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Towards the intercalation and lithium plating mechan-
ism for high safety and fast-charging lithium-ion batter-
ies: areview

Yi Yang'?, Lei Xu'?, Chong Yan'?'®, Jiagi Huang'? and Qiang Zhang*"

The ever-increasing demand of portable electronics and electric vehicles has
consistently promoted the development of lithium-ion batteries (LIBs) in the
direction of higher energy density, higher safety, and faster charging. However,
present high-energy LIBs are insufficient to sustain extra-fast power input
without adverse consequences, which is mainly affected by the lithium (Li) plat-
ing on graphite electrode. The goal of this review is to enable graphite anode to
support higher current and improve safety by ameliorating undesired Li plat-
ing from fundamentals and detections. Hence, the interaction, containing solid
electrolyte interphase formation, Li* intercalation/plating behavior, between
graphite and Li* be discussed in depth. Besides, the cognitive process of Li* in-
tercalation/plating kinetics as well as the inner mechanisms of Li plating espe-
cially in 3 extreme conditions (high state-of-charge, high charging-rate, and low
temperature) are highly desirable to investigate Li plating comprehensively.

Meanwhile, issues induced by Li plating, detection methods of Li deposition and knowledge gaps are identified for the

follow-up research directions of Li plating in LIBs.

he invention of the battery gave humans the ability

to store and release electric charges. Retrospect the

development of commercial batteries!l: The lead/
acid battery was invented in 1859 by Planté and developed
further by Faure in 1881. A lead/acid battery consists of lead,
lead oxide and sulfuric acid, whose voltage can reach about 2
V. Due to the low cost and the stability of recycling, lead/acid
battery still has the overwhelming share of the consumer bat-
tery market, despite it has been invented more than 160
years. Nickel/cadmium battery is another most widely util-
ized after the lead/acid battery, which has better cycling per-
formance than that of lead/acid battery both at ambient and
low temperature. However, due to the high cost of nickel/
cadmium battery and its memory effect as well as environ-
mental pollution problems, it was gradually replaced by the
nickel-metal hydride battery developed later. New battery
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systems are constantly being developed, which gradually de-
velop toward portable, low cost, high energy density and
high safety, etc. As the protagonist of the story, the lithium
battery is moving forward step by step. From its birth to the
large-scale use of today, there are numerous great minds
make huge efforts for it.2

At 1913, lithium (Li) metal was discovered to own the low-
est electrode potential (-=3.04 V).13! Then, the novel concept of
intercalation reaction in layered oxide cathode material titani-
um disulfide (TiS,) and lithium cobaltite (LCO, short for Li-
Co0,)l51 was suggested, which can allow reversible intercala-
tion/de-intercalation of lithium-ions (Li*). Until to the replace-
ment of dangerous lithium anode with graphite as anode ma-
terial, the lithium-ion batteries (LIBs), as one of the greatest
inventions in history, have profoundly reshaped our lifestyles
after the commercialization in 1991, due to high energy dens-
ity, long lifespan, and reliable safety.[26-111 Recently, the ever-
increasing portable electronics, electric vehicles (EVs), and
large-scale energy storage constantly promote the develop-
ment of LIBs towards higher energy density, faster charging,
and lower cost.l'2-17]

Especially in the field of EVs, despite the fact that EVs have
achieved good development in various technologies and low
cost in recent years, there is still a lack of consumer accept-
ance. Hence, the current market acceptance of EVs is relat-
ively low. One of the key reasons is that the fast-charging ca-
pacity of LIBs in EVs is insufficient, so that recharging the EVs
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will take considerably longer than refuelling internal combus-
tion engine (ICE) cars. Therefore, improving the fast-charging
capacity of LIBs will be a powerful force to satisfy the needs of
the society and push electric vehicles to the market.

Many organizations have proposed different fast charging
goals, such as the extreme fast charging (XFC) proposed by
the US Department of Energy, which aims to facilitate the
charging experience of battery electric vehicles (BEVs) to
catch up with that of refuelling ICE cars in 3-5 minutes.['819]
Further, the US Advanced Battery Consortium (USABC) tar-
gets high-performance batteries for EVs applications to ob-
tain 80% state of charge (SOC) within 15 minutes, and the
available system energy is 45 kWh with 1000 available energy
dynamic stress test cycles.['9!

However, it is still difficult to achieve the targets of fast
charging. Many studies have pointed out that the key to limit-
ing fast charging capacity lies in the battery itself, especially
the anode of a battery.2% The battery will inevitably endure a
larger current under high rate charging in order to save time.
Although the charging time saved, the battery will suffer
more significant effect. Specifically, high-rate charging will
trigger a series of side reactions, such as Li plating, mechanic-
al effects, and heat generation, which are the culprits that ac-
celerate batteries aging and even cause uncontrollable safety
issues of the battery.['9]

When it comes to the application of LIBs, it is still challen-
ging for LIBs adoption in cold regions at high latitudes/alti-
tudes and special application (e.g., polar/aerospace expedi-
tion and military fields). In these areas or applications, batter-
ies are required to work well below —20° C, or even below
—60° C.211 However, the optimal working temperature of LIBs
should be controlled in 15-35° C. Low temperatures restrict
the charging/discharging rate severely, resulting from the
sluggish kinetics in mass transfer and interfacial charge trans-
fer process. Further, the larger polarization generating by un-
toward kinetics processes under low temperature is much
more favorable for Li plating on graphite compared to the
normal intercalation behavior.

The abuse of electricity and heat are the key cause of bat-
tery thermal runaway. The safety performance and thermal
stability of the battery will be decreased due to the abuse of
electricity.[22-24 The side reaction between the plated Li met-
al and electrolyte is the main reason for the decrement of the
thermal stability of the battery during overcharge.l23] Mean-
while, separator can be punctured by plated Li, resulting in a
local short circuit which will facilitate the battery thermal run-
away. Considering that Li plating plays a decisive role in
worsening the safety performance and fast charging capacity
of LIBs, it is very important to study the mechanism of Li plat-
ing and monitor its occurrence.

To be specific, the term “Li plating” commonly refers to the
metallic Li deposition on the graphite electrode. The thermo-
dynamic potential of LiCg which is the stagel of GICs (short
for graphite intercalation compounds) of Li in graphite is very
close to that of Li metal (0 V vs. Li/Li*). Li metal can be easily
deposited on graphite particles, especially under the condi-
tions of high charging rate, high state of charge, low temper-
ature and abuse (see Figure 1).125-29] Further, the plated dend-
ritic Li will lead to the loss of active Li or induce the internal
short circuit, increasing the resistance of the battery and even
causing safety problems.[193031]

There have been many studies of Li plating, but there are
few reports about the research journey of Li plating and the
analysis related to the structure and interface chemistry of
graphite. Herein, we introduce the structure and interface
chemistry of graphite and also comb the researchers’ cogni-
tion of Li intercalation and plating. Firstly, this review intro-
duces the structure nature of graphite which is favourable for
Li reversible intercalation and de-intercalation. Secondly, the
process of Li intercalated into graphite with/without the elec-
trolyte is reviewed respectively. It should be noted that the
electrode/electrolyte interphase (EEI) will be formed during
the first cycle of charging and discharging process, which has
a great impact on the insertion and plating of Li*. Hence, it is
vital to explore the SEI formation, composition and structure.
During SEI formation, the insertion of Li* into graphite is also

Fig.1 Schematic drawing of lithium plating on graphite electrode.
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taking place. The intercalation process of Li into graphite is
also introduced in detail, the factors limiting the intercalation
of Li* are discussed as well. In the following, the research pro-
cess of Li intercalation kinetics and Li plating is reviewed, and
then 4 important mechanisms affecting Li plating are dis-
cussed. Further, the mechanism of Li deposition is analysed in
detail under the extreme conditions of LIBs (high charging-
rate, low temperature, and high state-of-charge). This article
also analyses the adverse effect caused by Li plating and de-
tection method of Li plating in order to predict the onset of Li
deposition. Finally, the prospect of follow-up research direc-
tions on Li plating in LIBs is also presented.

What do we know about graphite?

