlling
its composition and structure, enabling it to better accommo-
date the volume expansion and contraction of the anode
material during charging and discharging cycles. Furthermore,
the fundamental principle of chemical pre-lithiation is
straightforward; it circumvents slurry processing and facilitates
swift lithium replenishment, hence enhancing the practical
applicability of certain unstable pre-lithiation materials. This
chemical pre-lithiation approach is mild, effective, and broadly
applicable to various lithium-deficient electrodes, creating new
opportunities for the advancement of cost-effective, eco-
friendly, and high-capacity lithium-ion batteries. However, the
chemical pre-lithiation technology consumes a large amount of
lithium source, and it is impractical to apply it commercially. In
the future, this technology will be optimized with catalysts,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environmentally friendly lithium sources, and more efficient
reaction paths, making it more suitable for large-scale
applications.

3.1.3 Electrochemical prelithiation. Electrochemical pre-
lithiation is a method that introduces lithium ions into the
anode of a lithium-ion battery via an electrochemical reaction to
offset irreversible lithium loss during the initial charge and
discharge cycles, thereby enhancing the initial coulombic effi-
ciency (ICE) and overall battery performance. In the electro-
chemical prelithiation process, an auxiliary electrode, typically
a lithium metal sheet, serves as the lithium source. Lithium
ions migrate from the auxiliary electrode to the negative elec-
trode material through the electrochemical reaction between
the anode material and lithium metal, facilitating the interca-
lation and transfer of lithium ions. This method is generally
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accomplished using an internal short circuit (ISC) in direct
contact with an external short circuit (ESC) in an external circuit
configuration.

ISC refers to a self-discharge phenomenon in the electrolyte,
wherein a potential difference arises between the negative
electrode and lithium metal due to short circuit contact, facil-
itating electron transfer. During this process, lithium ions are
released into the electrolyte through electron transfer and
subsequently migrate from the electrolyte to the negative elec-
trode to maintain charge equilibrium. Liu et al. introduced
a technique for prelithiating silicon nanowire (SiINW) anodes by
a straightforward self-discharge mechanism.'® In the pre-
lithiation technique, silicon nanowires (SiNWs) grown on
stainless steel (SS) are immediately affixed to a sheet of lithium
metal foil in the presence of an electrolyte, which is caused by
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Fig. 16 (a) Schematic diagrams showing the prelithiation of SINWs on stainless steel (SS) foil, and the internal electron and Li* pathways during
the prelithiation. (b) Comparison of first cycle voltage profiles of pristine and 20 min prelithiated SINWs with Li metal as the counter electrode
(reprinted from ref. 103. Copyright 2011, with permission from ACS Publications). (c) Illustration of Li-ion and electron transfer in the direct
contact and RBL-regulated prelithiation process. (d) Cycling performance and coulombic efficiency of NCM622-SiO, full cell with and without
prelithiation (reprinted from ref. 104. Copyright 2019, with permission from ACS Publications). (e) Schematic of the process to prepare ambient-
air-stable lithiated anode (reprinted from ref. 105. Copyright 2016, with permission from ACS Publications). (f) Graphical illustration of pre-
lithiation process of c-SiO, electrode and its scalable roll-to-roll process scheme (reprinted from ref. 106. Copyright 2016, with permission from
ACS Publications).
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pressure from an electrical short circuit for electrochemical
lithiation. Silicon nanowires (SiNWs) undergo two distinct
lithiation processes: when the SINW contacts the lithium foil
(left side of Fig. 16a), electrons traverse through the wire's tip;
conversely, when the SiNW does not contact the lithium foil
(right side of Fig. 16a), electrons flow through the interface
between the lithium foil and the stainless steel substrate,
subsequently ascending through the base of the SiNW. The
extent of pre-lithiation can be readily regulated by adjusting the
duration of pre-lithiation. The study revealed that following 20
minutes of pre-lithiation, SINW maintains its nanostructure,
attaining a substantial pre-stored lithium capacity of around
2000 mA h g~ !, demonstrating the efficacy of this direct contact
electrochemical pre-lithiation approach (Fig. 16b). Electrolyte-
mediated electrochemical prelithiation necessitates signifi-
cantly lower applied pressure than mechanical roll-to-roll
processes (approximately 30 MPa for mechanical methods
versus approximately 60 kPa for electrolyte-mediated electro-
chemical prelithiation), making it suitable for electrodes with
low mechanical stability.

Meng modified the speed and extent of lithiation by incor-
porating a resistive buffer layer (RBL) between the SiO, anode
and the lithium foil, while optimizing the pre-embedded
lithium intercalation technique in direct contact with the
anode and the lithium foil (Fig. 16c¢).'®* This method is
controllable and efficient, but it requires the press of a 2 kg
weight and dropping of electrolytes in a vacuum condition, so it
is currently only in the small-scale laboratory stage. The porous
architecture and elevated conductivity of RBL enhance Li"
transport and electron transfer, while its pliable characteristics
guarantee intimate contact between the Li foil and the negative
electrode for consistent pre-lithiation. The prelithiated SiO,
anode has elevated initial coulombic efficiency and specific
capacity in both half-cells, ensuring steady performance for 200
cycles in the NCM622//SiO, whole cell (Fig. 16d). Internal short-
circuit pre-lithiation employs unstable lithium metal in atmo-
spheric conditions, impeding large-scale industrial applica-
tions. Cao et al. delineated a tri-layer configuration of active
material/polymer/lithium anode that exhibits stability in
ambient air for a duration of time.' The polymer layer safe-
guards lithium from oxygen and moisture while providing
a stable coating for the active ingredient. The polymer layer is
progressively dissolved in the battery electrolyte, allowing the
active material to interact with lithium and create a lithiated
anode. This tri-layer configuration not only maintains the
electrode’s stability in ambient air but also facilitates uniform
lithiation. Utilizing this method, an initial coulombic efficiency
of 99.7% was achieved in the graphite anode, surpassing 100%.

