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Promises and Challenges of the Practical Implementation

of Prelithiation in Lithium-lon

Batteries

Renming Zhan, Xiancheng Wang, Zihe Chen, Zhi Wei Seh, Li Wang, and Yongming Sun*

Lithium-ion batteries (LIBs) have changed lives since their invention in the
early 1990s. Further improvement of their energy density is highly desirable to
meet the increasing demands of energy storage applications. Active lithium
loss in the initial charge process appreciably reduces the capacity and energy
density of LIBs due to the formation of a solid electrolyte interface (SEI) on
the anode surface, especially for Si based anodes in high-energy-density bat-
teries. To solve this issue, prelithiation to provide additional active lithium
into the battery has been widely accepted as one of the most promising
strategies. Here, key parameters/issues for the practical implementation of
prelithiation approaches in LIBs are discussed, including donable lithium-
ion capacity/prelithiation efficiency, chemical and ambient stability of the
prelithiation materials/reagents, safety hazards of prelithiation, residues and
side reactions during prelithiation, potential effect on electrochemical per-
formance, industrial compatibility, and scalability of the prelithiation, many
of which are often overlooked in academic literature. Moreover, insights are
offered regarding the potential future directions in the development of this
burgeoning field. Continuous progress in prelithiation is essential and urgent
to enable next-generation high-energy-density LIBs in the near future.

1. Introduction

Lithium-ion batteries (LIBs) have been dominating in portable
electronics and electric vehicles and are becoming the leading
technology for grid energy storage.’” Energy density is one
main property of LIBs, and it has been driving the entire bat-
tery technology forward to meet the ever increasing energy
demands of the modern society.®! For the existing LIBs with
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graphite-based anodes, active lithium from
the lithium-containing oxide or phosphate
cathode is consumed due to the side reac-
tions during the formation of solid electro-
lyte interface (SEI) on the anode surface,
accompanied by the decomposition of
liquid electrolyte. This leads to Cou-
lombic efficiency values lower than 100%
in the very initial charge/discharge cycles
(e.g., 90%-95% for the first cycle), which
appreciably reduces the energy density of
LIBs.Bl For the next-generation high-
energy-density LIBs, high-capacity anodes
(e.g., Si, Sn, and P with alloy reaction
mechanism) undergo much more serious
side reactions and show much more initial
lithium loss (e.g., >15%) than the graphite-
based anodes. Moreover, the side reactions
of these high-capacity anodes continue to
take place for several cycles, sometimes
even tens of cycles, before the stabilization
of Coulombic efficiency to over 99.9%, due
to the large volume change of these mate-
rials (e.g., =420% for Si, =260% for Sn,
and =300% for P) from lithium-free state to full lithiation state,
which leads to large amount of accumulated lithium loss.!*]
Consequently, the usable lithium-ion capacity and overall
energy density of LIBs using these high-capacity anode mate-
rials would be significantly decreased.

Prelithiation has been widely investigated as a promising
strategy to resolve this lithium loss issue and increase the
energy density of LIBs. With the specific purpose of com-
pensating for the initial lithium loss in LIBs, prelithiation is
conceptually independent from the pretreatment of battery mate-
rials or electrodes, and it can be simply regarded as providing
additional active lithium using specific prelithiation reagents/
materials or processing to LIBs prior to battery cell cycling.
To increase active lithium inside the entire LIBs, prelithiation
can be performed on different battery components, cathodes,
or anodes, and also at different levels, materials, or electrodes,
depending on the prelithiation approaches. Till now, various
prelithiation methods have been developed, including elec-
trochemical prelithiation at the electrode level 11 chemical
prelithiation at the materials or electrode level 2922 prelithia-
tion additives for cathodes and anodes,®?3>-*] and direct con-
tact/short circuit between a negative electrode and a lithium
metal foil.28-31 These prelithiation methods with various mech-
anisms show different prelithiation efficiency or capability in
increasing the energy density of LIBs and other effects, and
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also face different challenges/issues for practical applications.
Various materials/reagents are used and different processing
equipment/conditions are required for different prelithiation
methods, which lead to different challenges for their practical
applications in battery industry across multiple length scales.
Previous review articles about prelithiation for LIBs are organ-
ized by individual prelithiation methods.?2361 We believe
that different prelithiation methods share some common
parameters that have to be achieved and common challenges/
issues that have to be solved for practical application. Here
we organize our Perspective based on the key parameters of
prelithiation as well as the challenges/issues associated with
prelithiation itself, instead of examining individual prelithi-
ation method separately, which include: donable lithium-ion
capacity/prelithiation efficiency, chemical and ambient sta-
bility of the prelithiation materials/reagents, safety hazards
of prelithiation, residues and side reactions during prelithia-
tion (e.g., gas evolution), potential effect on electrochemical
performance (e.g., inert materials/residuals introduced by
prelithiation), and industrial compatibility and scalability of
the prelithiation. Yet the scientific literature mainly discusses
materials design/processing toward apparently excellent elec-
trochemical performance. Many of important parameters are
often overlooked, which are critical for practical applicability in
battery industry. Also, in this Perspective, typical examples of
these important parameters/issues are illustrated. Moreover,
we offer insights regarding the rational design of materials/
reagents and processing to solve these issues simultaneously
and realize successful prelithiation for possible industrial
applications.

2. Materials, Key Parameters, and Processing
of Prelithiation

Active lithium can be involved into LIBs at materials level, or
electrode level using different prelithiation methods (as shown
in Figure 1). Materials/reagents with high active Li content can
be used as prelithiation additives directly integrated into elec-
trodes (cathodes or anodes) during slurry mixing. Stabilized
lithium metal powders (SLMPs) and lithium silicide (e.g.,
Li;sSiy) particles are two typical anode prelithiation additives
that possess high theoretical lithium-ion capacities and low
lithium extraction potential. For lithium compensation at the
cathode side, lithium nitride (e.g., Li;N)?] powders and metal/
Li,O nanocompositesl® can contribute high donable lithium-
ion capacities below the charge cut-off potential window of the
existing cathodes.

To fabricate these prelithiation additives with high lith-
ium-ion capacities, metallic Li is often used as the raw mate-
rial. Typically, SLMPs are synthesized using high-speed
mechanical stirring of molten metallic Li, accompanied by
surface passivation process to form a Li,CO; nanoshell. Si
particles can react with molten metallic Li through alloy
reaction to produce Li;sSi, under mechanical stirring in
Ar atmosphere. Utilizing chemical conversion reaction,
LiF/Co nanocomposites can be fabricated through the reac-
tion between molten metallic Li and FeF;.1’”] Si-based anodes
can be lithiated by solutions of Li-biphenyl (Li-Bp) derivatives
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due to their low chemical potential (e.g., <0.2 V vs Li*/Li) to
generate the corresponding lithiation states. At the cathode
side, lithium-rich Li;,,NijgsMng,0Cog150, can be realized
using similar approach of chemical (over)lithiation through
the reaction between Li-naphthalene (Li-Naph) solution
and commercial LiNijgsMng20C00150,.38 It is noted that
some prelithiation additives are reactive with polar solvents
(such as N-methyl-2-pyrrolidone, NMP) and moisture in the
environment, and are incompatible with the existing slurry
fabrication processing. To utilize the high-capacity SLMPs
for anode prelithiation additives, direct calendering of dry
powders or dropping their suspensions in low polarity sol-
vents onto electrodes have shown success in lab scale. To be
compatible with the existing battery industry, prelithiation
additives should be integrated into electrode using slurry
mixing, electrode casting, and drying processes. In this
respect, cathode prelithiation additives are more promising
due to their lower reactivity. Metal/LiF/Li,O nanocompos-
ites were successfully introduced into LiNijgCoqiMng,0,
cathode using slurry approach in ambient condition with low
humidity (<20%).53%

Prelithiation at electrode level is an alternative approach,
with numerous successful examples in lab scale. Through the
configuration of Li metal half-cell with an external circuit, the
lithiation degree can be controlled accurately. Short-circuit
contact between electrode and Li foil in the presence of elec-
trolyte provides another choice, which does not involve cell
assembling/disassembling processes. During the processing,
applied external pressure helps to realize uniform electro-
chemical lithiation reaction. It is noted that chemical prelithi-
ation is universal for both materials level and electrode level.
By direct immersion of prefabricated electrode into Li-arene
solutions, uniform lithiation can be achieved. The prelithiation
approaches at electrode level can avoid the slurry processing,
providing more opportunities for the practical application of
sensitive prelithiation materials. Successful chemical prelithi-
ation at both cathode and anode sides was realized, including
lithium-rich Liy,,Nig¢sMng,0Cog150, for cathodel®® and 1i,Si
for anode. Impressively, with high overall capacities (e.g.,
>700 mAh g™ based on the mass of sulfurized polyacrylonitrile,
SPAN), electrode of SPAN was fully lithiated into Li,S-PAN
through its reaction with Li-Naph solution.*”] Also, chemical
prelithiation can also be realized using direct solid chemical
reaction between Li foil and certain specific metal foil electrode
such as Sn foil.*]

It should be noted that prelithiation involves various rea-
gents/materials and operations, which cause additional require-
ments in comparison to the regular battery processing. Several
important parameters, which are critical for practical applica-
bility in battery industry, include donable lithium-ion capacity/
prelithiation efficiency, chemical and ambient stability of the
prelithiation materials/reagents, safety hazards of prelithia-
tion, residues and side reactions during prelithiation (e.g., gas
evolution), potential effect on electrochemical performance
(e.g., inert materials/residuals introduced by prelithiation), and
industrial compatibility and scalability of the prelithiation. In
the sections below, these important parameters/issues will be
analyzed in detail, with typical examples and future directions
illustrated.