It is well acknowledged that the operating potential of the
graphite anode (~0.1 V vs. Li/Li*) is above 0 V in terms of ther-
modynamics. And graphite has the high theoretical specific
capacity of 372 mAh g~ so that the graphite is still by far the
most commonly used commercial anode material for
LIBs.32331 As depicted in Figure 2a, graphite has a typical
layered structure and each layer is composed of carbon
atoms.34 The carbon atoms in the layer are sp? hybridized to
form a covalent bond, so that each carbon atom can be con-
nected to three adjacent carbon atoms at an angle of 120° in
the same the plane. The chemical bonds are cross-linked and
extended, hence, the six carbon atoms form a regular
hexagonal carbon ring. The carbon ring expands on the plane

. ¢ & & &

Stage and color of different Li intercalation stages

to form a graphite sheet structure. At the same time, the re-
maining unhybridized p-orbitals of each carbon atom inter-
act with electrons to form & bonds, allowing electrons to
move freely between graphite layers. Thus, graphite has good
electrical conductivity. Due to n electrons which can absorb
visible light, the graphite has a black coloration. Because the
carbon atoms between the same carbon layers are covalently
bonded, it is difficult to destroy them. However, in the vertic-
al direction, the distance between the two layers is 3.354 A,
which is more than twice of the gap between two carbon
atoms in plane layer. Because the two adjacent carbon layers
are combined with weak van der Waals forces. This layered
structure can allow foreign chemical substances, (such as cer-
tain atoms, molecules, ions or complex ions and so on),
smoothly embedding without destroying the graphite net-
work structure in the carbon layer to form GICs (short for
graphite intercalation compound).’3536] Those substances in-
serted between the graphite layers are called guest, and
graphite acts as the host. The reaction of the guest embed-
ded in the graphite host is called the intercalation reaction.
Although there are two different layer stacking order in 2H
and 3R graphite phases, the intercalation mechanism and ca-
pacities of the two graphite phases are similar.37]

It is important to highlight the interaction of Li* with
graphite, especially the state of inserted Li in the graphite lay-
ers. Graphite undergoes a series of phase transitions as the in-
sertion of Li. Various phases, also referred to as stages, are
defined according to the Li concentration in graphite. The in-
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Fig. 2 a Schematic of the graphite structure with two different stacking sequences including ABAB (2H) and ABCABC (3R). And ABA stacking
is the main types of graphite. b The different lithium intercalation stages and phase transition regimes in the second cycle.*® Copyright 2018,
American Chemical Society. ¢ The colour and structure of stages 1L, 3L, 2, 1.5 Copyright 2021, Elsevier. d Rietveld refinement results for the
second cycle: interlayer spacing dc_c vs. lithium content.®® Copyright 2018, American Chemical Society.
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tercalation of Li is assumed to have no in-plane order if the
x(Li) < 0.25 in Li,Cg, which is the dilute region of stages 1L, 4L,
3L and 2L. Phases that are present at higher degrees of lithi-
ation, such as stage 2 and stage 1 (LiC;, and LiCg respectively)
are assigned to space group P6/mmm, which corresponding
to the stacking of graphene layers shifts from AB sequence to
AA sequence.l38 The different Li intercalation stages and
phase transition regimes are exhibited in Figure 2b. It was
demonstrated in a number of studies that the number in
terms of each stage (included the stages 1L, 4L, 3L, 2L, 2, and
1) are referred to the number of unoccupied graphene layers
between two occupied layers. The colour and structure of
stages 1L, 3L, 2, 1 are depicted in Figure 2c. A 13.2% total
volume expansion is obtained when the Gy is fully lithiated to
LiCg by using the operando X-ray diffraction (XRD) and elec-
trochemical testing.38] Another interesting finding is that
there is a quasi linear behaviour of the interlayer spacing dc.c
from the C to stage 2L transformation, however, the interlay-
er spacing is rarely changed during the 2L to 2 transforma-
tion. And a notable increment of dc. can be seen in stage 1,
due to the intercalated Li in each graphene layer. And the in-
terlayer distance between adjacent graphene layers in-
creases with ~10% when Li and graphite form LiCq (see Fig-
ure 2d).

What do we know about the process of Li in-
tercalated into graphite?

The interaction between Li and graphite

The diffusion of adsorbed Li on the surface of a graphite
single crystal was reported by Surf. Sci. methods.3949 |t was
found that adsorbed Li atoms are mobile on the graphite sur-
face, even at temperatures as low as —173 °C.[*0] Furthermore,
it was reported that the sub-monolayers of Li are disordered
so that the Li dendrite can grow easily. Jackle and Grof went
one step further and studied adsorbed Li atoms on a Li (001)
surface via ab-initio calculations, which mimicked the situ-
ation when several atomic layers of Li have already been de-
posited on a graphite surface.*’! And they attributed the
dendritic growth of Li to the rather weak interaction of neigh-
bouring adsorbed Li atoms and the diffusion properties of Li
on the Li (001) surface, which is favourable for unsmooth Li
growth on graphite surface and metal Li surface. Besides,
there is another research about the process of chemical inter-
calation of Li into a HOPG single crystal by utilizing evapora-
tion Li atoms onto the surface of a HOPG in ultra-high vacu-
um. It was reported that sub-monolayer coverages of Li dif-
fuse into graphite with an activation barrier of only 0.16 +
0.02 eV by monitoring the surface coverage by Auger elec-
tron spectroscopy (AES) and surface-dependent chemical re-
action.?l Recently, an operando Raman spectroscopy meas-
urement was carried out to investigate the layer breathing
modes in lithiated graphite, which gets detailed empirical
evidence of Li intercalation/de-intercalation into graphite. By
using operando measurements, LiC,q, LiC;,, and LiCy phases
are observed via distinct low-frequency Raman features,
which are caused by the displacement of the graphite lattice
by induced local strain. What is more, the new findings indic-
ate graphene-like characteristics in the lithiated graphite un-
der the deep charged condition due to the imposed strain by

Energy Lab 2022, 1, 220011

the intercalated Li.3%]

Although the above study only considered the reaction
between Li and graphite without the existence of electrolyte,
it also provided a train of thought for studying the kinetic
process of Li* inserted in graphite. It was also proposed that
the process of Li* intercalated into graphite proceeds in the
form of shrinking core because the graphite particle do not
have enough time to reach equilibrium.[3!

A remarkable finding is that the intercalation process is
more inclined on the edge plane of graphite rather than the
basal plane, because the energy barriers for de-solvation and
moving Lit* into the graphite lattice are in the range of 0.3-0.7
eV for the edge plane while they are ~10 eV for the basal
plane.l*4-491 Although Yao et al.l’% reported that the energy
barrier through the basal plane can be decreased to 6.35-2.36
eV with different defects, it is still an order of magnitude high-
er compared to the barrier for diffusion through the edge
plane. Thus, it is important to highlight that Li* intercalation
into graphite through the edge plane is much more likely
compared to the basal plane. Gao et al.l>" studied the Li inser-
tion process utilizing a single graphite particle by the in-situ
optical microscopy, and found that the phase transformation
of Li intercalation into graphite was carried out in the way of
shrinking core. Another surprising finding is that the edge
plane of the graphite particle first changes colour and then
moves inward, which is in well consistent with that Li* are
more likely to diffuse through the edge plane of the graphite.
Meanwhile, it is also observed that metallic Li deposits on the
edge plane of the graphite first.

Charging process of graphite anodes

SEl: formation, composition and structure

In the charging stage of LIBs, Li* escapes from the cathode
and reaches the anode through the electrolyte and separator.
At the same time, the potential of cathode increases together
with the decrease of anode potential, and the voltage of full
battery lifts. In the discharge process of the battery, Li* re-
turns from the anode to the cathode, reducing the voltage of
the battery. With the increase/decrease of the potential in the
battery, the electrochemical reaction also takes place
between the electrolyte and the electrode, and the solid
phase oxidation/reduction products pile up to form an inter-
face film. The stability of the interface film is vitally important
for the cycle performance of the battery.’2 On the one hand,
part of Li* will be consumed during the formation of the inter-
face film, resulting in the loss of battery capacity. On the oth-
er hand, the interfacial film has the properties of ion conduc-
tion and electronic insulation, which can guarantee the rapid
migration of Li*+ and prevent the continuous decomposition
of electrolyte components, as well as preventing the irrevers-
ible destruction of electrode materials caused by the co-inter-
calating of solvent molecules.[53!