In the presence of an electrolyte, ISC-based pre-lithiation
facilitates direct contact between the electrode material and
lithium foil, simplifying operation and eliminating the need for
battery disassembly and reassembly. The extent of prelithiation
can be modified by regulating the contact duration and the
quantity of lithium exposed; nevertheless, achieving precise
control remains challenging. By constructing a lithium-metal
half-cell and establishing an external circuit discharge (ESC),
the cut-off voltage can be meticulously regulated to introduce
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a precise quantity of active lithium, thereby controlling the
extent of prelithiation, regulating the formation of the SEI film,
and enhancing the ICE of lithium-ion batteries. Kim et al.
proposed a pre-lithiation method utilizing an electro-short
circuit in lithium metal foil, which generates an external short
circuit when electrolyte and separator are present.'* This pre-
lithiation solution is suitable for conventional roll-to-roll
battery manufacturing methods. Spontaneous prelithiation
can be commenced by utilizing the potential difference between
the two electrodes (Fig. 16f) and by optimizing circuit resistance
for accurate short-circuit duration and voltage monitoring,
facilitating the precise adjustment of the prelithiation level of
carbon-coated SiO, (c-SiO,) electrodes without lithium plating.
The lithiation of the c-SiO, electrode is facilitated by the stream
of Li ions and does not involve direct contact with the Li metal.
Consequently, the deposition of metallic lithium can be cir-
cumvented, allowing for the formation of the same solid elec-
trolyte interphase (SEI) layer generated during the
electrochemical cycle, which consists of lithium carbonate and
alkyl lithium carbonate, along with additional inorganic
constituents such as LiF, Li,O, and Li,SiOy. Throughout the
entire cycle, the ICE of the half-cell reaches 94.9% while
maintaining the structural integrity of the SiO,. In comparison
to 73.6% of the pristine battery, the initial charge efficiency
(ICE) of the entire cell, which consists of nickel-rich layered
cathode material Li(NiygC0g.15Al0.05)02, was markedly
enhanced from 58.85% to 85.34%.

This poses a safety concern, as the ESC approach necessi-
tates the utilization of lithium metal for electrochemical pre-
lithiation. Zhou et al. presented a unique electrolytic cell
including a Cu pitting anode half-cell in a 0.5 M Li,SO, aqueous
solution electrolyte and a Si lithiated cathode half-cell in
a gelatinous polymer electrolyte (saturated with 1 M LiPF¢ at EC/
DEC = 3:7).1” The two half-cells are divided by a thin layer of
lithium super-ion conductors, and the silicon electrode facili-
tates precise pre-lithiation from an aqueous solution containing
lithium without the presence of lithium. MnO,/Si and S/Si
lithium-ion batteries were constructed with prelithiated Si
anodes, achieving high specific energies of 349 and
732 W h kg™, respectively. Despite a high specific power of
1710 W kg~ ', the MnO,/Si complete cell maintains a capacity of
138 W h kg '. This marks the first report of a complete tech-
nique for fabricating an all-lithium-ion battery utilizing two
lithium-deficient electrodes, without employing lithium metal
as a lithium supply. This unique pre-lithiation method, char-
acterized by great controllability, absence of short circuits, and
ample lithium resources, is anticipated to significantly advance
the development of safe, environmentally friendly, and durable
lithium-ion batteries.

Electrochemical prelithiation enables efficient lithium
embedding through electrochemical reactions, which enables
precise control of lithium injection in a short period of time,
thereby improving the initial coulombic efficiency and cycle life
of the battery. By modulating the current and voltage, electro-
chemical prelithiation may accurately regulate the extent of
prelithiation, prevent both excessive and insufficient pre-
lithiation, and guarantee uniform incorporation of lithium ions
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within the anode. Furthermore, the electrochemical pre-
lithiation process is environmentally friendly and does not rely
on toxic or polluting chemicals, aligning with green environ-
mental protection and sustainable development. At the same
time, electrochemical pre-lithiation eliminates the need for
chemical additives, avoiding the impurities that can be intro-
duced by pre-lithiation additives, which is essential for the
purity and stability of battery materials. However, additional
side reactions, including electrolyte breakdown, may transpire.
Consequently, meticulous regulation of electrochemical
parameters is essential to guarantee that the primary reaction is
lithium intercalation. The electrochemical prelithiation tech-
nology is based on the conventional charge-discharge mode of
the battery, and optimizes the interface reaction between the
electrode and the electrolyte. But this strategy necessitates
supplementary equipment and procedures, including auxiliary
electrodes and meticulous regulation of current and voltage,
hence increasing complexity and expense in battery production.
In the future, the pre-lithiation efficiency will be further
improved and the cost will be reduced through a more efficient
battery management system, intelligent control and adjustable
current mode.