© 2021 Wiley-VCH GmbH
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Figure 1. Materials, methods, and key parameters of battery prelithiation. Prelithiation has been illustrated at both materials level and electrode level,
including fabrication and application of prelithiation materials, electrochemical prelithiation, and chemical prelithiation at electrode level. Key param-
eters of prelithiation have been listed, depending on various prelithiation materials and processing.

3. Donable Lithium-lon Capacity/Prelithiation
Efficiency

High-capacity anode materials (e.g., Si, Sn, and P with alloy
reaction mechanism) usually undergo serious side reactions
and show high initial lithium loss (e.g., >15%) in the initial
cycle. This issue even gets worse when nanomaterials with
higher specific area are applied, necessitating high-efficiency
lithium compensation. Donable lithium-ion capacity or prelithi-
ation efficiency is a fundamental parameter of prelithiation,
which decides the increased capacity and energy density of LIBs
that prelithiation can help to realize. The higher the lithium-ion
capacity that the prelithiation reagent/material provides, the
lesser the amount of prelithiation reagent/material is required
for lithium compensation.

Chemical prelithiation is a simple and efficient method per-
formed on anode utilizing Li-arene solutions as prelithiation
reagents for direct lithiation of active materials at materials
or electrode level. Li-biphenyl (Li-Bp), Li 9,9-dimethylfluorene
(Li-DiMF), and Li-naphthalenide (Li-NaPh) with low redox
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potential (=0.33, 0.22, and 0.35 V vs Li*/Li, respectively) can
react with various anodes (such as Al, P, Sn, SnO,, etc.) with
higher lithiation potential. Through direct lithiation reaction
between Li-Bp solution and SnO,/C nanocomposite at the elec-
trode level, the corresponding initial Coulombic efficiency was
increased from 45% to 90% after 5 min treatment.*! Similar
methods were also conducted for the red P, Sn, and P/C anodes,
and increase in initial Coulombic efficiency was realized.l*>*
Also, by applying Li-DIMF solution to Al foil anode, Li-Al
alloy layer with thickness of =20 um was formed on the sur-
face of the electrode, which provided adequate active lithium-
ion capacity to pair with Li-free S@N-C cathodes and achieved
stable cycling of 100 cycles.[*) Although significant progress has
been achieved for the Li-arene solutions, the prelithiation of
Si-based anodes is still lacking, which possesses low lithiation
potential of =0.25 V (vs Li/Li*). For example, Li-NaPh prelith-
iation reagents with redox potential of =0.35 V could help to
preform SEI on Si (with formation potential above 0.5 V) but
could not form lithium silicide.*’! The prelithiation of Si-based
anodes could be realized by employing Li-Bp derivatives with

© 2021 Wiley-VCH GmbH
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lower redox potential (<0.2 V vs Li/Li*). By simply immersing
SiO,, electrode into Li-Bp derivative solution, active Li was suc-
cessfully introduced into SiO,, and a high initial Coulombic effi-
ciency of =100% was obtained.*¢]

Direct solid phase reaction between metallic Li and active
materials provide an alternative way to introduce active Li into
anodes. Mechanical ball milling of metallic Li powders (or Li
chip) and Si powderst* ! was explored to fabricate Li-Si alloy,
which was challenging for chemical solution prelithiation using
organolithium compounds, and thus adequate active lithium
was introduced into the Si anodes. Li-Si alloy was successfully
fabricated via the reaction between molten metallic Li and Si
powder. The initial Coulombic efficiency increased from 52.6%
for the pristine Si to 93.8% for the lithiated product.* This
approach utilizing the chemical reaction between molten Li
and anode materials was effective and time-saving, and could
be easily extended to other alloy-type materials (e.g., Sn, Ge, Al,
etc.).

Recently, one-step mechanical prelithiation strategy was con-
ducted to solve the issue of inherent ultralow initial Columbic
efficiency for the free-standing Sn based foil anodes. Through
roll-to-roll calendering operation of stacked Li and Sn foils,
the spontaneous reaction on their interphase between metallic
Li and Sn foil produced Li,Sn layer on the surface of Sn foil
and formed a Li,Sn/Sn electrode where the unlithiated Sn foil
substrate served as a current collector. High active lithium-ion
capacity of >3 mAh cm™ was introduced into the Sn foil elec-
trode and a high initial Coulombic efficiency of 94% was real-
ized for LiFePO, (LFP)||Li,Sn full cells.!l The effect of the grain
refinement by using Sn-based foil for the initial Coulombic effi-
ciency, uniformity of the lithiation, and the cycling stability was
further studied in some other publications.’”) Such strategy
could be extended to other Al-based foils to improve their ini-
tial Coulombic efficiency,P! providing an extensive strategy for
prelithiation of other alloy-type metal foil anodes.

Electrochemical prelithiation is a universal approach to intro-
duce active Li for various anode materials. By discharging an
assembled Li metal half-cell, accurate amount of active Li can
be introduced into the anode with controlled cut-off voltage.
A more facile route of direct contact between metallic Li and
Si nanowires (SiNWs) with electrolyte intermediate can lith-
iate the SiNWs by the self-discharging effect with applied
external pressure to replace the above complicated and time-
consuming electrochemical prelithiation route.?®! By control-
ling the contact time, a high prestored lithium-ion capacity
of =2000 mAh g™ was achieved, indicating good feasibility of
this direct contact electrochemical prelithiation method. In
comparison to mechanical roll-to-roll operation, much lower
applied pressure was required for such electrolyte-mediated
electrochemical prelithiation (e.g., =30 MPa for mechanical
roll-to-roll operation vs =60 kPa for electrolyte-mediated electro-
chemical prelithiation), and thus can be applied to electrodes
with low mechanical stability. For example, Li-Al alloy layer
was formed on the Al foil through such an electrolyte-mediated
electrochemical prelithiation method and the initial Coulombic
efficiency of full cell with LFP cathode increased to 101.4% in
comparison to 86.4% for the counterpart without anode prelith-
iation.”®! To adjust the rate and uniformity of this electro-
chemical prelithiation method, a resistance buffer layer (RBL,
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poly(vinyl butyral) coated carbon nanotube film) was designed
and inserted between Li foil and SiO, electrode. The soft fea-
ture and high electrical conductivity of the RBL layer endowed
fast and uniform prelithiation of SiO,, anode.l>%

High-capacity Li-containing species were also extensively
studied as anode prelithiation additives to compensate the
huge initial Li loss. SLMPs were explored and used as anode
additives, which possess lowest working potential, and highest
specific capacity. The superior electrochemical features of
SLMPs make them suitable for the prelithiation of Si-based
anodes with low initial Coulombic efficiency, which was exten-
sively studied for Si-carbon nanotubel®¥ and Si nanoparticles>¥
anodes. Very recently, the effect of using different amounts of
SLMPs on the initial Coulombic efficiency of SiO anode was
investigated in detail.>® With different amounts of SLMPs, the
initial Coulombic efficiency of SiO electrodes could be easily
adjusted from 60% to 120%, which make Si-based anode fea-
sible in practical high-energy-density batteries. Besides the
SLMPs, Li,Si alloy nanoparticles were also synthesized and
successfully introduced into Si electrodes.?®! Using Li,Si as the
prelithiation additive to Si-based anode, it not only can donate
high lithium-ion capacity but also can work as active mate-
rials. After introducing Li,Si additive into Si anodes, active Li
in the Li,Si could participate in the entire electrochemical reac-
tion and be redistributed in the entire electrode during the fol-
lowing cycles. Various cell systems and prelithiation strategies
were discussed above, which introduced considerable lithium-
ion capacity and increased initial Coulombic efficiency for the
related anode materials/electrodes. To clearly show the donable
capacity/prelithiation efficiency for different prelithiation strate-
gies, the comparison of initial Coulombic efficiency for the elec-
trodes before and after prelithiation is summarized in Table 1.