It should be pointed that the interface film can be unified
as the electrode/electrolyte interphase (EEl), and the film that
forms on the surface of the anode is commonly known as the
solid electrolyte interphase (SEI).>¥ For graphite anode, with
the decrease of surface potential, a variety of components
(cation, solvent, anion, electrolyte additive, trace water) on
the surface of the electrode competitive reaction, and reduc-
tion to produce SEI. The order and rate of reduction reaction
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depends on the reduction potential, concentration, reaction
activation energy and other factors of each component. An et
al.53l introduced that the SEI formation potential range on the
graphite surface was between 0.8 and 0.2 V (vs. Li/Li*), and
the organic/inorganic insoluble products produced by reduc-
tion reaction were deposited on the surface of graphite an-
ode, while the soluble products diffused into the electrolyte
(Figure 3a). If the SEl is not fully formed, and the graphite an-
ode potential continues to drop below 0.2 V (vs Li/Li*), the
solvent molecules and the solvation groups around Li*+ will
co-inserted between the graphite layers. If too much co-inter-
calation occurs, the graphite layer will be exfoliated, causing
irreversible loss to the stability of the graphite anode.

Liu et al.5¢! used electrochemical quartz crystal microbal-
ance (EQCM), differential electrochemical mass spectrometer
(DEMS) and atomic force microscopy (AFM) to monitor the
formation process of SEl on the surface of HOPG. As shown in
Figure 3b and 3c, cyclic voltammetry (CV) was used to scan
from open circuit potential (3.0 V vs. Li/Li*) to 0.0 V (sweep
rate 1.0 mV s~1), and the formation process of SEl was divided
into four stages.

(1) When the voltage drops from 2.0 V to 0.91V, irregular is-
land deposition can be found on the graphite surface at this
stage, corresponding to the formation of LiF, which can occur
in either a chemical or an electrochemical way.

(2) At the stage of 0.91 V to 0.74 V, the solvent molecules
and the solvation structure formed by Li* co-intercalated into
the graphite layers.

(3) In the stage from 0.74 V to 0 V, the ethylene carbonate
(EQ) in the initial solvation sheath co-intercalated in the
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graphite begins to reduce, and the deposited particles on the
graphite begin to increase and aggregate in large quantities,
which can be ascribed to a well-developed SEI formation
mainly consisting of lithium ethylene di-carbonate (LEDC).

(4) In the subsequent forward sweep stage, when the
voltage rises to more than 0.3 V, some organic components in
the SEl undergo re-oxidation.

Considerable research efforts have been devoted to the
main component of the SEl in initial stage, which is proven to
the simple LiF and LEDC.57-591 However, the product in the
initial SEl is extremely complicated due to that the initial SEI
can evolve into an extremely intricate mixture of compounds
during repeated cycling. There are mainly 2 reasons for such
intricacy originates. The first reason is the instability of initial
SEl in terms of the chemical component and structure.[” Spe-
cifically, LEDC which is considered to be the initial compon-
ent of SEl from the reduction of EC can be re-oxidated. Not-
ably, it should be pointed that lithium ethylene mono-car-
bonate (LEMC), instead of LEDC, was proved to be the major
SEl ingredient, since the LEMC has higher ionic conductivity
compared to the ionic insulated LEDC.[%9 Secondly, the SEI is
chemically sensitive to various destroyers in its
surroundings.l67.62 For instance, the dissolution of transition
metal ions from cathode, carbon dioxide generated from
solvent oxidation could alter the structure and composition
of the SEI, which leads to the complicated compounds in the
SEl, such as lithium fluorophosphates, lithium carboxylates,
polyethylene oxides, Li,O, LiF, and so on.

When it comes to the structural model of the SEIl, people
began to pay attention to the structure and composition of
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Fig.3 a Schematic of the SEl formation process on graphite surface.>> Copyright 2016, Elsevier. b Curve of potential and mass change dur-
ing the formation of SEI on graphite surface.*® Copyright 2018, Springer Nature. c In-situ AFM image of graphite cathode surface during po-
tential change.*®! Copyright 2018, Springer Nature. d The traditional mosaic model to describe the SEI with multiple organic/inorganic com-
ponents.'®” Copyright 1997, IOP Publishing. e Schematic diagram of SEl layered structure model.l°®) Copyright 2000, Elsevier.
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the membrane on the anode surface since 1970.%3! In 1977,
Dey et al.l64l tried to characterize the substances formed on
the surface of lithium. Since 1990, the concept of SEIl has been
extended from lithium metal anode to graphite anode. In
1997, Peled et al.l%% proposed the mosaic model of SEI. And
then, Aurbach et al.l5¢! proposed the layered model of SEl in
1999. Mosaic model and layered model are two main models
used to describe SEI.

In the Mosaic SEl, the organic and inorganic products gen-
erated by the reduction of electrolyte components are ran-
domly distributed on the electrode surface,67:68] as depicted
in Figure 3d. However, the formation of heterogeneous mosa-
ic structure will affect the transmission path of Li+, because Li*
always migrates along the channel with higher migration
rate.[3] Due to the different migration rate along the abund-
ant components of the SEl, it is difficult to realize the homo-
genization intercalation/de-intercalation process of Li*, so
that it will cause dendritic Li and dead Li. For the layered
model of SEl, the reduction products of electrolyte compon-
ents are uniformly distributed on the electrode surface to
form a layered structurel®, as shown in Figure 3e. Generally,
it is composed of inorganic inner layer with low oxidation
state (such as LiF, Li,O Li,COs, LiOH, etc.) and organic outer
layer with high oxidation state (such as ROCO,Li, ROLi, etc.). In
the initial formation stage of SEI, the electrolyte components
are firstly reduced to organic products, and the components
closer to the electrode surface are later reduced to relatively
stable inorganic substances, which greatly affects the elec-
tronic insulation performance of SEI.[63.69-71]

With the help of analytical instruments, the evolution pro-
cess of the EEl can be monitored through the feedback of sig-
nals. But to explore the formation mechanism of the EEI
needs to be explained from a more microscopic perspective.
Recent studies have found that the initial structure of EDL
(electric double layer) had a greater influence on the forma-
tion, namely the inner Helmholtz layer specific adsorption of
Li+ and Li* solvation behaviour will affect the formation of
electrolyte interface together.®72 Initial specific adsorption
existing on the surface of the electrode will determine the ini-
tial chemical composition and structure of the EEIl, while the
solvation structure of Lit is involved in the dynamic evolution
of the EEl, and the interaction between them affects the sta-
bility of the EEL together.[73.74]

It is generally accepted that the metal or oxide trend to lose
electrons until the dynamic equilibrium is reached if the elec-
trode once contacts with the electrode. The interfacial area of
the electrode and the solution where excess charge accumu-
lates is defined as the EDL.[757¢! The concept of EDL was pro-
posed and modelled by von Helmholtz in 1853, and was mod-
ified by Gouy, Chapman, and Stern.[576! Stern divides the EDL
into compact layer and diffusion layer. The compact layer in-
cludes inner Helmholtz Plane (IHP) and outer Helmholtz Plane
(OHP).”7) The specific adsorption of solvent molecules and
anions exists in the IHP in the initial state of the electrode. It's
also limited by the limited space in the IHP, which can't con-
tain solvation groups. There is no specific adsorption phe-
nomenon in the OHP, but there are groups with solvation
structure. The Helmholtz plane is the closest position to the
electrode for the reaction substrate such as the specific ad-
sorption ions and solvated structure, and it is also the main
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place for the oxidation/reduction reaction of ions and elec-
trons in the initial solution. There is no denying that most
cations (Li*, K*, Na*, AP?*, etc.) own the strong ability to co-
ordinate with solvent molecules to form solvation groups,
compared to anions which are difficult to be solvated due to
the poor matching with solvent molecules. Therefore, it can
be concluded that anions are more favourable to be ad-
sorbed on the electrode surface without combining with
solvents. In the current study, it is meaningful to explore the
deep understanding about the featured specific adsorption
on the inner Helmholtz plane of electrode surface, since they
play significant roles in forming a stable interface.