3.1.4 Mechanical prelithiation. The direct solid-phase
reaction between lithium metal and the active material offers
an alternate method for incorporating active lithium into the
anode. The mechanical ball milling technique can synthesize
lithium metal powder and silicon powder into a Li-Si alloy,
effectively incorporating sufficient active lithium into the
silicon anode.

Li et al. synthesized three variants of Li,Si (x = 4.4, 3.75, and
2.33) using high-energy ball milling of lithium metal and silicon
powder.*®® All three Li,Si phases demonstrated superior
performance compared to unmodified Si, with Li, 4Si exhibiting
the most exceptional results, achieving a first discharge capacity
of 3306 mA h g~ " at a current density of 358 mA g™, a capacity
exceeding 2100 mA h g ' after 30 cycles, and a capacity
surpassing 1200 mA h g~ ' after 60 cycles. The formation of
a nitride layer (Li,N,Si;) on the surface of Li,,Si enhances
cycling performance, maintaining a capacity above
1200 mA h g~ after 80 cycles. Enhancing the nitriding degree
markedly improves the capacity retention rate, decreasing from
an average of 1.06% each cycle to 0.15% per cycle, however the
initial discharge capacity diminishes due to the inactivation of
Si in the Li,N,Si, layer. The initial coulombic efficiency of all
Li,Si-based electrodes was markedly higher than that of Si
electrodes (about 90% compared to 40-70%).

The anode tin foil of lithium-ion batteries exhibits
a substantial specific capacity of 993 mA h g~ 7; yet, its initial
coulombic efficiency (ICE) ranges merely from 10% to 20%,
significantly lower than that of silicon or SnO, nanoparticles.
Xu et al. discovered that bare Sn facilitates the dissolution of
liquid electrolytes at intermediate voltages, resulting in bubble
formation that obstructs lithium ion transport and degrades the
SEI layer.'” They synthesized Li,Sn foil through metallurgical
pre-alloying of Li, resulting in a reduced initial anode potential
that concurrently mitigates outgassing and facilitates the
development of a cohesive passivated solid electrolyte
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interphase (SEI). A one-step mechanical prelithiation approach
was employed to address the issue of extremely poor initial
coulombic efficiency associated with the self-supporting Sn-
based foil anode. The roll-to-roll calendering of stacked Li and
Sn foils induces a spontaneous reaction at the interface,
resulting in the formation of a Li,Sn layer on the Sn foil's
surface, thereby creating a Li,Sn/Sn electrode, with the un-
lithiated Sn foil substrate serving as a current collector. Roll-
to-coil rolling is now being used in industrial production, so
this method is expected to be commercially applied. A lithium-
ion capacity over 3 mA h em ™2 is incorporated into the Sn foil
electrode. At a current density of 2.65 mA h cm ™2, the initial
coulombic efficiency (ICE) of the LiFePO,//Li,Sn full cell rose
from 20% to 94% and attained 200 stable cycles. The moisture
resistance of the pre-lithiated Sn anode is excellent; even after
12 hours of exposure, the samples show an industrially
acceptable capacity retention rate with no observed capacity
decay after exposure to ambient air of various humidities.
Mechanical prelithiation provides significant advantages for
improving the performance of anode materials in lithium-ion
batteries. It enhances the initial coulombic efficiency (ICE) by
directly incorporating lithium into the active material, reducing
the formation of a resistive solid electrolyte interphase (SEI) and
ensuring better charge-discharge efficiency. Additionally,
mechanical prelithiation enhances cycling stability, as demon-
strated by Li,Si and LiSn electrodes, which maintain high
capacities over extended cycles. This approach also improves
safety by mitigating issues such as gas formation and electrode
degradation commonly associated with bare lithium or poor
initial performance. However, challenges remain in optimizing
the process, including balancing lithium content and structural
integrity, preventing inactivation of active materials like Si, and
addressing the stability of the pre-lithiated layer in long-term
cycling. Further advancements are required to refine the
process and ensure consistency for large-scale applications.
With the development of 3D printing and advanced
manufacturing technologies, mechanical pre-lithiation can
more precisely control the distribution of lithium, thereby
improving the energy density and long-life performance of
batteries. In the future, mechanical pre-lithiation technology is
expected to achieve economic large-scale application through
intelligent manufacturing and automated production lines.
Table 2 shows three other methods in electrode pre-
lithiation, which are primarily prelithiation of graphite and
silicon compounds, significantly increasing their initial
coulombic efficiency and cycle capacity. However, their cycle life
needs to be further improved, and the commercial application
of prelithiation technology still faces substantial challenges.

3.2 Other prelithiation

3.2.1 Binder prelithiation. Binders for electrode materials
are essential constituents in lithium-ion batteries, typically
comprising polymers or inorganic compounds, primarily
utilized to securely adhere active material particles, conductive
agents, and current collectors, so creating electrodes with
a stable structure and excellent conductivity. In binder
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Table 2 Representative prelithiation approaches
Prelithiation method Prelithiation material Targeted substance Cell configuration ICE Performance Refs
Chemical Li-Biph/2-Me-THF Gr LiFePO,//Gr 99.6% 60 cycles 97
prelithiation LiCoO,//Gr 96.5% 60 cycles
NCMS811//Gr 90.8% 60 cycles
Li-Naph/2-Me-THF Gr LiCo0O,//Gr 96.1% 50 cycles 98
Li-arene SiO, NMC532//Si0, 86.4% 116% energy density 100
Li-Np Si Si//Li,S-PAN 93.5% 50 cycles, 82.6% 102
capacity retention
Electrochemical Li foil SINW Sulfur/mesoporous — 10 cycles, 80% 103
prelithiation carbon//SINW capacity retention
Li foil Si Li TisO1,//Gr/PMAA/Li — 50 cycles, 84% 105
capacity retention
Li foil c-SiO, NCA//c-SiO, 85.34% 100 cycles 106
Mechanical Li Si Li//Li, 4Si@Li,N,Si-1 89.2% Capacity decay of 2.6% 108
prelithiation per cycle in 20 cycles
Li foil Sn LFP//Sn 94% 200 cycles, 94.5% 109