Besides introducing extra active Li at the anode side, lithium
compensation at cathode can be an alternative strategy. To
realize lithium compensation at the cathode side, two strate-
gies were widely adopted, including using cathode prelithiation
additives and direct (over)lithiation of cathode by chemical or
electrochemical methods. As cathode prelithiation additives,
specific designed prelithiation reagents/materials with high
donable lithium ions are desirable. The donable lithium-ion
capacity refers to the difference of the charge capacity and dis-
charge capacity of the cathode prelithiation reagents/materials
during the cut-oft working potential range of cathode. The
cathode prelithiation additives should display much higher
specific lithium-ion capacities than the active materials. At
the early stage, ternary Li,M,0, (M = Ni, Co, Fe, etc.) mate-
rials were investigated as cathode prelithiation additives, such
as LigCoO4,¥ Li,NiO,,7%8] 1i,Cu0,,”® and Li,M00;.5% How-
ever, these compounds often delivered low donable lithium-ion
capacities (e.g., <400 mAh g). For example, Li,NiO, released
a capacity of 340 mAh g! during charge process and took in a
capacity of 83 mAh g™ during discharge process in the cut-off
potential range from 3.5 to 4.4 V (vs Li/Li*), showing an overall
low donable lithium-ion capacity of 257 mAh g~ Some other
lithium-containing salts were also explored for cathode prelithi-
ation with insufficient theoretical donable lithium-ion specific
capacities (usually from 300 to 570 mAh g7), including Li,C4O,,
Li,C,0,, Li,C305, and Li,C,04.% LisFeO, delivered a higher
donable lithium-ion specific capacity (=700 mAh g7) in the

© 2021 Wiley-VCH GmbH
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Table 1. The comparison of initial Coulombic efficiency (ICE) for the electrodes before and after prelithiation.

Anodes Cell configuration ICE before prelithiation Prelithiation strategy ICE after prelithiation
Sn0,/Ct Lif|snO,/C 45% Li-Bp 90%
p/Cl Lij|p/C 74% Li-Bp 93%
st Lillsi 74% Li-Np 96.1%
Sio, 16l SiO, |[NMC532 37.8% Li-arene 86.4%
Sit) Lillsi 54% Ball milling 95.2%
Siol* Lillsio, 52.6% Molten Li 93.8%
Sn foil4! Sn||LFP 21% Roll-to-roll 94%
Al foille] Al||LFP 86.4% Electrochemical 101.4%
Sio B2 NCM622||SiO, 75.4% Electrochemical 89.2%
Sil>4 Li||Si 65% SLMPs >100%
sior Lilsio 68.1% SLMPs 98.5%
Sil26] Li||si 76% Li,Si 94%

cut-off potential range from 3.5 to 5 V during the first charge
process.°) However, the gas release during the charge process
limited its further application./°-62]

Binary lithium compounds can provide much higher
theoretical capacities than ternary lithium containing salts.
Typically, Li3N exhibited the highest theoretical gravimetric
capacity (2308.5 mAh g™!) among all the investigated cathode
prelithiation additives. In our previous research, stabilized
Li;N powder with crystalline Li,O and Li,COj-surface pas-
sivation layer displayed a high donable lithium-ion specific
capacity of 1761 mAh g%’} The uniform composite of Li,O
and Li;,Nij5Mngs5Coo 0, (2:5 in weight) provided a high
specific charge capacity of 1083 mAh g™ with cut-off charge
voltage of 4.7 V (vs Li*/Li), with additional lithium contribu-
tion from the decomposition of Li,0.? Similarly, Li,O, and
LiNig 33C0033Mny 330, (5:1 in weight) composite electrode
exhibited an overall charge specific capacity of 1154 mAh g7, in
which LiNi 33Coy 33Mny 330, worked as both the active material
and catalyst for the decomposition of Li,0,. One common
issue of these binary lithium compounds is that their decompo-
sition process produces undesirable gases, which are harmful
for practical battery application.

The construction of metal/binary lithium compound com-
posites can change the decomposition reaction mechanism of
simple binary lithium compound and avoid the generation of
free gases, utilizing (inverse) conversion reaction mechanism,
and also maintaining the advantage of high donable lithium-
ion specific capacities. M/Li,O, M/LiF and M/Li,S (M = Fe,
Co, Ni, Mn, etc.) nanocomposites were synthesized through
chemical conversion reaction with molten Li using M, O, M,F,
and M,S, as the raw materials. As a typical example, a Co/Li,0O
nanocomposite featuring Co nanoparticles embedded in Li,O
matrix exhibited a high donable specific capacity of 619 mAh g™
in the initial cycle in the cut-off potential range between
2.5 and 4.1 V.B Similarly, Co/LiF and Co/Li,S nanocompos-
ites showed high donable lithium-ion specific capacity of 516
and 683 mAh g, respectively.’”% Very recently, a M/Li,0O/
LiF nanocomposite with metal in a hybrid Li,O and LiF matrix
delivered a high donable lithium ion capacity of 550 mAh g1.13%
While the employment of cathode prelithiation additives has
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to be introduced during slurry mixing and fabrication, intro-
ducing extra active Li into each particle of active materials
provides an alternative approach. Overlithiation of cathode
materials represents a new research direction, which not only
brings in extra active lithium for lithium compensation, but
also avoids the potential harsh battery fabrication condition that
regular battery prelithiation requires. To fully explore inverse
conversion reaction for cathode lithium compensation, our
group further combined conversion materials into commercial
LiCoO, cathode. Utilizing the continuous conversion reaction
between LiCoO, and lithium to form Li,O/Co, we reported
the fabrication of LiCoO, with a conformal Li,O/Co nanoshell
with thickness of =20 nm synthesized by in situ chemical reac-
tion using Li-Naph solution as the reaction reagent, and an
increase in overall charge capacity of 15 mAh g™ was achieved
for LiCoO, with 1.5 wt% Li,O/Co. As a demonstration, full cell
with such LiCoO, cathode and graphite-SiO anode delivered
a high discharge capacity of 2.6 mAh cm™ at 0.1C in contrast
to 2.34 mAh cm™ for the counterpart using pristine LiCoO,
cathode.[®] Ni-rich LiNij¢sMng,0C0og 150, cathode with surface
Li concentration gradient was further explored in our studies
using in situ chemical prelithiation approach; a 3 Ah-class
pouch cell consisting of such overlithiation cathode and Si/
graphite anode displayed a high energy density of 427 Wh kg™
with 11% increase in comparison to the counterpart with pris-
tine LiNiy ¢sMng 50C0g 150, cathode.l?®!

Multivalence of transition metals and abundant vacancies
in the crystalline structure of cathode materials provide oppor-
tunities to directly involve active lithium into the structure of
cathode and works as extra lithium for lithium compensation.
By chemical treatment of LiMn,0, cathode with n-butyl lithium,
extra active lithium can be inserted into octahedral sites of
spinel LiMn,0,, forming Li;,,Mn,0,") In addition, Li;, Mn,0,
can also be synthesized by heat treatment of mixed LiMn,0, and
Lil powder in an evacuated sealed ampule at 150 °C.[%¥] Further-
more, excess lithium was introduced into 16d site of the spinel
structured LiMn,O, to form Li; ;sMn,0y, via an electrochemical
approach at electrode level, which could be extracted during
the potential range of 2.2-4.3 V. As a result, the overall charge
capacity increased from =120 mAh g™ for the pristine LiMn,0,

© 2021 Wiley-VCH GmbH
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Figure 2. a) Donable lithium-ion capacities for various cathode prelithiation additives and b) excess initial charge capacities introduced by overlithia-
tion of specific cathodes. The overlithiation degrees for specific cathodes were marked, accordingly. All gravimetric capacities were extracted from the

related literatures [8,24,27,37-39,56,58-60,63-66,69,71,98]

to =245 mAh g! for the as-formed Li;;sMn,0, at 100 mA g™
with the same cut-off charge potential.® Similarly, additional
active lithium can be inserted into octahedral sites of Ni-doped
spinel LiNijsMn;sO4 to form Li;,,NijsMn;sO, using Lil in
aceronitrile as the reaction reagent at 80 °C."°l Moreover, extra
lithium was introduced into Tavorite phase LiVPO,F to form
Li; 63VPO,F by an electrochemical prelithiation strategy at elec-
trode level, utilizing the V3*/2* redox couple. Note that such extra
lithium could be extracted during the charge process of cathode
below 3.5 V vs Li/Li, which increased overall charge capacity
from =100 to =210 mAh g . The donable lithium-ion capacity
and excess lithium-ion capacity for prelithiation additives and
overlithiation materials respectively, are shown in Figure 2.

4. Chemical and Ambient Stability of the
Prelithiation Materials/Reagents

The ambient stability of prelithiation materials involves the
ability to resist the corrosion of ambient conditions such as
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oxygen and moisture. The chemical stability mainly involves
the chemical reactivity of prelithiation materials with the sol-
vents (e.g., NMP and water) used for the slurry mixing and
casting processes. The higher the chemical and ambient sta-
bility of the prelithiation reagents/materials, the lower the envi-
ronmental requirements for storage, which in turn translates to
fewer restrictions on the preparation conditions of electrodes
and better compatibility with the existing battery production
process.