Yan et al.%72 reported that the property of the specific ad-
sorption in EDL may exist only in the battery for the first cycle,
and then it will be replaced by the electronic insulated EEI, as
an important bridge between electrode and electrolytic li-
quid phase. The initial state of IHP ion specific adsorption of
the electrode will directly related to redox reaction of elec-
trode/electrolyte interface so that affects EEl structure and
chemical composition.

In addition to the specific adsorption, the solvated struc-
ture of Li* is another important factor of the EELI78-80] For the
EEl forming process, the electrolytic liquid phase of the solva-
tion structure has significant effects in the formation of EEI.
Recent evidence suggests that Li* tends to form solvation
structure with strongly polar solvent molecules in low con-
centration electrolyte, while anions are excluded from the
solvation sheath. However, in high concentration electrolyte,
the anions are more likely to enter the solvation sheath. Com-
pared with chain solvent molecules and anions, cyclic solvent
molecules are more likely to form solvation structures when
they coordinate with cations (Li*, K*, Na*, A3+, etc.) in dilute
solution. And these electrolyte components involved in the
solvation structure, especially those entering the inner solva-
tion layer, will participate in the formation of EEl, thus affect-
ing the structure, composition, ionic conductivity and thick-
ness of the EEL!47880-86] Yao et al.87! successfully prepared a
weakly solvating electrolyte (WSE), which realized the forma-
tion of a large number of ion pairs and polymers in the elec-
trolyte at low salt concentration, and allowed more anions to
participate in the solvation sheath at low salt concentration. A
unique anion derived electrode interface is formed on the
graphite electrode, which can realize the performance of fast
charging and long-term stable cycle. By using first-principles
calculations, they reveal the competitive coordination of an-
ions and solvent molecules to Li* in the solvation structure,
which provides a new insight for the development and
design of new electrolytes in the future.

Li* intercalation into graphite

During the charging process, Li* will remove from the cath-
ode and then intercalate into the graphite anode through the
electrolyte. However, SEl will be formed on the graphite elec-
trode before the Li* intercalate into graphite as mentioned
above, which will have a great influence on the insertion and
plating of Li.

It is well acknowledged that the charging process of graph-
ite anodes can be divided into 4 sequential steps at an atom-
ic scale (Figure 4a).[48388]

(1) The solvated Li+ moves in the bulk electrolyte, espe-
cially through tortuous channels and micro pores in graphite

220011 (Page 6 of 21)


https://doi.org/10.54227/elab.20220011

Energy LAS3

DOI: 10.54227/elab.20220011

Diffusion of solvated
Li* in bulk solution

l O
SN Scnunay
:.{; = 0 =00 0 0
RS e e e
T A
{1

Li* diffiusion
through SEI film

0.35nm

Li* diffusion in
graphene bulk

Breakup of Li*
.0 solvation sheath

b & .
De-solvation

Crossing SEI
Solid diffusion

Energy

Liquid diffusion

— Iy

Fig.4 aSchematic diagram of Li-ion intercalated into graphite during charging.*8! Copyright 2010, American Chemical Society. b Energy dia-

gram corresponding to the 4 sequential steps of a.

electrodes.

(2) Once the solvated Li* reaches the interface of
graphite/electrolyte, charge transfer cannot immediately pro-
ceed due to the existence of an electron-insulating SEI. The
solvation sheath of Lit must be stripped off before crossing
the SEI, which is termed as the de-solvation process.

(3) Naked Li+ diffuses through the mazy SEl and intercal-
ates into the layer of graphite.

(4) The diffusion of Li+ within graphite galleries, accompan-
ied by electron transfer and rearrangement of the graphite
lattice (from AB stacking to AA stacking).

According to the 4 steps mentioned above, the limiting
factors of faster insertion Li* into graphite can be generally
categorized into the following two types:

(a) Mass transport: This mainly includes the diffusion of Li*
in both electrolytes and carbon materials, which is (1) and (4)
in this case.

(b) Charge transfer: The transport of Li* across SEl can form
a major kinetic barrier, which consists of (2) and (3) for graph-
ite anodes. For this reason, it is essential to decouple the influ-
ence of mass transport and charge transfer to identify the
rate-determining step.

Concerning the energy barrier of the two limiting factors
(Figure 4b), the solid diffusion of Li+ in graphite lattice is lim-
ited by energy barriers in the range of 20-40 kJ mol-T, which
is reported to increase with the degree of lithiation.l26!
However, the energy of de-solvation in various cathode ma-
terials and graphite is similar (50-70 kJ mol~') when the car-
bonate electrolytes are used.[9-911 But the de-solvation en-
ergy barrier can be changed with the temperature and com-
position of electrolyte. So far, however, there has been little
discussion about the energy barrier for Li* to cross the SEI, be-
cause the properties of the SEI drastically change with the
composition of electrolytes, especially for the solvents, lithi-
um salts and electrolyte additives. For example, it was once
reported that the energy barrier for Li* to cross the SEl is
about 20 kJ mol-!, but no more solid and subsequent re-
searches have confirmed that.[88]

To date there has been slight agreement on whether mass
transport or charge transfer is the major limiting factor dur-
ing charging process. Firstly, there are many variables (such as
charging rate, working temperature, electrode material and
thickness, and so on) in the battery test, which can be
changed the dominated factor. To be specific, mass transport
play a leading role in the overall intercalation kinetics for
thicker electrodes or at larger current densities293], whereas
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charge transfer could possibly become the limiting factor
when charging thin electrodes especially at sub-zero temper-
atures because of the increasing activation energy.l47.49
Therefore, the battery test conditions need to be emphasized
when differentiating the rate limiting steps. Secondly, the de-
solvation process cannot be recognized as the rate determin-
ing step, while it is the step that need the most activation en-
ergy. This is because the rate constant is not only a function
of activation energy, but also the pre-exponential factor, ac-
cording to the Arrhenius equation.®¥ That is to say, the rate
constant is another index to determine the chemical reaction
rate, except for the energy barrier.

On the basis of these results, what we can summarized as
follows: (1) The process of Li+ intercalation into graphite is re-
lated to various cell parameters (electrode thickness, elec-
trode material, temperature, areal loading, and so on). The
test condition must be given before declaring the rate de-
termining step. (2) The rate determining step will not exist
and the charging process can be controlled simultaneously
by more steps if both processes contribute similarly. (3) It
should pay more attention to further mechanistic studies and
the experimental equipment for exploring the rate determin-
ing step. And it will supply more solid conclusion to find the
key factor of rate determining step theoretically or experi-
mentally.

What do we know about Li plating?

Cognitive process of Li intercalation and plating in
past 50 years

Our current analysis and prediction of the phenomenon of
Li plating on graphite electrode in LIBs are accompanied by
an understanding of graphite intercalation chemistry. The
rough cognitive process is revealed in Figure 5. The whole
stage can be divided into 4 parts. The first part was that
people began to realize that Li* would magically insert in
graphite layers and form GICs. This is a fundamental finding,
but it will be a cornerstone of subsequent research. In 1970,
when Dey et al.l®! verified the decomposition products of
propylene carbonate (PC), they found that when a large cur-
rent passed through the circuit, in addition to intercalation of
Li+ in graphite, atomic Li deposition also occurs on the graph-
ite surface. In a sense, it is the first time for LIBs to monitor the
Li deposition behaviour on the graphite electrode under high
applied current. Hu et al.3% reported that Li atoms can dif-
fuse into bulk graphite and form a Li-graphite sub-monolayer
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structure, thereby changing the electronic configuration from
metallic Li to a configuration similar to that of Li compounds
in 1984. It showed that Li can be combined with graphite to
form a compound. Two years later, Johnson et al.l*9 evapor-
ated Li metal onto HOPG and found that Li atoms can trans-
fer part of the outer layer charge to graphite, and Li forms an
intercalation compound in graphite. At the same time, the
behaviour of Li intercalation into graphite can occur even at
—173 °C. Then people began to realize that there seemed to
be something at the graphite/electrolyte interface. This sub-
stance determines whether graphite can maintain a stable
structure under different electrolyte conditions. As discussed
earlier in this article, this substance was identified as SEI and
has been extensively studied from ~1970 to 2000. In 1999,
Arora et al%! pointed out that when the potential of the
graphite electrode reaches below 0V, it is thermodynamic-
ally feasible for Li to be deposited on the graphite surface. In
the next year, Huang et al.”! proposed that the slower diffu-
sion process of Li* in carbon anode materials is the reason for
the poor performance of LIBs at low temperatures, rather
than the limitation of the mass transfer process in the electro-
lyte or passivation film.