prelithiation, lithium is preloaded into the binder to interact
with the active material and electrolyte during battery assembly
or initial charge and discharge, thereby releasing lithium ions
and electrons to offset lithium losses caused by side reactions,
including the formation of a solid electrolyte interface (SEI).
This approach can enhance the initial coulombic efficiency
(ICE), increase the battery's capacity, and improve its cycle
performance. Binder pre-lithiation can be accomplished by
replacing protons in specific carboxyl groups (-COOH, -OH) of
the binder with lithium ions, particularly in binders that
possess carboxyl functional groups, such as alginate, carboxy-
methylcellulose (CMC), or polyacrylic acid (PAA). During the
pre-lithiation process, protons derived from carboxyl groups
undergo ion exchange with lithium ions, resulting in the
formation of a binder composed of lithium salts, such as
lithium carboxymethyl cellulose (Li-CMC) or lithium poly-
acrylate (Li-PAA), which can be reintroduced to the electrode
material prior to battery assembly.

Li developed a pre-lithiation binder approach utilizing pol-
yacrylic acid (Li,PAA) for SiO, anodes."** By modifying the molar
ratio of the carboxyl group and LiOH to meticulously regulate
the lithiation degree of the PAA binder, the initial coulombic
efficiencies and cycle life of the SiO, anode were markedly
enhanced. When Li, 5sPAA binder substitutes PAA binder, the
interchain entanglement diminishes binder aggregation and
enhances mechanical strength. The pre-reaction with the -
COOH group of the PAA polymer concurrently diminishes
irreversible side reactions during cycling, while the substantial
quantity of -COOLI groups produced by the reaction serves as
an auxiliary lithium source, facilitating lithium insertion and
extraction. The ICE of the heavily loaded (3 mg cm™?) SiO,
electrode utilizing this binder exceeds 70%, significantly
surpassing the 57.4% of the SiO,@PAA electrode, and it
remains stable cycling performance, delivering over
2.7 mA h em 2 at 0.2C for 170 cycles. Furthermore, it is sug-
gested that this method is broadly applicable to various silicon
anodes, including silicon nanoparticles and silicon/graphite
composites. This universal binder method and proposed
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operational mechanism provide valuable insights for the
development of silicon-based anodes with elevated initial
coulombic efficiency, higher energy density, and extended
lifespan.

Throughout the cycling process of lithium batteries, the
silicon-based anode experiences significant volume fluctuations
due to lithium alloying and dealloying, leading to diminished
cycling stability. Commonly utilized PVDF is incapable of alle-
viating the tension induced by volumetric expansion due to its
insufficient van der Waals contact with silicon. Zhang et al.
examined a water-soluble rigid rod polymer, poly(2,2’-disul-
fonyl-4,4’-benzidine terephthalamide) (PBDT), utilized as
a binder for silica-based electrodes.'** The amino, carbonyl, and
sulfonic acid groups of the PBDT bundle can establish hydrogen
bonds with the surface of silicon nanoparticles (SiNPs),
providing strong adhesion to preserve the integrity of the silicon
electrode. Furthermore, PBDT adhesives can create highly
organized nematic stiff rod bundles (double helix chains),
enhancing their strength and toughness to mitigate the volu-
metric expansion of SiNPs. The lithiated PBDT binder has
a high ionic conductivity (3 x 10°* S em™ '), which partially
replenishes the active lithium utilized during SEI formation and
facilitate the establishment of a stable solid electrolyte interface
(SEI). The silicon-based electrode half-cell utilizing PBDT
binder sustains a substantial capacity of 2163 mA h g * at the C/
4 rate, although the particular capacity of Si@PVDF significantly
diminishes to 111 mA h g~ *. The pre-lithiated PBDT binder can
effectively improve ICE and specific capacity, but it is only
suitable for active materials with large volume expansion, and
lacks universal for practical applications.

Silicon exhibits relatively low ionic conductivity when
employed as the anode material in lithium batteries. Low ionic
conductivity results in the sluggish diffusion of lithium ions
within silicon, hence diminishing ion transmission efficiency
during charging and discharging, which adversely impacts both
rate performance and total battery performance. The ion
transport performance and overall efficacy of lithium batteries
can be substantially enhanced through tactics including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanomaterialization, composite materials, surface modifica-
tion, and structural design. Li presented a binder pre-lithiation
approach for silicon electrodes." A trifunctional network
binder (N-P-LiPN) was synthesized using hydrogen bonding,
utilizing partially lithiated rigid polyacrylic acid as the back-
bone and partially lithiated soft Nafion as the buffer layer. The
fabrication process of N-P-LiPN binder is aqueous, enabling
low cost and environmental friendliness in scale-up applica-
tions. N-P-LiPN exhibits robust adhesion and mechanical
capabilities, enabling it to accommodate the significant volume
fluctuations of silicon anodes. Furthermore, lithium ions are
conveyed via the lithiation group of N-P-LiPN, which markedly
improves the ionic conductivity of the silicon anode. The Si@N-
P-LiPN electrode demonstrated an initial coulombic efficiency
of 93.18% and maintained consistent cycling performance for
500 cycles in the half-cell.