Despite the high specific capacities of anode prelithiation
additives such as metallic Li and Li-Metal (Li-M) alloy particles,
their high reactivity remains a significant concern for prac-
tical application, which relates to the safety and feasibility to
the electrode preparation processes. In comparison with pure
metallic Li, SLMPs with the protection of a passivation layer
exhibit better stability and have been intensively studied as
prelithiation additives for various electrodes.’*’2 SLMPs can
be introduced into electrodes by mechanical calendering or
solution dropping/casting routes. For example, prelithiation
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of Si-carbon nanotubes electrodes was successfully realized by
directly dropping 3% SLMPs/toluene solution onto the elec-
trode followed by thermal evaporation to remove the residual
toluene (Figure 3a).’2l However, such operation process is not
compatible with slurry fabrication process in current battery
industry, since SLMPs possess high reactivity with solvents
such as water and NMP for slurry, and the powder state of
SLMPs poses serious safety concern during their application.
Besides powders of metallic Li, other forms of metallic Li,
such as thin Li foil/layer with reduced specific surface area
can be alternative choices. After passivation with organic
polymer, the chemical and air stability of electrochemically
deposited metallic Li layer can be further improved. As shown
in Figure 3D, poly(methyl methacrylate) (PMMA) was chosen
as the protection polymer for electrochemical deposition of
metallic Li layer. Due to the protection of the PMMA layer, good

www.advenergymat.de

air stability was obtained for the metallic Li layer for the prelith-
iation of electrode consisting of Si nanoparticles. After 30 min
exposure in air with 10% humidity, Si/PMMA/Li electrode
delivered a high capacity retention of 58% after 100 cycles,
approaching that without air exposure (63% capacity reten-
tion), as shown in Figure 3c.”?l A Li foil was sealed between
two Si-graphite loaded carbon fiber film electrode, followed by
sealing the edge with conductive adhesive. Lithiation reactions
occurred at the Li/Si-graphite interface assisted by mechanical
rolling, and good moisture resistance was realized due to the
good sealing effect of the surface hydrophobic Si-graphite elec-
trode and conductive adhesive.”?!

Li-M alloy prelithiation additives also face high reactivity to
ambient air and solvents for slurry, and need to be stabilized
before their application. Taking Li,Si powder as an example,
the inherent high reactivity makes it corrosive in ambient air
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Figure 3. a) Intergration of SLMPs into electrode by dropping and pressing approach. Prelithiation reaction between SLMPs and electrode take places
after pressing operation with the exposure of active Li to electrolyte. Reproduced with permission.?8l Copyright 2020, American Chemical Society.
b) Prelithiation utilizing a PMMA-protected Li metal deposition layer and (c) the cycling stability of pristine Si electrode and Si/PMMA/Li electrodes
(before and after exposed to air with 10% relative humidity for 30 min). Reproduced with permission.”3l Copyright 2016, American Chemical Society.
d) Fabrication of Li,Si-Li,O core-shell structure through the reaction between Si particles and molten metallic Li,and subsequent exposure to dry air and
(e) its capacity retention after exposure in dry air for different times. Reproduced with permission.> Copyright 2014, Macmillan Publishers Limited.
f) Construction of hydrophobic LiF and Li alkyl carbonate protection layer utilizing the reaction between Li,Si and 1-fluorodecane, leading to good air
stability with moisture. Reproduced with permission.”>! Copyright 2015, American Chemical Society. g) Fabrication of Si@Li,SiOj; core shell structure
through a SiO, coating and thermal reaction with Li,SiOs. Reproduced with permission.”’l Copyright 2019, American Chemical Society.
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and solvents for slurry, leading to large capacity loss. Due to
the protection of Li,O shell, an elaborately designed Li,Si/Li,O
core-shell structure showed good dry air stability and exhib-
ited high capacity retention of 70% after resting in dry air for
5 days. (Figure 3d,e).1?! To further improve the environmental
stability, especially in the ambient condition with moisture,
an artificial SEI strategy was developed for the protection of
Li,Si.”>! After reaction with 1-fluorodecane, hydrophobic LiF
and Li alkyl carbonate were in situ formed on the surface of
Li,Si, and worked as protection species for moisture. The as-
fabricated Li,Si showed high capacity retention of =60% after
exposure at ambient condition with 40% relative humidity for
6 h (Figure 3f). Despite the significant progress in improving
the ambient air stability of prelithiation additives, the chemical
stability to higher polar organic solvents for slurry (e.g., NMP)
is far from sufficient, not to mention water.

Although considerable progresses have been achieved for
the stabilization of the high-capacity Li-containing prelithiation
materials, they are still insufficient for application in the prac-
tical slurry mixing and casting in battery industry. To avoid the
high reactivity of the above-mentioned prelithiation materials,
the exploration of inactive Li-containing materials (e.g., lith-
ium-containing binder, lithium-containing shell structure on
active material, etc.) that reduces the lithium loss during battery
cycling is attractive. For example, the replacement of polyacrylic
acid (PAA) binder, a classical binder for Si-based electrode, with
Li-PAA, the initial lithium loss of electrodes can be reduced and
the initial Coulombic efficiency can be improved."®l With rela-
tively lower capacity than pristine Si, SiO, exhibits much more
stable cycling than pristine Si, but encounters large lithium
loss during the initial charging process. By utilizing the reac-
tion between Li,COj; reaction reagent before cycling, Si@SiO,
transformed into Si@Li,SiO3 and exhibited good slurry com-
patibility and high initial Coulombic efficiency. The as-designed
Si@Li,SiO; composite showed a high initial Coulombic effi-
ciency of 89.1% in sharp contrast to 56.8% for the pristine Si.”’]
A Si/SiO/Li,SiO;@C composite also delivered increased initial
Coulombic efficiency of 69.05% in sharp contrast to 12.29% for
pristine SiO electrode (Figure 3g).”®!

Ternary Li,M,0, (M = Ni, Co, Fe, etc.) additives such as
LisFeO, and Li,NiO, often have inferior ambient stability, and
the alkaline nature of side products leads to poor slurry stability
during electrode fabrication.®*7>#% With much higher specific
capacity, Li3N powder reacts with moisture quickly and displays
fast materials degradation in ambient air condition, and it is
also incompatible with solvents (i.e., tetrahydrofuran (THF),
NMP, and water) for the slurry processing.®!l A surface passiva-
tion layer of crystalline Li,O and Li,CO; helped to improve the
ambient stability of Li;N. Moreover, low-polarity solvent of THF
was used for the slurry processing, suggesting the potential
compatibility of slurry approach.’) The integration of strong
alkaline compounds with high lithium content into the elec-
trode as prelithiation additives/active materials can lead to reac-
tion with organic polar solvents (e.g., NMP) for battery slurry.
The hydrogen (o~H) in NMP is liable to reaction with lithium-
containing compounds due to the alkaline catalytic reaction
mechanism, leading to severe chemical reaction between these
compounds and NMP (Figure 4a)l®? Despite relatively higher
decomposition potential, Li,O and Li,O, possess better stability
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in comparison to Li3N, and are potentially compatible with
slurry processing using regular PVDF binder and NMP solvent
in dry air condition once the toxicity of their alkaline products
is suppressed.®*6*83 With introduction of metal to lithium
compounds, metal/lithium compounds nanocomposite based
on “inverse conversion reaction” showed improved ambient
and chemical stability.®3] Impressively, LiNiygCoq;Mng;0,
with 4.8 wt% metal/LiF/Li,O nanocomposites were success-
fully fabricated in ambient condition, and delivered increased
charge capacity of 31 mAh g™ at an industrial cathode mass
loading of 20 mg cm™ (Figure 4b). Due to its good resistance to
H,0 and CO,, and uniform distribution in the metal/LiF/Li,O
nanocomposites, LiF significantly improves its moisture sta-
bility, making it compatible with the existing positive electrode
fabrication processing. 65% of the initial lithium-ion capacity
was maintained after its storage in ambient condition for 48 h
(Figure 4c).’!

Overlithiation of cathodes can provide extra lithium for
lithium compensation. Overlithiation creates built-in prelithi-
ation reagent in each active material and is an alternative
choice of using prelithiation additives. With the regular slurry
and electrode processing in ambient air, we showed that a
conformal Li,O/Co prelithiation nanoshell (1.5 wt%) on com-
mercial LiCoO, delivered an excess lithium-ion capacity of
15mAh g 'in comparison to the pristine LiCoO, (Figure 4d). Even
after 12 h of exposure to ambient air, the overlithiated electrode
still showed higher lithium-ion capacity of 7 mAh g than the
pristine LiCoO,, showing much better stability than many other
prelithiation materials (Figure 4e).%%! As shown in Figure 4f,
the strategy of direct chemical overlithiation was applied to
LiNig ¢sMng 50Cog 150, cathodes. The electrode fabrication for
as-fabricated overlithiated Ni-rich LiNiy¢sMng0Cog 150, can
be conducted in ambient condition using regular NMP solvent
and PVDF binder. Note that pristine LiNijgsMng,0Cog150;
shows moisture sensitivity and is often processed in dry room
in industry. In principle, this issue can be addressed by surface
protection strategies, since that the reaction between Li-rich
surface of materials and H,O in ambient condition or solvents
would be suppressed due to their physical isolation. Also, slurry
processing in dry air condition and using water-free solvents
can help to avoid this issue. Such overlithiation does not bring
more harsh conditions for battery fabrication and thus is prom-
ising for practical implantation in industry.*® Interestingly,
even after exposure in ambient air for 3 h (30% humidity), the
Ni-rich LiNijgsMng,0Cog 150, still delivered an initial charge
capacity of 204 mAh g7, which is 8 mAh g! increase in com-
parison to pristine LiNiggsMng,0Cog 150, without exposure
(Figure 4g).