In the 21st century, due to advances in characterization and
calculation methods, research on LIBs has become more in-
depth. Since 2000, many researchers have systematically
studied the interaction between Li* and graphite from inter-
face and graphite electrode. In 2005, the authors predicted
that the Li flux of the charge transfer reaction at the SEl would
be higher than the Li diffusion flux intercalation into the bulk
graphite, which would then cause Li* to accumulate at the in-
terface between the graphite electrode and electrolyte and
the metallic Li deposition.!8! In 2006, Zhang et. al.?®! experi-
mentally proved that Li deposition will occur under most
charging conditions, especially under high-rate and low-tem-
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perature. From this work, the term for Li deposition on the
graphite surface changed from Li deposition to Li plating.
Xul¥7! proposed the journey of solvated Li+ from solution to
graphite, and the impedance components related to each
step in 2007. In 2010, Xu et al.*8] mentioned that the de-
solvation process was the main energy-consuming step dur-
ing Li* transport process. In 2012, some researchers pointed
out that the energy barrier of the Li sub-monoatomic layer on
the graphite surface diffused into the graphite layer was very
low (only 0.16 + 0.02 eV).*2 Two years later, Legrand et al.['0%
studied the Li plating behaviour that cause aging and life de-
cay of LIBs, and attributed the cause of Li plating to the
charge transfer process and the solid phase diffusion of Li*.
The solid phase diffusion of Li* between the graphite layers
occurs on a longer time scale, compared to that of the charge
transfer process. It was believed that charge transfer is the
rate limiting step of the insertion of Li+ in the negative elec-
trode active material, resulting in subsequent Li metal depos-
ition on graphite particles. With the increase of the harsh
working conditions of LIBs, people begin to pay attention to
the problem of Li plating on graphite anode. Since 2018,
more work has been focused on the detection and mechan-
ism analysis of Li plating. In 2019, Duan et al.l'"®l conducted
research on whether graphite is lithophilic or lithiophobic.
The authors proposed that HOPG itself is lithophilic and Li can
be intercalated into the graphite layer through the grain
boundary or plane defects of graphite. Therefore, the intercal-
ation of Li in HOPG is a spontaneous process, which also helps
the spread of liquid Li metal on HOPG. At the same time, au-
thors study the wettability of molten Li droplets on pre-lithi-
ated porous graphite paper (PCP) and graphite powder
through design experiments. It was proved that when the
phase structure of graphite changes (from Cg to LiCg), the lith-
iated material has super-lithophilic characteristics.
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By 2020, a special year, the work of many researchers has
given us a deeper understanding of Li plating. In this year, Liu
et al.l'%2] studied the influence of current density on the local
Li plating behaviour by designing separators with different
diffusion gaps in coin cells. It was found that as the current
density increased, the critical size for uneven electroplating
was gradually reduced. Besides, it was reported that the mi-
gration of Li* has a great influence on the accumulation of Li
at the graphite anode. Subsequently, Wang et al.'%31 used a
special coin cell configuration with adding hot spots to ex-
plore the influence of the temperature unevenness on Li plat-
ing. The study found that the deposition of Li metal is prone
to occur in local high temperature areas caused by hot spots,
which may be caused by the coupling of thermodynamic and
kinetic effects. On the one hand, because the thermodynam-
ic equilibrium potential is closely related to temperature, loc-
al high temperature causes the increment of the equilibrium
potential Li/Li*, which also lifts the thermodynamic onset for
the deposition of metallic Li. On the other hand, due to the
faster Li* movement rate and large exchange current density
at the hot spots, it further promotes the occurrence of Li in-
tercalation into graphite and Li plating. Besides, Fraggedakis
et al.*3 introduced two ways of phase transition in ion inter-
calated materials from intercalation-wave (quasi-equilibrium)
to shrinking-core (diffusion-dominated). It was also proposed
that the process of graphite inserted with Li+ is carried out in
the form of the latter. After that, Gao et al..5" used in-situ op-
tics and phase field simulations to study the lithiation pro-
cess and the behaviour of Li plating utilizing a single graphite
particle. They believed that the Li plating was caused by the
saturation of Li intercalation on the surface of the graphite
particle. That is to say, solid diffusion plays an important role
in Li plating. When it comes to the boundary of safe Li plating
in LIBs, Cai et al.l25] proposed that the capacity of Li plating
should be controlled <25% graphite capacity, under the con-
dition of ~95% coulomb efficiency of Li metal deposition/dis-
solution. The metallic Li deposition on graphite electrode is
considered to be a key bottleneck for faster charging which is
a key enabler of economic success of EVs. Recently, consider-
able research efforts have been devoted to the investigation
of onset/detection of Li plating, mechanism of Li deposition
and so on. For instance, a pathbreaking technique, dynamic
capacitance measurement, was proposed by Xu et, al. for de-
tecting the deposited Li metal at 2022.104

Factors affecting Li plating

It is well acknowledged that the operating potential of the
graphite anode (~0.1 V vs. Li/Li*) is above 0 V in terms of ther-
modynamics. However, the potential of graphite electrode
will drop down to less than 0 V due to abundant polarization
under the condition of low temperature, high charging rate
and high state-of-charge (SOC), leading to the deposition of Li
metal on the graphite particles.

The related Li intercalation and Li plating reactions are
presented as bellow.

OLi* +6e” +Li,Cgs — Li,y5Cs

If x+J < 1, it means that there is enough space between the
graphite layers for Li* to occupy so that the Li* can be nor-
mally intercalated into the graphite. If x+J > 1, it means that
the number of Li+ exceeds the number of graphite available
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places, the excess Li* will not be inserted into the graphite,
and thus converted to Li metal, which is deposited on the
graphite. Arora et al.l%l first proposed a Li deposition model
for Li,MnO,/C LIBs based on Newman's theory, which divided
the current density of the anode into two parts: Li intercala-
tion current and Li plating current.

At present, there are 4 mechanisms of Li plating on graph-
ite electrode (It must be pointed out that due to the interac-
tion between dynamics and thermodynamics, the above 4
mechanisms are coupled rather than independent.):

(1) The Li plating reaction will be thermodynamically pos-
sible when the potential of graphite drops down to 0 V (vs.
Li/Li*) due to the difficult intercalation process which results
large overpotential exceeding the equilibrium voltage of the
Li-graphite phase in stage1.1%!

(2) Li plating could be caused if local salt depletion near
graphite surface, which triggered large concentration polariz-
ation leading the voltage of graphite below 0 V, and the de-
pletion of Lit is favourable for dendritic Li deposition.[05]

(3) Li plating could occur when intercalated Li* saturate the
graphite surface and block further insertion due to the slow
solid diffusion compared to insertion.[51.100]

(4) Li plating could be affected by charge-transfer process
included the de-solvation process and Li* crossing the SEI.
And it is in favour of Li deposition under high charge transfer
resistance.[48:106,107]

In addition to the 4 common factors mentioned above, oth-
er precipitating factors such as dissolution of transitionmetal
ion (especially manganese ion) from cathode will also lead to
Li plating on graphite anode.['98! The mechanism of Li plating
on graphite electrode is straightforward to understand, but
the cause of Li plating under different working conditions
(high SOC, high charging rate, and low temperature) has not
been explained uniformly.

High state of charge

It is found that the mass of plated Li was linearly depend-
ent for the SOC values by analysing the differential voltage
analysis of discharging voltage profiles after charging.['99 It
was also noted that reversible plated Li was less when char-
ging to relatively high SOC. To gain more insight, linear re-
gression was applied for the determination of growth rate
and initiation point of Li plating, and decreasing temperature
led to higher growth rates and shifted the initiation point to
lower SOC which meant that the plating process starts earlier.