Besides volume expansion and low ionic conductivity, silicon
anodes also face the issue of exothermic reactions with lithium,
necessitating the investigation of heat-resistant binders. Zhu
et al. introduced a water-soluble poly(amic acid)-derived binder
exhibiting superior mechanical strength, solubility, and adhe-
sive properties.'*® It not only endures the elevated temperatures
of the pre-lithiation process but also proficiently maintains the
cohesion of the active components over successive charge-
discharge cycles. This lithium-substituted polyamic acid binder
(Li-Pa) provides exceptional thermal stability and mechanical
flexibility, making it suitable for large-scale, eco-friendly elec-
trode production methods.

Binder pre-lithiation enhances the initial coulombic effi-
ciency (ICE) and overall battery performance while circum-
venting the intricacies associated with including additional pre-
lithiation materials directly into the electrode. Furthermore,
pre-lithiation with binders maintains the integrity of the elec-
trode material and structure without compromising the
conductivity and mechanical stability of the electrode. Binder
pre-lithiation enhances battery efficiency and cycle longevity by
substituting carboxyl-based protons with lithium ions, hence
establishing an effective pre-lithiation mechanism. Nonethe-
less, binder pre-lithiation has several obstacles, including the
necessity of maintaining lithium stability and appropriate
release inside the binder, as well as preventing detrimental
reactions during electrode fabrication and battery operation.
Consequently, selecting the appropriate binder type, optimizing
lithium incorporation process, and maximizing the extent of
pre-lithiation are essential for effective binder pre-lithiation.
Binder pre-lithiation enhances the initial efficiency and
performance of lithium-ion batteries without substantially
escalating process complexity and expense, presenting great
application possibilities in battery manufacturing and perfor-
mance tuning.

3.2.2 Electrolyte prelithiation. The pre-lithiation of the
electrolyte can offset the lithium losses from irreversible events,
such as SEI layer formation, hence enhancing the initial
coulombic efficiency and cycling stability of the battery. The
ionization of the electrolyte bears resemblance to electro-
chemical prelithiation. Both techniques allow accurate regula-
tion through voltage and current modulation. Zhou presented

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an innovative lithium-free metal cell that facilitates precise pre-
lithiation of silicon electrodes using a lithium-containing 0.5 M
Li,SO, aqueous electrolyte."** Construct MnO,//Si and S//Si
lithium-ion complete cells utilizing prelithiated silicon anodes
to achieve elevated specific energies of 349 and 732 W h kg™,
respectively. This is the inaugural study detailing the complete
method of creating an all-lithium-ion battery utilizing lithium-
deficient electrodes, without employing lithium metal as
a lithium supply. This unique pre-lithiation technique is highly
controlled, devoid of short circuits, and provides an ample
lithium source. Lukas et al. successfully formed a protective
solid electrolyte interface (SEI) on the silicon thin film electrode
by prelithiation by electrolysis, using boron-containing addi-
tives and CO, to optimize the pre-lithiation electrolyte based on
y-butyrolactone and LiCL.*** Although this method utilizes an
electrolytic cell for pre-lithiation, the use of aqueous electrolytes
can effectively utilize lithium resources such as salt lake brine,
concentrated seawater, and lithium battery recovery aqueous
solutions, which is expected to reduce the cost of industriali-
zation. Reversible lithiation experiments in Si//Li metal
batteries demonstrate that the optimized electrolyte has elec-
trochemical properties comparable to those of 1 M LiPF4/EC:
EMC = 3: 7, with a coulombic efficiency of 95-96%. During the
experiment, a large amount of the gaseous product Cl, was
dissolved in the electrolyte, but the Si active material and SEI
membrane in contact with it did not degrade significantly. In
the NCM811//Si full cell, the capacity retention rate for the
100th cycle can be significantly improved from 54% to 78% by
electrolytic prelithiation compared to the reference cell without
Si prelithiation.

The utilization of electrolyte is essential for the pre-lithiation
of the anode material by direct contact. Nevertheless, a signifi-
cant limitation of this method is the inadequate utilization
efficiency of the lithium supply (<65.0%), as the inert “dead
lithium” produced obstructs the diffusion and migration of
lithium ions within the battery. Consequently, to augment the
efficacy of this contact prelithiation, the electrolyte can be
optimally tailored. Yue et al. examined contact prelithiation in
traditional ethylene carbonate (EC)-based electrolytes with
monosolvent dimethyl carbonate (DMC) electrolytes to analyze
the impact of solid electrolyte interphase (SEI) development at
the interface of dense primordial electrolytes with low electron
conductivity on the transformation of lithium sources.'*® The
findings indicated that the limited usage of lithium sources is
due to the fast obstruction of electron channels by the dense
REI formed from the electrolyte composition. DMC can produce
a mixed ionic/electron conductor interface (MCI) that is irreg-
ular on the anode surface and devoid of organic material,
allowing the REI-wrapped lithium metal to be perpetually
transformed throughout the pre-lithiation process, resulting in
a 92.8% utilization of the lithium supply. The pouch cell with
the NCM811 cathode had an impressive capacity retention rate
of 94.9% over 210 cycles, attributed to the efficient pre-lithiation
enabled by DMC electrolyte.