Chemical prelithiation of electrodes involves the utiliza-
tion of Li-arene solutions as the reactive reagents, which
work for both anode and cathode. It is noted that the good
stability of these Li-arene solutions can be realized by
adjusting the concentration of the corresponding solutions.
For example, a 10 x 1073 m Li-Bp/THF solution would deterio-
rate quickly after being exposed to ambient air. When the con-
centration of Li-Bp/THF solution was increased to 1 m, the
solution endured over two weeks due to the formation of sur-
face passivation layer (Figure 4h).[! Besides the application
of these prelithiation reagents to active materials, chemical

© 2021 Wiley-VCH GmbH



ADVANCED “ENERGY

SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
a., o [ ] d
) @ ‘ o3 o ovr [
2o ».9,»?—&0‘5 % Toe
R < ¢ nwps
DMAC DMSO ACN NMP DMF ACN
Ld ?
[ ] 9 [} 9 >
@ i F) 1003, ©
be 0P -0 ‘42N ve M
-
™ ;] @ 29, & pmac
DMAC- DMSO- ACN- NMP- DMF- Ey(kcal mol)
b Fe W LiF/Li,O i c
5 W Li,0 4
- Li,CO;
-§ o, %3
Ng S =X %
52
il N g > FelLiF/Li,0
fgo e 1 Capacity retention: 65.3%
¥ ) LiOH
FelLi,O 0 150 300 450 600
Capacity (mAh g)
d e4.3
discharge _ 42
s
- | = )
= 241 — LiCo0,
s — CS$-LiCo0,
charge = o[ — cs-icoo; inairfor 3h
o030 10008500, 100,080 St
_ & 2
3.9

130 140 150 160 170
Capacity (mAh g-')

«Q

LisoxNio M 0C00.50; L1 gracier!

»
N

»
o

= LR-Ni65 in dry air for 3h

~ LR-Ni65 in air with 30%
humidity for 3h

N
-

Voltage (V vs. Li/Li*)
N
«©

L™ LiNig 6sMng 20C00.1502

Surface structure 0 50 100 150 200 250
Specific capacity (mAh g-)

Moisture

G (OO AT

N -

Anode Anode Anode Carbonate
electrolyte

Figure 4. Chemical and ambient stability of cathode prelithiation. a) DFT calculations for possible reactions between Li;N with different organic solvents
(e.g., DMAC, DMAC-, NMP, NMP-, DMSO, DMSO-, DMF and DMF-) and their dehydrogenation energy, among which DMF shows largest dehydrogena-
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Reproduced with permission.138 Copyright 2020, American Chemical Society. h) Stabilized prelithiated negative electrode with concentrated Li-Bp solu-
tions. Using 1 m Li-Bp as prelithiation reagent, a moisture and oxygen resistant protection layer forms on the surface of the prelithiated electrodes.
Reproduced with permission.3] Copyright 2019, American Chemical Society.
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prelithiation at the electrode level does not involve the slurry
processing of using prelithiation additives, and thus a prefab-
ricated electrodes before prelithiation can avoid the issue of
high chemical reactivity of prelithiation additives to solvents
for slurry, which is potentially more practical for industry
application.

The stability of prelithiation additives plays an important
role in practical applications. Surface passivation and nano-
composites of prelithiation materials could improve the
ambient stability for storage and chemical stability for sol-
vents in slurry processing. They often face challenges when
they are integrated into electrodes or batteries during regular
slurry processing and electrode baking. Prelithiation at elec-
trode level can avoid the stability issues that prelithiation of
active materials powder faces during the consequent slurry
mixing, casting and electrode baking processes, making
it feasible for potential application. To realize uniform and
effective prelithiation at the electrode level, it is highly desir-
able to explore chemical prelithiation reagents with high
safety and good stability. In addition, it is worth noting that
solvent-free electrode manufacturing approaches can effec-
tively avoid the chemical reactions between lithium-rich com-
pounds and polar solvents (e.g., NMP and water), which is
promising for the practical application of prelithiation in bat-
tery industry.

5. Safety Hazards of Prelithiation

The processing of battery prelithiation involves the fabrication
of highly reactive prelithiation materials, their storage, and
integration into electrodes, during which safety issues can take
place. The fabrication of prelithiation materials often involves
raw materials with high reactivity (e.g., metallic Li), harsh
conditions (e.g., high temperature, high pressure), and high
chemical heat release. For example, to synthesize Li-M alloys
as anode prelithiation additives and metal/lithium compounds
for cathode prelithiation additives, highly reactive metallic Li
and metal particles are used as raw materials, and high pro-
cessing temperature (e.g., > 180.5 °C, melting point of metallic
Li) is widely adopted, which further increases the potential
safety hazard during fabrication. Typically, Li,Si alloy for anode
prelithiation could be synthesized by the reaction between
molten Li and Si nanoparticles at 200 °C for 6 h under con-
tinuous stirring, causing severe safety hazards during operation
(Figure 5a). As shown in Figure 5b, for cathode prelithiation,
Li,0/Co, Li,S/Co and LiF/Co nanocomposite additives were
successfully prepared via chemical conversion reaction between
molten metal lithium with Co;0,, CoS,, and CoF; with mechan-
ical stirring.®37:651 Alternatively, high energy ball milling of
metallic Li and metal powders can be conducted at room tem-
perature to produce Li-M alloys, however, it would cause more
severe safety issues due to the ultrahigh reactivity of active pow-
ders, especially for nanomaterials with high surface area. The
integration of prelithiation materials into electrodes may also
cause safety issues due to their high activity. Many prelithiation
additives (e.g., SLMPs, Li-M alloys and lithium compounds)
tend to react with H,0 and O, in ambient air and/or polar sol-
vents (e.g., NMP), which significantly increases the potential
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safety hazard during the slurry and electrode fabrication pro-
cess. With high lithium content, Li;N is easily hydrolyzed in
the ambient air to produce highly corrosive and irritating LIOH
and NHj; gas. Moreover, pure Li;N particles may decompose
during the electrode fabrication, causing violent burning. In
this regard, stabilized Li;N powder with a crystalline Li,O and
Li,CO; passivation layer can isolate the water and oxygen in
environment conditions and improve the stability.l’]

Metallic Li reacts with arene (e.g., NaPh) to produce
Li-arene solutions (e.g., Li-NaPh) with high chemical reactivity,
which is widely adopted for prelithiation at the electrode level.
Although effective prelithiation can be realized using these
Li-arene solutions, processing of such chemical prelithiation is
rigorous and cannot conducted in ambient conditions. Before
the realization of the final prelithiated electrode, a washing
process has to be conducted to remove the residual prelithia-
tion reagents and side products (Figure 5c).4 Note that such
process involves volatile and flammable solvents, which may
also lead to severe safety issue. Moreover, inert atmosphere is
required for the storage of these prelithiated electrodes due to
their high reactivity. For example, Li-arene/DME (e.g., 2-methyl
Bp) solution could prelithiate SiO, electrode into Li,Si. Before
the utilization of the prelithiated electrode, organic solutions
had to be employed for cleaning to remove the residual rea-
gents. Moreover, the as-prepared Li,Si electrode showed high
reactivity and flammability, causing difficulty in storage. Over-
lithiation of cathode can be realized using similar process. A
0.2 m Li-NaPh/THF solution was fabricated by chemical reac-
tion with metallic Li and NaPh/THF solution in inert atmos-
phere and successful overlithiation of LiNijgsMng 20Cog 150,
cathode was achieved using such prelithiation reagent.*®l The
electrochemical prelithiation involves metallic Li foil as active
Li resource, which also leads to the potential safety issues
(Figure 5d,e).8>8¢ Protection from the environment should
also be performed for the future storage and processing of
electrode after electrochemical prelithiation.

To avoid the safety issues during the use of active metallic Li
in the fabrication and processing of prelithiation materials, inac-
tive Li-containing materials were proposed for the pretreatment
of electrodes to compensate lithium loss and improve the safety.
For example, an electrochemical reaction strategy using an elec-
trolytic cell was demonstrated by using inactive Li-containing
materials to prelithiate the electrode, which consisted of Si as
working electrode, Cu wires as counter electrode and Ag/AgCl as
the reference electrode. During the processing of electrolytic cell
reaction, the Li* in Li,SO, solution diffused across the gel electro-
lyte and lithiated the Si electrode, where the lithiation potential
could be monitored by the reference electrode (Figure 5f). Thus,
a safe prelithiation process was realized in sharp contrast to the
cases involving using metallic Li.®’”) As mentioned above, the use
of Li-PAA instead of PAA binder, and formation of Li,SiO; spe-
cies on Si-based anodes can increase the initial Coulombic effi-
ciency and realize successful prelithiation with good safety.