As can be seen from Figure 6, a simplified model of the Li
plating-stripping process at different SOC levels is given. The
regionally plated Li keeps good electrical contact with the
bulk of graphite electrode at low SOC, so that most of the
metallic Li can be re-intercalated into the graphite with less ir-
reversible Li. However, the plated Li can grow through the SEI
and get in contact with the electrolyte given sufficient time at
medium SOC, which will cause capacity losses due to the new
surface film formed and isolation of dead Li during discharge.
The intercalation reaction exceeds Li plating due to low
charge currents at high SOC, which leads to a porous struc-
ture of deposited Li near the electrode surface. These struc-
tures provide finite electrical contact. The porous Li deposits
close to the electrode surface are oxidized firstly during dis-
charge. More distant Li structures are thus easily isolated from
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the graphite electrode and result in dead Li.

Furthermore, Persson et al. found that the diffusion barrier
is increased by x in Li,Cs!9), which will constraint the intercal-
ation kinetics under higher SOC. As will be described below,
the slow solid diffusion of Li in graphite plays an important
role in Li plating.

To gain more insight, the intercalation process of Li in a
single graphite crystal was observed by in-situ optical obser-
vation.511 It is found that no deposition of Li occurs when the
surface potential of the graphite particles reaches below 0 V
(vs. Li/Li*). However, when the outer regions of the graphite
particles become golden yellow for a period of time, that is,
when the edge plane of the graphite reaches saturation, Li
plating will occur. The author also deduced the potential of
graphite electrode under certain conditions by utilizing the
chemical potential:

V= _& + 1w
e

Here, V is the potential of graphite electrode, u;, is the
chemical potential of inserted Li at the graphite surface. To
drive the reaction, a negative overpotential n,, occurs to lift
the energy of Li*. The voltage derived of graphite electrode
reflects the thermodynamics and kinetics of Li intercalation
and deposition process. And authors divided the lithiation of
graphite into four parts: open circuit, Li intercalation, Li nucle-
ation, and Li growth (Figure 7a):

(@) Open circuit: The chemical potential of intercalated
Li,uy, is much lower than the chemical potential of metallic Li,
ur;, without applying current.

(b) Li intercalation: As more Li* intercalate into the graph-
ite, there are existing sequential phase transformation at the
surface of graphite due to the incremental surface concentra-
tion, so that the graphite surface will become more crowded,
with u; and the magnitude of the over-potential increasing
accordingly. As a result, the energy of the reactants increases,
and the potential decreases.

(c) Li nucleation: Li intercalation becomes kinetically diffi-
cult because there is no more available site in graphite for Li+
to occupy, which is favourable for the nucleation of metallic
Li. And the potential of graphite drops down to its minimum.

(d) Li growth: Li metal begins to grow based on the Li nuc-
lei due to the much smaller activation energy than nucle-
ation, so that the reduction reaction is mainly caused by the
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growth of Li metal. The potential of graphite electrode is
lower than 0 V (vs. Li/Li*) with the required overpotential for
the growth of Li metal.

Based on the derivation of the potential of graphite elec-
trode above, it can be deduced that the diffusion chemical
potential of the corresponding Li* in the graphite is 0 V (vs.
Li/Li*) when the graphite edge plane is saturated with Li. Un-
der the drive of overpotential, the potential of the graphite
electrode at this time must be below 0 V (vs. Li/Li*) since the
overpotential driving Li* intercalation itself is negative. In this
case, Li plating will definitely occur. However, the Li depos-
ition occurring is thermodynamically possible when the po-
tential of graphite electrode reaches below 0V, it does not
necessarily mean the deposition of Li metal. Therefore, it can
be seen that solid diffusion is another key factor to induce Li
plating.

High charging rate

In order to achieve fast charging, high-rate charging will
trigger a series of side reactions, such as Li plating, mechanic-
al effects, and heat generation, which are the culprits that
cause uncontrollable problems in the battery and accelerate
aging.2>110-1121 Thijs s demonstrated in numerous studies
that the high charging rate facilitates Li plating. Note that
Konz et al.l''3! recently studied the effect of different charge
rates of 2 C, 3 Cand 4 Con the Li plating occurrence of LIBs with
graphite, which revealed Li plating could be observed at the
beginning of 75%, 50% and 25% SOC during charging pro-
cess for 2 C, 3 Cand 4 C charging rate, respectively (Figure 7b).

And a number of researchers have reported that the lithi-
ation process is largely depends on the solid diffusion of Li* in
graphite under the increasing charging rate. That is to say, the
charging rate is mainly limited by the Li* intercalation kinet-
ics at the graphite anode during fast charging.[8598.1021 The
high current density can trigger a large activity gradients of
Li+, while the depletion of Li+ who intercalates into graphite is
relatively small.''41151 Thus, a large number of Lit will accu-
mulate on the electrode/electrolyte interface due to the
lower Li solid diffusion coefficient compared to the Li+ diffu-
sion coefficient in electrolyte. Inserted Li* can hinder latter Li+
intercalation when the intercalated Li accumulates at the bor-
der of graphite.[''3! Further, the accumulation of Li+ triggers a
large concentration gradient at the interface of graphite so
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that Li deposition occurs more easily if the surface of graph-
ite is saturated of Li+.

However, debate continues about the rate limiting factor
during high charging rate. Some reports point that the charge
transfer kinetics would dominates the high charging rate pro-
cess, rather than the Li diffusion in carbon materials.[100176] As
mentioned in chapter Li* intercalation into graphite, the rate
determining step of fast charging can be varied with cell
parameters (electrode material, electrode thickness, areal
loading, temperature, and so on). It is still a controversial top-
ic to distinguish the solid diffusion and charge transfer pro-
cess.

Low temperature

There is no denying that the performance of LIBs will be
poor at low temperature, due to the increased charge trans-
fer resistance, high resistance SEl film and slow Li*
diffusion.['07.117-1241 The mentioned conditions are favourable
for Li plating. Despite the behaviour of LIBs at low temperat-
ure have been systematically studied, the inducing factor of Li
plating on graphite anode is poorly understood.

According to the Arrhenius law, the probability to over-
come the barrier gets lower with decreasing temperature so
that Li deposition on the graphite anode is much easier ap-
peared compared with intercalation under low
temperatures.[2931.115120.125] previous study has reported that
a coin cell model was charged at —25 °C (from 0% to 60% SOC
and 80% SOC respectively) and —20 °C (from 0% to 80% SOC)
under 1.5 C-rate, which found the lithium plating ratios,
defined as the ratio between the charge corresponding to Li
plating and the total charge, were 1.15%, 1.55% and 0.92% re-
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spectively.'%! The model indicated that Li plating occurs
even at SOC lower than 10%, before the Li* concentration at
the surface of graphite particles becomes saturated. Notably,
it is also mentioned that the reason why Li deposition more
easily appears when charging at low temperature could be
further attributed to the decreased exchange current density
of insertion reaction, which causes the difference of solid
phase potential and electrolyte phase potential smaller than
the thermodynamic equilibrium potential of Li/Li* (0 V), lead-
ing to the Li plating.