Qiao et al optimized the electrolyte composition by
substituting the liquid electrolyte with a carbon-coated lithium
phosphate oxide (LiCPON) solid electrolyte, thereby preventing
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various side reactions associated with lithium metal and
forming an ideal interface with the decomposition products of
LiCPON."™ The initial coulombic efficiency of a prelithiated
electrode with a solid electrolyte can be enhanced by around
10% relative to the original electrode, reaching 98.6% in half
cells and 88.9% in full cells. Prelithiation anodes exhibiting
solid-state corrosion demonstrate superior prelithiation effi-
ciency compared to prelithiated electrodes utilizing liquid
electrolytes.

In comparison to alternative pre-lithiation techniques, elec-
trolyte lithium salts exhibit stability and cost-effectiveness in
atmospheric conditions, with no breakdown or side reactions
occurring during the electrolysis process, thereby substantially
minimizing economic expenses and safety hazards. Addition-
ally, it is highly versatile and can be seamlessly incorporated
into current battery manufacturing processes with minimal
alterations to the production workflow. Excessive electrolyte
consumption during electrolysis will elevate the internal resis-
tance of the battery, hinder lithium ion migration, compromise
safety protections, and diminish battery lifespan. Consequently,
choosing the appropriate electrolyte salt and optimizing its
quantity is crucial for the effective implementation of electrolyte
pre-lithiation to prevent adverse impacts on the cycling
performance and stability of the battery.

View Article Online
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3.2.3 Separator prelithiation. The battery separator is an
essential component situated between the positive and negative
electrodes of lithium-ion batteries, primarily serving to avert
short circuits within the battery while permitting the passage of
lithium ions during charging and discharging processes. The
efficacy of the separator directly influences the safety, cycle
longevity, and electrochemical performance of the battery.
Separator prelithiation involves pre-depositing or coating the
separator with lithium source materials (e.g., lithium metal or
lithium-containing compounds). These materials release
lithium ions and electrons during charging and discharging,
compensating for irreversible active lithium loss, enhancing the
battery's initial capacity, and mitigating irreversible capacity
loss resulting from side reactions during the initial charge and
discharge cycles. Employing separators for pre-lithiation can
significantly enhance the initial coulombic efficiency (ICE) and
total battery performance.

Cao et al. recently produced a two-dimensional lithiated
covalent organic framework nanosheet (Li-CON) layer
including organized lithiation sites within the intrinsic nano-
pores of Li-CON (Fig. 17a)."*® The low diffusion barrier of these
lithiation sites enables them to function as mediators for
lithium ion transfer, thereby influencing the diffusion behavior
of lithium ions and markedly enhancing their transport.
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(reprinted from ref. 118. Copyright 2020, with permission from Elsevier).
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(a) Synthetic scheme of the Li—CON. (b) Long-term cycling performance of the Li—-CON@GN and CON@GN cells at 1C, respectively
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(a) Schematics of the three prelithiation strategies (reprinted from ref. 119. Copyright 2023, with permission from Wiley-VCH). (b)

Schematic illustration of Li-ion full cells and the LCSP separator compensating for the initial Li loss. (c) Comparison of the initial specific capacity
and energy density for the LiFePO4|graphite full cells with different separators (reprinted from ref. 120. Copyright 2021, with permission from ACS

Publications).

Furthermore, the nitrogen in the pyridine of the triazole unit
serves as an adsorption site to capture polysulfides via dipole-
dipole interactions on the Li-CON surface. The adsorption site
and lithiation site function synergistically, with Li-CON facili-
tating the breaking of Li-S bonds at relatively low activation
energy, accelerating polysulfide conversion rates. The Li-CON
modified separator demonstrates elevated lithium-ion conduc-
tivity and transfer number, while preventing polysulfide shut-
tling and diminishing charge overpotential. The lithium-sulfur
battery exhibits an initial capacity of 982 mA h g at 1C and
demonstrates a capacity degradation of merely 0.057% per cycle
after 600 cycles, indicating exceptional long-cycle performance
(Fig. 17Db).

Meng introduced a novel functional separator prelithiation
(FSP, Fig. 18a) that enhances a conventional polymer separator
by applying a coating of pre-lithiated antifluorite (LFO) through
an industry-adaptive spread coating process, facilitating swift
detection and reaction to first dendrite growth." It prevents the
incorporation of extremely alkaline chemicals into the cathode
slurry, mitigates the risk of slurry gelation, safeguards the

© 2025 The Author(s). Published by the Royal Society of Chemistry

cathode electrode from degradation, and preserves the stability
of the electrode-electrolyte interface. The industrial prepara-
tion of the separator paves the way for its further expansion of
production, which can be applied to electrode preparation,
battery manufacturing, and formation. By lowering the
discharge cut-off voltage, it reduces lithium loss from the
positive electrode, reversibly absorbs lithium from the negative
electrode, and prevents perlithiation and dendrite formation on
the negative electrode. The 3 A h lithium-ion pouch battery,
utilizing a functional separator, a silicon-based anode, and
a high-nickel layered oxide cathode, demonstrated a consistent
energy density of 330 W h kg™' and significantly enhanced
cycling performance.