With regard to safety, all the chemicals/raw materials,
fabrication of prelithiation materials and their storage, inte-
gration into electrode, electrode baking, canlendering, and
the subsequent storage of prelithiated electrode, must be
taken into the consideration. Considering the high activity of
active lithium-containing species, prelithiation additives and
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Figure 5. Safety hazards of prelithiation. a) Fabrication of Li-M alloys using alloy-type anode particles and molten Li. b) Syntheis of metal/binary lithium
compound composites utilizing chemical reaction between transition metal oxides (fluorides, sulfulfides) and molten Li (e.g., Co3O, + 8Li — 3Co + 4Li,O).
Reproduced with permission.®l Copyright 2016, Macmillan Publishers Limited. c) Processing of chemical prelithiation with Li-arene solution at electrode
level, which involves immersion, washing and drying processes. Reproduced with permission.[ Copyright 2020, Elsevier. d) Electrochemical prelithia-
tion of SiO, electrode with the existence of external circuit, and e) electrochemical prelithiation of Al foil by direct with metallic Li under applied external
pressure. Reproduced with permission.®3 Copyright 2015, American Chemical Society. Reproduced with permission.l8¢l Copyright 2020, Elsevier.
f) Electrolytic cell for the prelithiation of Si electrode without the involvement of active metallic Li. Reproduced with permission.®®”} Copyright 2015,
Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

overlithiation of cathode, inactive Li-containing materials are  practical application in lithium-ion batteries. In this part, the

attractive for practical battery application with high safety. residues and side reactions are discussed and the methods
to avoid/reduce the negative effects of prelithiation are also
provided.

6. Residues and Side Reactions during The products after chemical prelithiation often involve side

products besides the prelithiated materials/electrodes. For the
widely used chemical prelithiation reagents such as Li-Bp,
The unavoidable effects of residues and side reactions that  Li-NaPh, and Li-DiMF in THF/DME solutions, solid Bp, NaPh
prelithiation brings should be taken into account for their —and DiMF may be left on the surface of materials/in the

Prelithiation
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Figure 6. Residues and side reactions during prelithiation. a) Schematic of chemical prelithiation of electrode using Li-arene solutions. The solid
residues can be left in the electrode, requiring additional cleaning process. b) Chemical prelithiation of Sn foil by mechinical calendering operation.
Li,Sn layer was formed on Sn substrate without introduction of other residues. Reproduced with permission.!l Copyright 2019, The Royal Society
of Chemistry. c) Solid electrochemical prelithiation of a Li;AlHg-Al anode for solid-state batteries via heat treatment (120 °C) of hybrid consisting of
LiAIH, (active material), Li (Li source), carbon black (electronically conductive additive) and LiBH, (ionic conductor). Reproduced with permission. (sl
Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Schematic illustrations of residues or side reactions for cathodes with prelithi-
ation additives, including solid residuals (left), gases (middle), and dissolution of decomposition products (right).

electrodes after the evaporation of solvents, which requires
repeated cleaning to avoid negative effects such as low con-
ductivity (Figure 6a). Chemical lithiation utilizing the reaction
between pure metallic Li and active materials can avoid the
introduction of residues or inert materials. Through the reac-
tion between active particles and molten lithium with specific
designed weight ratio, products with accurate lithiation degree
could be realized without any residues. The universality of
this method was probed for the group IV elements (e.g., Si,
Ge, Sn, etc.) and their related oxides.®¥ Si, Ge, Sn, and their
corresponding oxides were successfully lithiated by molten
Li and a high capacity could be donated. In detail, stirring of
molten Li and Ge nanoparticles at 250 °C produced Li,,Ges,
which delivered a high charge specific capacity of 910 mAh g%,
However, during the integration of these active materials into
electrodes, possible side reactions can occur with chemicals
such as solvents for slurry and the processing environmental
conditions such as moisture. The prelithiation at electrode
level through similar solvent-free reaction process can avoid
the issues that processing of powder materials faces. Typically,
a simple calendering operation of stacked Li foil and metal
foil (e.g., Sn and Al foil) produces a Li-M alloy layer on the
metal foil anode and avoids the introduction of other possible
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residues and side reactions, but their generalization to other
forms of electrodes still face challenges (Figure 6b).[*

Besides, the electrolyte residues in prelithiated electrodes
after electrochemical prelithiation may cause negative effects
for their subsequent processing and battery fabrication, espe-
cially for large-scale application in industry. Thus, it is highly
desirable to explore facile approaches to remove the residual
electrolytes or avoid the use of liquid organic electrolytes for
the practical employment of electrochemical prelithiation.’?
Solid-phase electrochemical prelithiation method provides an
alternative strategy to avoid the involvement of residual liquid
electrolyte. A Li3AlHg-Al anode for solid-state batteries was
prelithiated via heat treatment (120 °C) of hybrid consisting of
LiAlH, (active material), Li (Li source), C (electronically con-
ductive additive) and LiBH, (ionic conductor) (Figure 6c). The
prelithiation degree of the product was controlled via the quan-
titative addition of Li and active materials.®] As for prelithia-
tion additives, the application of SLMPs as prelithiation addi-
tives would not cause residues in principle since they would
fully take part in the lithiation of active materials. For high-
capacity prelithiation additives, their volume shrinkage after
lithium donation and the residual passivation structure left in
the electrode may cause instability of the electrode.
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Large mass residuals often remain after extracting active
lithium ions from ternary Li,M,0, (M = Ni, Co, Fe, etc.) addi-
tives, lithium-containing salts (e.g., Li,C,0,, Li,C,0,, Li,C;0s,
and Li,C,04) and nanocomposite of metal/lithium compounds
(M/Li,O, M/LiF, M/Li,S, and M/LiF/Li,0, etc.) (Figure 6d left).
Although some of these cathode additives (ternary Li,M,0,)
can take part in the following charge/discharge processes, their
cycling stability is often inferior.l?>°87°1 The generation of gases
for additives of lithium-containing salts can lead to poor wet-
tability between the electrode and electrolyte, and even destroy
the structure of electrode during the working process. Mean-
while, their solid residues often possess poor electronic conduc-
tivity, deteriorating the electrochemical performance.[82537:39.65]
Binary lithium compounds (e.g., Li,O, Li,0,, and Li3N) with
high theoretical capacities produce much larger amount of
gases (e.g., O, and N,) during the electrochemical extraction
of active lithium, which requires additional degassing process
before battery cycling application (Figure 6d middle). More seri-
ously, these binary lithium compounds often encounter incom-
plete decomposition during the initial charging process, which
causes continuously release of gases in the subsequent cycling.
Also, the residuals due to the incomplete decomposition of
these additives lower the electronic conductivity of the entire
electrode.[%%

Lithium extraction from cathode prelithiation additives often
takes places at higher working potential in comparison to the
existing cathodes. To realize high donable lithium-ion capaci-
ties, relatively high cut-off charge potential has to be applied
in the working process of these cathode prelithiation addi-
tives. The high working potential, especially beyond the stable
working potential window of electrolyte (usually <4.5 V vs Li/
Li* for commercial carbonate-based electrolytes), would aggra-
vate the side reactions between the active cathode materials and
electrolyte, which degrade the electrochemical performance.
For instance, severe side reactions related to electrolyte decom-
position occur during lithium extraction from prelithiation
additives of LisFeO,4,®% Li,M00;,°Y and pure Li,O or Li,0,%364
due to the high applied voltage (>4.7 V vs Li/Li*). Also, the
decomposition products (e.g., Mo species) of some prelithiation
additives (e.g., Li;Mo00O3) would dissolve in the electrolyte, and
migrate through the separator to the negative electrode, leading
to side reactions at the anode (Figure 6d right).’”! Overlithia-
tion of some specific cathode materials can introduce excess Li
into their crystal structures, which can be fully extracted during
the battery charging, without inert residuals or gases genera-
tion. The only remaining products are active materials that par-
ticipate in the subsequent charge and discharge processes,
thus maximizing prelithiation efficiency. With respect to the
residues, such a prelithiation approach is ideal.?366:6971 The
schematic illustration of the residues or side reactions occur-
ring for cathode during the electrochemical reactions is shown
in Figure 6d.

Overall, the residuals include gases accompanied by the
decomposition of prelithiation additives, inert solid species that
may destroy the structure of electrode and lower the electronic
conductivity. Besides, side reactions occur due to the increased
cut-off charge potential for electrochemical lithium extraction,
and some metal residuals can also catalytically decompose the
liquid electrolyte. Currently, the studies on residuals and side
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reactions are still in the early stage. Deep insight into the mech-
anism, process, and effect on electrochemical performance is
lacking. To realize the practical employment of prelithiation,
more studies should be conducted on the mechanism and
effects of residuals and side reactions introduced by prelithia-
tion, and strategies for their improvement.