It is also important to highlight that most studies in the
field of graphite-based LIBs are based on the ethylene car-
bonate (EC) mixtures due to its distinguished ability to stable
the graphite/electrolyte interface, which is needed for good
performance LIBs.'261271 Besides, in high charging rate and
low temperature condition, it is reported that EC can be ad-
ded to well passivated the plated metallic Li so that there was
no gas resolution in EC-based electrolyte compared to the
sharply increased volume of pouch cells in EC-free
electrolyte.['28] Until now, there is no denying that the most
widely utilized electrolyte in LIBs are based on LiPFg and mix-
tures of cyclic carbonate (EC dominated) and linear carbon-
ate solvents, such as dimethyl carbonate (DMC), diethyl car-
bonate (DEC), or ethyl methyl carbonate (EMC) at all, which
ensure the electrolyte have lower viscosity and the higher
ionic conductivity. Although EC is widely used in electrolytes
of LIBs, it has many limitations, such as high viscosity and
melting point, which will result in poor performance LIBs at
low temperatures. Further, due to EC is indispensable in elec-
trolyte, the graphite/electrolyte interface will be importantly
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affected, and this influence will bring difficulties to distin-
guish the real factor caused Li deposition at low tempera-
ture.’88 And Xu investigated the effect of the solvent ratio (ra-
tio of EC to DMC) on the activation energy of charge transfer
process in order to supply a guideline to develop state-of-the-
art electrolyte of LIBs using in low temperature.[*”] The struc-
ture of cyclic carbonate (EC) interacts stronger with Li* com-
pared to the linear carbonate (DMC) so that the charge trans-
fer activation energy of LiPF¢/EC and LiBF,/EC solutions are
65-70 kJ mol~' and <60 kJ mol~" respectively. As displayed in
Figure 7c, there is an interesting discovery that the Li*+ solva-
tion sheath would be dominated by EC if the ratio of EC ex-
ceeded 30%, while the liner carbonate DMC would particip-
ate in the solvation process when the EC content decreased
to >30%. It was proposed that the activation energy of the
charge transfer process shifted from ~70 kJ mol-" (with LiPF)
and ~60 kJ mol~! (with LiBF,) to less than 60 kJ mol-! where
EC content at 20%-40%.148129 Furthermore, the deposition
composition on Ni electrode was exclusively made up by the
reduction product of EC with EC/EMC=30:70.'39 And the SEI
components could come from the reduction of DMC only in
the system of LiBF,/DMC or LiPFs/DMC electrolytes.[31]

From the above discussion, we can determine that EC is a
good SEl-forming solvent for graphite electrodes, and its ad-
dition will have a significant impact on the graphite/electro-
lyte interface. Up to date, EC cannot be easily removed from
the commonly used electrolyte system. However, the exist-
ence of EC will slow down the migration rate of Li* at low
temperatures and increase the activation energy barrier of
de-solvation (increase the charge transfer impedance). These
factors will lead to Li plating in LIBs at low temperatures.
Therefore, the search for an electrolyte system without EC,
and with good SEI formation and passivation characteristics
of metallic Li will bring a new breakthrough in the research of
low temperature LIBs.

On the other hand, mass transfer process, especially the Li*
solid diffusion in graphite, also limits the performance of LIBs
at low temperaturel''8l, The diffusion coefficient (D;;,) in a
graphite electrode could be reduced to only 12% of that at
room temperature during the cycle at —20 °C.['241 Besides, the
Dy, in graphite at —32 °C was reported to 10-'3 cm?2 s~1, com-
pared to the 10-8 cm?2 s~'at room temperature determined by
intermittent titration technique (GITT)["32, By the way, most
of the paraments are measured under the equilibrium states
due to practical constraints, so that these testing values can-
not reflect precisely the real kinetic process of LIBs at low
temperature.

When it comes to the commercial batteries, it is exhibited
that Li plating starts at a 2 C charging rate for 50 °C, com-
pared with 0.5 C-rate at 12 °C.'33] |t is worthwhile mentioning
that low temperatures are also likely to slow down the reac-
tion of plated Li with electrolyte as well as chemical intercala-
tion of Li into graphite. It is also interesting to note that the
plated Li can be re-intercalated into graphite during relaxa-
tion, but the process can be restricted especially at low tem-
peratures which slows down the relaxation. The reversibility
of metallic Li is so fine that the process of re-insertion cannot
be observed at higher temperature (>25 °C).29

Nevertheless, for the adverse effect of LIBs induced by low
temperature as mentioned above, the behaviour of LIBs un-
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der high temperature cannot be overlooked. To date there
has been little agreement on whether Li plating occurs at
high temperatures. Some researchers showed that local plat-
ing could be observed at high temperatures (>45
°C)29134-1361 while others held the view that the metallic Li
deposition can be avoided at high temperature.['37]

It should be noted that the uneven temperature on elec-
trode can make local Li plating thermodynamically favour-
able even at room temperature due to the contribution of
thermodynamics and kinetic. This research links the uncer-
tainty of Li plating to thermodynamic factors Surveys such as
thermal gradient induced Li plating that conducted by Fear et
al.l'38 presented that in-plane thermal gradients strongly in-
fluence active material utilization, while the inter-electrode
thermal gradients could result in a shifting on the solid phase
potential at each electrode during charging. Besides, they
found Li plating can be exacerbated if the cathode temperat-
ure exceeds the anode temperature, which could accelerate
battery degradation. And Angeles et al.l''”) used a 3D micro-
scopic electrochemical model to predict the Li plating onset
at low temperature, and pointed that Li plating could occur in
larger cells and cylindrical cells due to heterogeneous poten-
tial distribution.

Other factors

The design of battery configuration and electrolyte com-
position will affect the deposition of Li metal. In pouch cells,
higher current density near the current collector tab is favor-
able for local Li deposition. And the locally plated Li near tab
can increase the thickness of pouch cell due to the increment-
al Li deposition.[139]

From the electrode scale, many works reported that metal-
lic Li is more likely to deposit on the edge of the graphite an-
ode, while the center area of the graphite anode remains un-
used. Tang et. al. pointed that this phenomenon is caused by
the geometric effects. In commercial LIBs, the size of graphite
anode is generally larger than that of cathode, causing a lar-
ger current density and a large over-potential at the edge of
the graphite electrode so that marginal Li deposition is favor-
able.['491 However, another explanation for the marginal de-
position of Li based on smaller graphite anode compared to
cathode. It is reported that graphite anode was overcharged
due to an uneven concentration distribution at the overhang
area between anode and cathode. These findings are mainly
based on a major premise that the electrolyte distribution on
the graphite electrode is uniform. And Yang et al. investig-
ated the overlooked effect of nonuniform distribution of elec-
trolyte on Li plating during fast charging.['4" It was found that
metallic Li is prior plating on the saturated Li-graphite com-
pounds in the anode region with sufficient electrolyte since
the Li* transport is blocked in the anode region lacking elec-
trolyte.

In addition to above factors, defects introduced in produc-
tion process, like uneven thickness of electrode and impurit-
ies produced during packaging, are the potential pitfalls for
local Li plating. According to the research of Cannarella et. al.,
it was reported that the separator pore closure could cause
local Li deposition. Based on their study, the authors showed
the pore closure acts as an electrochemical concentrator
which can induce high current and overpotential, so that the
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Li plating is favorable.['42) Of course, there are many other
factors that can induce Li deposition. In order to avoid the in-
fluence of plated Li on battery safety, it will bring strict re-
quirements for electrode preparation and battery assembly.

What is the adverse effect induced by Li plating?

After Li deposition on the graphite electrode, there are 2
major hazard effects on LIBs:

(1) Thicker SEI: Metallic Li will react with electrolyte to form
SEl, which blocks the pores of ion transport among graphite
particles due to the thicker SEI on the surface of plated Li and
limits the intercalation kinetics. Thus, a positive feedback
mechanism is generated so that Li plating more easily occurs
on graphite electrode.

(2) Dead Li: Electrically disconnected Li (dead Li) can be
generated during the process of plated Li re-inserted into
graphite and Li stripping. And the thicker SEl on Li metal sur-
face is in favour of the formation dead Li as well, because SEI
blocks the path of Li from gaining electrons.['43]

The hazards of the 2 effects mentioned above will seriously
threaten the performance of LIBs, leading to battery aging
and even safety problems. For the LIBs performance degrada-
tion caused by Li plating, the inducement can be analysed
from the following aspects (see Figure 8a). First of all, when
the metal Li is deposited on the surface of graphite, the avail-
able active Li in the LIBs will decrease. At the same time, the
electroplated Li metal will generate more SEl and dead Li,
which will lead to the blockage of the channel transporting
Li+ among the graphite particles. Besides, the internal resist-
ance (R) of the battery will increase, and the capacity (Q) and
Coulombic efficiency (CE) of the battery will be reduced. In
addition, although the plated Li metal can be inserted back
into the graphite to restore a part of the battery capacity, the
vast majority of electroplated Li will become inactive Li under
the condition of high charging rate, low temperature and
high SOC, which is unable to re-intercalate into graphite.