Rao et al. similarly presented a prelithiated separator to
mitigate initial capacity loss by altering a commercial poly-
propylene separator (CSP) with Li,S/Co nanocomposites.'*® The
Li,S/Co coating facilitates the extraction of active lithium ions
during charging, demonstrating a delithiation capacity of
993 mA h g '. The assembly of the entire battery utilizing
LiFePO, and graphite resulted in an increase in reversible
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capacity from 112.6 mA h g ' to 150.3 mA h g" !, an enhance-
ment in capacity retention rate from 73% to 84.4% over 100
cycles, and a 29.5% rise in energy density (Fig. 18c). Post-
delithiation, the LCSP separator maintains electrochemical
stability and does not compromise cathode or overall battery
performance. The fabricated pouch cells demonstrated consis-
tent cycling performance. The superior electrochemical prop-
erties of the prelithiated separator, together with the attributes
of the roll-to-roll production process, indicate its potential for
industrial-scale lithium-ion battery manufacturing.

The uniform distribution of the lithium source within the
separator facilitates an accurate release of lithium ions,
enhancing battery performance and longevity. Furthermore, the
pre-lithiation of the separator prevents direct contact between
the lithium source and the cathode or anode materials, miti-
gates the production of lithium dendrites, diminishes the
likelihood of potential side reactions, and enhances the safety
of the battery."” Separator pre-lithiation is relatively straight-
forward comparing to alternative pre-lithiation techniques and
may be seamlessly incorporated into current battery production
processes. This technology must be meticulously engineered
and optimized to guarantee a consistent application of the
lithium source on the separator and an adequate lithium
release rate, while preserving the mechanical integrity and
stability of the separator to enhance battery performance
without jeopardizing overall safety. In addition, the pre-
lithiation process may lead to changes in separator properties,
such as changes in porosity, which in turn can affect the overall
performance of the battery. Therefore, how to optimize the pre-
lithiation process to ensure the stability of the lithiation layer
and the long-term effect of the separator is the key to realizing
the wide application of this technology.

4. Effect of prelithiation

Prelithiation, the procedure of incorporating lithium ions into
the electrode material of lithium-ion batteries before assembly,
significantly influences battery performance in various aspects,
notably in augmenting capacity, prolonging cycle life, reducing
initial capacity fade rate, enhancing rate performance, and
increasing energy density. Prelithiation markedly improves the
battery's capacity by augmenting the electrode material with
more lithium ions. The increase in the lithium reservoir
immediately results in enhanced energy density, allowing the
battery to accumulate more charge. As a result, equipment
utilizing prelithiated batteries can function for extended dura-
tions between charges, which is particularly advantageous for
electric vehicles and portable electronics. Furthermore, pre-
lithiation is essential for prolonging the cycle life of batteries.
The technique promotes the development of a more stable solid
electrolyte interface (SEI) layer, serving as a protective barrier
between the electrode materials and the electrolyte. This SEI
layer aids in preventing the deterioration of the electrode
structure over successive charge-discharge cycles. Prelithiation
preserves the integrity of the electrode materials, enabling the
battery to endure a higher number of cycles with minimal
performance degradation. The prolonged cycle life reduces the
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frequency of battery replacements, providing both economic
and environmental benefits. Simultaneously, the initial rate of
capacity degradation in batteries was enhanced. The early
capacity fade denotes the swift decline in capacity that generally
transpires during the initial charge-discharge cycles of a new
battery. Prelithiation facilitates the early formation of a stable
solid electrolyte interphase (SEI) layer in the battery's life cycle,
hence averting irreversible interactions between the electrode
materials and the electrolyte. This stabilization reduces initial
capacity loss, guaranteeing that the battery maintains a greater
proportion of its original capacity from the beginning. Conse-
quently, the battery demonstrates enhanced performance and
reliability from the outset, offering a more stable and trust-
worthy power supply. Moreover, prelithiation improves the rate
performance of lithium-ion batteries. The rate performance,
defined as a battery's capacity to charge and discharge rapidly,
is essential for applications demanding high power output,
including electric vehicles and grid energy storage. Pre-
lithiation enhances the kinetics of charge-discharge reactions,
facilitating quicker response times and more efficient energy
transfer. This results in enhanced power delivery and perfor-
mance in high-demand scenarios, rendering prelithiated
batteries appropriate for a broader spectrum of applications.
Ultimately, prelithiation enhances the energy density of
lithium-ion batteries, which dictates the amount of energy
a battery can store in relation to its weight or volume. The pre-
lithiation treatment supplies extra active lithium to offset the
Initial coulombic Loss (ICL) and enhances the Initial coulombic
Efficiency (ICE), hence elevating the operational voltage.
Consequently, it directly improves energy density, facilitating
the development of lighter and more compact batteries without
sacrificing capacity or performance. This is especially beneficial
for portable devices and electric vehicles, where space and
weight are crucial factors.