7. Potential Effect on Electrochemical Performance

While it is true that prelithiation can compensate lithium
loss and increase the energy density of lithium-ion batteries,
the involvement of prelithiation may pose potential effects
on battery performance. In this part, the potential effects of
prelithiation materials/methods on electrochemical perfor-
mance were discussed, including reversible capacity, cycling
stability, as well as the rate capability.

Taking chemical prelithiation of alloy-type foil anode (e.g., Sn
and Al) as an example, the initial Coulombic efficiency of Sn foil
was improved after prelithiation by using a mechanical calen-
dering route with Li foil. For pure Sn foil electrode, the catalysis
of electrolyte decomposition during the initial charging process
led to intrinsic low initial Coulombic efficiency (e.g., <20%),°%
which impeded the direct use of pure Sn foil in full batteries.
After prelithiation, the initial potential of the as-formed Li,Sn/
Sn foil decreased to below 1V (vs Li*/Li), which suppressed the
side reactions with electrolyte and introduced abundant active
Li. When paired with LFP cathode, LFP||Li,Sn cell showed a
high initial Coulombic efficiency of 94% in sharp contrast to
21% for the counterpart using pure Sn foil anode. LFP||Li,Sn
cell delivered a high reversible capacity of 2.28 mAh cm™
after 200 cycles, three times that the LFP||Sn cells exhibited
(0.75 mAh cm™2, Figure 7a). The chemical prelithiation of
metal foil electrode with increased accessible surface area to
electrolyte also led to the enhanced rate capability, probably
due to the increased contact area with electrolyte after prelithi-
ation. The change in volume during the lithiation/delithiation
process was another factor which prelithiation brought in. For
an elaborately designed Li,Si/graphene nanocomposite, Li,Si at
expansion state filled in the graphene gaps, and thus adequate
space could be prereserved after delithiation, which could better
accommodate the volume expansion during the subsequent
cycling. As a result, Li,Si/graphene||LiFePO, full cells displayed
stable cycling for 200 cycles with average Coulombic efficiency
of 99.92% (Figure 7b).%

For cathode prelithiation, the surface and bulk properties
of cathode may change after chemical prelithiation or over-
lithiation, causing the consequent change in electrochemical
performance. For example, due to the introduction of excess
lithium, lithium-rich Li,0/Co nanolayer would be produced
on the surface of commercial LiCoO, during the overlithiation,
which provided extra lithium during the charge process.%®! The
conformal surface layer after lithium involvement may lead to
different reactivity with electrolyte in comparison to the pris-
tine LiCoO,, which showed more stable cycling performance
for full battery, as shown in Figure 7c. In our previous work,
we show that overlithiation of LiNij¢;Mng,Cog150, cathode
not only produced a surficial Li concentration-gradient struc-
ture but also optimized the Li/Ni disorder of the bulk structure,
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Figure 7. Potential effect on electrochemical performance for prelithiation. a) Cycling performance of Sn||LFP and Li,Sn||LFP full cells. With the
increased initial Coulombic efficiency and introduction of excess active Li, the Li,Sn||LFP full cell delivered significantly higher reversible capacity and
better cycling stability than the Sn||LFP full cell. b) Surface and cross-sectional SEM images of Li,Sn anode after cycling. Dense structure of the eletrode
was matained, supporting the stable cycling. Reproduced with permission.[*l Copyright 2019, The Royal Society of Chemistry. c) Schematic of lithiation
and delithiation of graphene-encapsulated Li,Si nanoparticles for stable cycling. The using of preexpanded Li,Si particles could help to accommodate
the volume change during change/discharge processes. Reproduced with permission.®3l Copyright 2017, Macmillan Publishers Limited, part of Springer
Nature. d) Cycling performance of the overlithiated LiCoO,||graphite/SiO and pristine LiCoO,||graphite/SiO full cells. With the introduction of excess
lithium-ion capacity, the overlithiated LiCoO,||graphite/SiO full cell displayed higher reversible capacity than the pristine LiCoO,||graphite/SiO full cell.
e) SEM images of the overlithiated LiCoO, electrode after 100 cycles. The initial structure of the material and electrode was maintained, suggesting
that overlithiation does not cause negative effect on electrochemical cycling of LiCoO,. Reproduced with permission.%¢! Copyright 2020, American
Chemical Society. f) Cycling performance of overlithiated LiNiggsMng 2Nig150, (LR-Ni65) and pristine LiNiggsMng,oNig150; (Ni65) electrodes. The
overlithiated LiNiggsMng2oNig 150, displayed better electrochemical cycling stability than the pristine LiNiggsMng 2oNig150,, indicating the enhanced
structural stability. g) SEM images of the overlithiated LiNig gsMng 2Nig 150, electrode before and after cycling. The secondary particles of the overlithi-
ated LiNig gsMng 2oNig 150, remained intact after cycling. Reproduced with permission.38 Copyright 2020, American Chemical Society.

which increased the structural stability and improved electro-
chemical cycling performance. As expected, the overlithiated
LiNig gsMny ,Coq 150, cathode displayed high capacity retention
of 77% under 1C after 500 cycles, in contrast to 64% for the
pristine LiNijgsMng,Coq 150, cathode under the same test con-
dition. To show the potential application in battery industry, a
3 Ah-class pouch cell was fabricated, consisting of the prelithiated
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LiNip gsMng ,Cog 150, cathode and high-capacity Si/graphite
anode, and it displayed high energy density of 427 Wh kg™, 11%
higher than the counterpart with pristine LiNij¢sMng,C0¢ 150,
cathode (Figure 7d).*®! However, overlithiation can also produce
negative effect on the cycling stability of cathodes. For example,
LiCoO, with 32 wt% Li,O/Co fabricated via deep chemical
overlithiation provided a much higher initial charge capacity
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of 470 mAh g in comparison to the commercial LiCoO,, and
delivered a low reversible discharge capacity of 53 mAh g[6¢]

Cathode prelithiation additives can release high donable lith-
ium-ion capacities to compensate the active lithium loss that the
anode consumes. However, many high-capacity binary lithium
compounds (e.g., Li,O, Li,O,, and Li;N) produce undesirable
gases (e.g., O, and N,). There undesirable gases would destroy
the contact between electrolyte and active materials, cause
increased impedance, and thus lead to the degradation of elec-
trochemical cycling.l®*®4 For example, despite the increase in
the initial charge capacity due to the lithium contribution from
Li,O, additive, the hybrid electrode of LiNij;33Coq33Mny 330,
and Li;0, (95:5 in weight) underwent quick capacity decay
and showed a low capacity of 125.1 mA h g after 160 cycles,
even lower than the pristine LiNij33C0033Mng 330, electrode
(Figure 7e).l4 It is noteworthy that the amount of the used addi-
tives should be optimized with regard to the donable capacity of
the additives and other electrochemical parameters, including
cycling stability and rate capability of the electrodes. Till now,
few studies have investigated the effect of cathode prelithiation
additives on the rate capability of the cathode. In principle, the
inert residuals and gases release would change the transport of
electrons and ions, and increase the internal resistance of the
electrode, which is highly related to the rate capability.

The introduction of extra lithium at cathode or anode would
increase the energy density of batteries by effective lithium com-
pensation. Meanwhile, prelithiation can bring in other effects
depending on adopted prelithiation approaches. The effect of
residuals, gases release and side reactions should be compre-
hensively considered in evaluation of the battery performance.

8. Industrial Compatibility and Scalability
of the Prelithiation

Besides good electrochemical performance, industrial com-
patibility and scalability is the last but of key importance for
the practical implantation of prelithiation materials/methods.
However, few works have linked their relationship with current
battery fabrication processing. In this part, we organize the dis-
cussion of industrial compatibility and scalability of prelithia-
tion towards industry application with consideration of ambient
and chemical stability, safety, and environmental hazards, as
well as scalability.

SLMPs possess highest donable lithium-ion capacity, but are
challenged by their integration with active materials into elec-
trodes for industrial applications. For example, the processing of
SLMPs in most literatures involves their dispersion into organic
solvents such as toluenel>3 and hexanel’? to form suspensions,
following by dropping onto the electrode and drying. The sus-
pensions of such SLMPs are often inhomogeneous, leading to
lack of control over the amount of SLMPs that is introduced
to the active electrode. Although SLMPs show good dry air
stability, their light weight, high activity and flammability due
to the powder nature make the scalable processing of SLMPs
unsafe. Some studies reported the involvement of SLMPs into
electrodes through a direct mechanical pressing without sol-
vents, in which case the above mentioned issues would become
more serious.’¥ Despite the success in lab-scale operation of
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SLMPs, their industry application is still challenging. Li-M
alloy prelithiation powder additives encountered similar issues
with regard to safety during their integration into electrodes.[®!
Considering the safety, prelithiation materials with low acces-
sible surface area (e.g., thin metallic Li film® and metallic
Li strip®)) to the environment have more opportunities for
practical industry application. Ultrathin Li films are attractive
for prelithiation due to their reduced active surface and easy
processing in comparison to SLMPs. However, facile fabrica-
tion approaches of ultrathin Li films with high safety remain
lacking, which inhibits the practical implantation of ultrathin
Li films. Recently, ultrathin Li films with thickness from 10 to
20 um were successfully fabricated through spreading molten
Li across the surface of lithiophobic substrates with organic
coating and alloy elements.l! Very recently, ultrathin Li metal/
reduced graphene oxide (Li/rGO) composite films were fabri-
cated with adjustable thickness from 0.5 to 20 pm. By simply
covering such an ultrathin Li/rGO film on a Si-based anode,
the initial Coulombic efficiency was increased from 79.4%
to around 100%.”1 These results shows the success of using
ultrathin Li films for prelithiation in high energy density bat-
teries. However, its scalability is still challenging due to the
harsh fabrication condition, complex processing, and potential
high cost. Cathode prelithiation additives usually show much
better environmental and chemical stability in comparison to
the anode prelithiation additives and do not react with the cur-
rent NMP solvent for slurry fabrication, and have good compat-
ibility with the existing battery fabrication process. Typically, a
uniform nanocomposite of Fe/LiF/Li,O showed good stability
in ambient atmosphere and exhibited high lithium-ion capacity
(550 mAh g and high stability in ambient condition (65%
capacity retention after resting in ambient condition for 48 h),
benefiting from the good moisture stability of LiF, making it
compatible with the existing battery fabrication process.*%)

Prelithiation at electrode level can be achieved using elec-
trochemical prelithiation. Using Li metal half-cell configura-
tion combined with an external circuit, one can control the
lithiation degree accurately. However, the assembly and disas-
sembly of cell and the subsequent cleaning process make such
an approach difficult for scalability. Although short-circuit
contact of Li foil and electrode with the electrolyte can also
realize successful electrochemical prelithiation, without com-
plex cell assembling/disassembling processes, the demands
of huge external press and residuals make it challenging for
scalability. Also, the nonuniformity of the lithiated product
and the uncontrollability of the lithiation degree make it pre-
mature for practical application. Moreover, the introduction of
Li metal foil increases safety concerns and requires complex
postprocessing of used Li metal foil. Despite the success of
electrochemical prelithiation at lab scale, the above mentioned
issues should be addressed before its practical involvement in
battery industry.

Successful prelithiation can be realized at electrode level
through chemical prelithiation using Li-arene solutions. Taking
the prelithiation of SiO, electrodes as an example, the pro-
cessing of such chemical solution prelithiation involves the
immersion of electrode within Li-arene solutions. The lithia-
tion degree of the electrode can be adjusted by using different
reaction conditions (e.g., temperature, time, and concentration
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of Li-arene solution). Subsequently, the electrode should be
cleaned by nonpolar solvents (e.g., THF, DME, and 1,3-diox-
olane) repeatedly to remove the residual prelithiation rea-
gents.l*! Usually, these Li-arene solutions for prelithiation are
sensitive to ambient atmosphere, and thus the application of
these prelithiation reagents require rigorous environmental
condition in comparison to that of current battery fabrication.
Meanwhile, the volatility of the solvents causes uncontrolla-
bility of the process and prelithiation degree of the final prod-
ucts, especially in the case of larger scale. The cathodes after
chemical prelithiation using solution reaction often possess
better stability in contrast to the anode counterpart, making
it more promising for practical application. For example, the
overlithiation cathode material Ni-rich LiNiyg5Mng 20Co0150,
was fabricated by a simple chemical prelithiation, and such
overlithiation cathode material can be compatible with the
existing battery industry for commercial LiNij gsMng 20C0 150,
Furthermore, =4.1% of increased charge specific capacity was
still realized for such overlithiated cathode after exposure in
ambient air for 3 h with 30% humidity.*®

Prelithiation materials/methods without the involvement of
additional equipment, processing, and environmental demands
are highly desirable for industry application. Currently, many
of reported prelithiation materials/methods have achieved suc-
cess in lab scale and already showed promise in scalable appli-
cation. More attention should be paid to the requirements that
industry battery fabrication asks for, including the safety and
environmental concerns, cost, and compatibility with industry
processing.

9. Outlook

During the past years, prelithiation has become a widely
adopted approach to compensate the lithium loss and improve
the energy density of lithium-ion batteries, especially for high-
capacity anode materials (e.g., Si based anodes). This perspec-
tive highlights the key parameters of prelithiation as well as the
challenges/issues associated with prelithiation itself, including:
donable lithium-ion capacity/prelithiation efficiency, chemical
and ambient stability of the prelithiation materials/reagents,
safety hazards of prelithiation, residues and side reactions
during prelithiation (e.g., gas evolution), potential effect on
electrochemical performance (e.g., inert materials/residuals
introduced by prelithiation), industrial compatibility and scal-
ability of the prelithiation. The principles and effects for var-
ious prelithiation materials/methods were discussed in detail
with respect to these key parameters, and typical examples
have been provided to further explain these parameters. New
challenges associated with prelithiation have been analyzed,
including high reactivity of prelithiation materials, safety con-
cerns during the processing of prelithiation, and potential neg-
ative effects caused by prelithiation. We have also discussed the
understanding and possible solutions to these new challenges.

Yet the scientific literature is mainly concerned with the
donable capacity or increased energy density that prelithiation
resulted in; other important parameters are often overlooked,
especially in practical lithium-ion batteries. Further under-
standing the effect of prelithiation at the materials level and

Adv. Energy Mater. 2021, 2101565

2101565 (16 of 20)

www.advenergymat.de

electrode level is needed in future works. Detailed information
about the changes that prelithiation causes for active materials
and electrodes is unclear due to their complexity. After the
introduction of excess Li, the volume change of active materials
may be affected, as well as the subsequent strain change at the
materials/electrode level. Meanwhile, the Li introduction may
change the surface (or even bulk) structure (e.g., SEI) and prop-
erty of active materials. For example, with anode prelithiation,
Si-based anodes undergo complex phase and surface structure
changes at materials and electrode level, and their electrochem-
ical performance would be changed consequently, warranting
further studies in this area.

Studies of the ion and electron kinetic transport for the
prelithiated materials/electrode is also important, as prelithia-
tion may change the electronic conductivity of active materials
or electrode, and further affect the rate capability. For example,
some binary lithium compounds (e.g., Li,O, and Li;N) have
poor electronic conductivity, leading to inferior rate capability.
Also, voids can form after the decomposition of these binary
lithium compounds, which destroy the mechanical stability of
electrodes, as well as the electronic kinetic transport. This issue
can be alleviated by using small-sized particles of these com-
pounds and their uniform dispersion in the electrodes.

Prelithiation can offer high lithium-ion capacity and
improve the energy density of lithium-ion batteries. However,
it may potential cause safety concerns due to their high reac-
tivity. The development of prelithiation materials/methods
with high safety is highly desirable towards the practical
application in industry. Prelithiation at electrode level can
avoid the issue that direct integration of reactive prelithia-
tion materials into electrode faces, including their reaction
with polar solvents for slurry processing such as NMP. Over-
lithiation of cathodes at electrode level can contribute excess
lithium-ion capacity and exhibit good stability. For example,
overlithiation of LiNijgsMng 0Co150, electrode would not
cause harsher requirement for electrode/battery fabrication
in comparison to the pristine electrode. For the practical
involvement of anode prelithiation additives or prelithia-
tion reagents with high reactivity, more attention should be
placed on increasing their stability in materials and electrode
processing. Although some current strategies of surface pro-
tection can realize high stability in dry air condition, such as
Li,CO3 for SLMPs and F-based surface layer for Li,Si parti-
cles, further improving their stability against moisture and
polar solvents for slurry are of key importance for their scal-
able application.

It is worth pointing out that the practical employment of
various prelithiation materials/methods relies on their com-
patibility with the existing battery industry and the cost. Direct
integration of prelithiation into the state-of-art battery manu-
facturing is much faster than developing brand new processes
or equipment. In this regard, prelithiation methods with good
industry compatibility would have more chance for practical
scalable application. In addition, the cost involved in prelithi-
ation should be taken into consideration for industry applica-
tion. The cost of current prelithiation materials (e.g., SLMPs) is
usually high. Additional materials/electrode processing would
also increase the cost of prelithiation. Therefore, it is of key
importance to explore efficient prelithiation materials/methods
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with facile routes and low cost for future commercial applica-
tions. Initial anode-free lithium batteries employ metal collec-
tors (such as Cu foil) as the anodes, and lithium-containing
compounds on metal collectors (such as layer oxides and
phosphates on Al foil) as the cathodes. Similar to Si-based (or
other high-capacity lithium-free) anodes, only the cathodes pro-
vide active lithium for batteries. Metal current collectors often
show low initial Coulombic efficiency and reasonable lithium
loss during the initial metallic Li plating/stripping cycle. Thus,
prelithiation can compensate the lithium loss at the anodes
and maximize the energy density of anode-free lithium battery
systems.
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