5. Conclusions and perspective

This review systematically examines pre-lithiation techniques
categorized by electrode architecture, emphasizing the pre-
lithiation of electrodes, electrolytes, separators, and binders.
Each category offers distinct opportunities and challenges that
are essential for enhancing the performance of lithium-ion
batteries. We examined four primary techniques of electrode
prelithiation: prelithiation additives, electrochemical pre-
lithiation, chemical prelithiation, and mechanical prelithiation.
Pre-lithiation additives demonstrate significant potential in
enhancing initial capacity and cycling stability; nonetheless,
their compatibility with various electrode materials continues
to be a critical research focus. Electrochemical prelithiation
provides substantial performance enhancements, however it
may be constrained by process intricacy and expense. Chemical
prelithiation exhibits a high lithium consumption rate; none-
theless, it poses issues regarding material compatibility and
may result in side reactions. Mechanical prelithiation, albeit
simple to execute, raises difficulties regarding the structural
stability of the electrode material. The emphasis should be on
advancing pre-lithiation methods to enhance ionic conductivity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and ensure stability in electrolytes and separators. Advance-
ments in these domains can enhance the overall efficiency and
longevity of the battery. Several critical research avenues are
essential for the advancement of pre-lithiation technology in
the future. Initially, enhancing the compatibility and perfor-
mance of pre-lithiation additives across various electrode
materials is essential for maximizing their advantages.
Secondly, the simplification and cost reduction of electro-
chemical and chemical prelithiation processes will be crucial
for their commercial feasibility. A hybrid method that integrates
various pre-lithiation techniques may yield unique solutions by
leveraging the benefits of each method.

With the growing demand for efficient, sustainable lithium
ion batteries, it is necessary to improve prelithiation techniques
to address issues related to battery performance and resource
constraints. By compensating for the irreversible lithium loss
during the initial charge cycle, prelithiation technology has
positively influenced battery performance by augmenting
capacity, extending cycle life, reducing initial capacity degra-
dation, and improving power performance and safety. With the
ongoing advancements in pre-lithiation technology research
and development, the prospects for enhancements in battery
technology are increasingly optimistic, facilitating the emer-
gence of more potent, resilient, and efficient energy storage
systems and electric vehicles. Prelithiation has emerged as
a promising strategies to enhance the performance of lithium-
ion batteries (LIBs), particularly for next-generation high-
capacity anodes like Si-based and SiO,-based materials. Apart
from lithium-ion batteries, prelithiation will also become an
indispensable process for lithium-sulfur, lithium-oxygen, and
sodium-ion batteries, which face similar challenges with low
initial coulombic efficiency (ICE) and energy density.

Although pre-lithiation technology has achieved remarkable
results in laboratory and small-scale production, there are still
some issues to consider before the industrialization of pre-
lithiation technologies. While techniques such as mechanical
rolling have demonstrated good lithiation efficiency and
industrial compatibility, challenges remain in controlling lith-
iation uniformity and degree, which can result in localized side
reactions and the formation of lithium dendrites, posing risks
to battery safety and cycle stability. Additionally, the high
reactivity of certain prelithiation materials, such as SLMPs and
lithium alloys, presents serious safety concerns during
manufacturing. These materials require careful handling and
processing to avoid explosions or other hazardous events.

Addressing the challenges of prelithiation technology requires
several strategic approaches. Precise control over the prelithiation
process is essential to minimize issues like localized over-lith-
iation and dendrite formation. The development of advanced real-
time monitoring systems and feedback mechanisms could
provide the necessary precision. Additionally, the exploration of
novel prelithiation methods, such as electrospray and plasma
spray, which allow for more uniform and controlled lithium
distribution, could offer solutions to current limitations in existing
techniques. Another pivotal challenge is the moisture sensitivity
and environmental instability of many prelithiation materials.
Developing more stable materials that are compatible with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aqueous binders and polar solvents commonly used in electrode
manufacturing will be crucial for scaling prelithiation and making
it environmentally friendly. Surface passivation strategies, such as
using Li,CO; coatings on SLMPs or F-based layers for Si-based
anodes, could help mitigate the reactivity of these materials.
Moreover, finding cost-effective, safe, and greener prelithiation
reagents that are compatible with existing industrial production
lines remains a major goal. In addition to improving prelithiation
methods, it is essential to develop new battery management
systems (BMS) and cell design principles to accommodate the
unique electrochemical behaviors of prelithiated cells. For
example, adjusting charge/discharge protocols to prevent issues
like over-lithiation or metallic lithium plating during cycling will
be key to maintaining safety and cycle life. Furthermore, the
recycling of prelithiated batteries presents a unique challenge, as
the high reactivity of prelithiated anodes could pose risks during
battery disassembly. The development of safe and efficient recy-
cling techniques for these batteries will be crucial for ensuring the
sustainability of prelithiation technologies.

For large-scale industrial applications, cost-effectiveness and
scalability are paramount. Methods like in situ electrochemical
prelithiation using three-electrode designs or roll-to-roll pro-
cessing offer promising routes for improving the efficiency and
economic viability of prelithiation. However, the large-area Li-
foil counter electrode required for some of these methods still
adds to the cost and affects the thermal safety of the cells. Using
through-hole structured electrodes could reduce the amount of
Li foil needed, but the current high cost of laser-drilled elec-
trodes remains a barrier. At the same time, the technology of
extracting lithium from waste lithium batteries and other
lithium resources can effectively realize the reuse of lithium
resources, reduce environmental pollution, reduce dependence
on primary lithium resources, and promote economic benefits.

In conclusion, prelithiation technologies offer substantial
potential to improve the performance of lithium-ion batteries,
especially with the advent of high-capacity anode materials and
next-generation battery systems. However, realizing their full
potential requires overcoming challenges related to control,
safety, cost, and scalability. Future prelithiation innovations
must focus on developing precise, safe, and cost-efficient
methods that are environmentally friendly and compatible
with large-scale industrial applications. With continued
research and development, prelithiation will play a pivotal role
in the advancement of high-performance energy storage tech-
nologies for a wide range of applications, from electric vehicles
to renewable energy storage systems.
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