When it comes to the safety issues caused by Li plating,
thermal runaway (TR) and even exploding of LIBs are a major
concern in public. It is generally accepted that thermal run-
away of LIBs is triggered by a series of chain reactions of ma-
terials within a battery, whose temperature contributes
mainly by internal short and the reaction between electrolyte
and electrodes.[144-1491
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The TR caused by Li deposition side reaction is depicted in
Figure 8b. In the process of thermal runaway, the 3 stages for
the continuous temperature increment of the LIBs are as fol-
lows!19l;

(a) Stage 1 (60 °C-110 °C): The metallic Li react with electro-
lyte which is an exothermic process, and the SEl on plated Li
undergoes constantly breaking up and regenerating, while
the temperature in LIBs during this stage rise slowly.

(b) Stage 2 (110 °C- ~200 °C): The reaction between plated
Li and electrolyte becomes consuming so that the heat re-
lease sharply at the same time. The amount of heat gener-
ated at this stage will cause the separator melting, bringing
the anode and cathode into direct contact. Further, the heat
generated at this stage will push the battery to the critical TR
temperature.

(c) Stage 3 (>200 °C): If the battery continues to produce
heat, it will reach an irretrievable thermal runaway temperat-
ure, at which point the material within the battery will react
with each other. There are violent reactions between the an-
ode and the electrolyte, the cathode and the electrolyte, and
the anode and the cathode. Eventually, the battery will reach
the highest temperature of TR, and the battery will catch fire
or even explode.

According to the above conditions causing TR of LIBs, the Li
plating on graphite anode cannot be ignored, because it can
accelerate the rate of TR. When overcharging or applying
higher current density further aggravates the side reaction of
metal Li deposition and increases the temperature of the bat-
tery sharply. Besides, when the temperature in battery contin-
ues to rise, the gas generated by the decomposition of the
electrolyte causes the internal pressure of LIBs to rise continu-
ously. Eventually, high temperature causes the battery to de-
flate and the Li metal to melt. In this process, water and oxy-
gen in the air react violently with the metal Li, leading to com-
bustion and even explosion.[29]

How to monitor Li plating?

Because of the harmful effects of Li deposition on LIBs, it is
very important to monitor the occurrence of Li plating. At
present, the detection methods of Li plating in LIBs can be
generally divided into two categories. One is the in-situ or op-
erando monitoring methods of battery charging and dischar-
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Fig.8 a Ageing mechanisms related to Li deposition in Li-ion cells.””! Copyright 2018, Elsevier. b Chain reactions of the thermal runaway pro-

cess in fast charged LIBs.l"”) Copyright 2019, Elsevier.
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ging process utilizing different experimental methods to
identify the occurrence of Li plating. These in-situ detection
methods have strong persuasiveness because it can reflect
the actual working state of the battery and can monitor the
behaviour of Li deposition in real time. The other means of
detection is generally divided into ex-situ test methods. Gen-
erally, the battery should be disassembled and characterized
by different instrument after the cycling. Although the ex-situ
method can capture the situation of Li plating more directly,
it cannot reflect the onset of Li plating in real time of LIBs.

in-situ detection method

For the electrochemical/chemical behaviour of Li (re)inter-
calation, deintercalation, and deposition, there are signals as-
sociated with more readily available voltage/current curves
(along with information such as impedance or capacity of
LIBs). Compared with X-ray and other methods, it is simpler
and more accurate to analyse the electrochemical informa-
tion data by various methods. At the same time, the informa-
tion of the battery under different working conditions can be
obtained in real time.

The Li deposition on graphite electrode rather than inter-
calation into graphite will consume a large number of active
Li* so that the CE has a sharp drop. The high precision coulo-
metry is a feasible measurement to detect the onset of Li plat-
ing (Figure 9a).331 As mentioned before, parts of plated
metallic Li can re-insert into the graphite or be stripped when
discharging, which can induce a rise of voltage plateaus dur-
ing relaxation or discharging process.['>01511 And the appear-
ance of new voltage plateaus in the rest and stripping pro-
cess can be used to identify the occurrence of Li plating due
to the lower potential of metal Li compared with LiC,. Al-
though some authors reported that the uncertainty of the

b

plateau technique to identify Li plating due to self-heating or
new concentration equilibrium rapidly after charging, this
kind of method is simple and real-time. And this method of
voltage analysis of battery voltage promotes the develop-
ment of subsequent in-situ electrochemical monitoring for Li
plating.['52) In addition to direct analysis of voltage curves
during resting and discharge, mathematical treatment of
voltage or capacity curves (e.g. differential) can also be used
for identification of Li plating. As depicted in Figure 7b and
Figure 9b, the differential open-circuit voltage analysis
(dOCV), differential voltage analysis (DVA), and differential ca-
pacity analysis (DCA) are widely utilized to identify the exist-
ence of Li plating.['99150-1521 However, smaller discharging
current should be applied when uses above methods, be-
cause large current can cause higher overpotential which can
bring inaccuracy to the analysis of the voltage curve.

In addition, electrochemical impedance spectroscopy (EIS)
is another powerful tool to detect Li plating.['53154 Several re-
ports applying electrochemical impedance spectroscopy (EIS)
are available to detect Li plating or study the electrochemical
performance of LIBs.['21.154155]1 According to previous studies,
the curve of impedance data obtained from test without Li
deposition would follow a typical U-shaped pattern. However,
once Li plating occurred, the shape of the impedance curve
deviated its original U-shaped caused by the parallel reaction
of Li deposition.['53! Furthermore, two platforms of voltages in
the post-charge relaxation profiles could be identified the oc-
currence of metallic Li deposition (Figure 9¢). Besides, the dis-
tribution of relaxation times (DRT) analysis is applied in LIBs,
which can be used in all cases to well analysis the frequencies
during charging and discharging process with accurate iden-
tification compared to EIS.'56-1591 Therefore, based on the
more advanced DRT technology, the development of real-
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time detection method can more directly and accurately
identify the deposition of Li metal. At the initial node of Li
plating, a new electrode/electrolyte interphase is generated
by dendrite Li. And the surface capacitance is increased.
Through the establishment of equivalent circuit, the surface
capacitance measurement technology based on single fre-
quency impedance method is proposed. Therefore, the dy-
namic capacitance measurement created by Xu et, al. can
realize the early warning of Li deposition. Besides, the surface
capacitance is linearly correlated with the active surface area,
which provides a basis for the quantification of plated Li.[104
The ultrasonic signals is another potential tool to detect Li
plating in commercial LIBs.['60.161] By monitoring the time-of-
flight (TOF) shift of acoustic waves, its increment can be used
to identify the occurrence of Li metal plating during charging
process.['69 Besides, several excellent works have introduced
in-situ methods to detect plated Li based on neutron and X-
ray characterization. The major difference between neutron
imaging (radiography and tomography) and X-ray is the mat-
ter interacted with sample. The scattering cross sections of X-
ray characterization depends on the electron intercalation,
while the neutron is determined by nuclear intercalation. To
be specific, neutrons are especially sensitive to several ele-
ments with low atomic numbers so that Li can be monitored
either.[62] |t was reported that the neutron radiography is a
promising tool to detect plated Li on graphite, which can be
verified by direct visualization.['3] In addition to neutron ima-
ging, neutron diffraction (ND) is an powerful technique to in-
vestigate the Li deposition behaviour. A commercial 18650
cylindrical cell was monitored by in-situ ND to study the rela-
tionship of charging-rate and the amount of Li plating and re-
insertion of plated Li at —2 °C (Figure 10a).l'®*! And Zinth et
al.l's3! investigated the behaviour of Li plating and stripping
under different C-rates based on in-situ ND at —20 °C (see

Figure 10b). As depicted in Figure 10c, neutron depth profil-
ing (NDP) is another useful tool to investigate the sub-surface
position of Li atom, and generate concentration depth map of
Li.166,1671 | v et al.['66! employed operando NDP to investigate
the spatial heterogeneity of Li during plating and stripping
process based on Cu collector, which provides the spatial dis-
tribution/density of lithium during plating/stripping.

Unlike the ND measurement, the X-ray diffraction (XRD)
can be used to acquire the structural information of different
crystalline ingredients based on the X-ray. According to in-
vestigating the crystalline peaks of plated Li and other con-
stituents without destruction, in-situ XRD can be utilized to
detect both local and global Li deposition by focusing small
X-ray.

According to investigating the crystalline peaks of plated Li
and other constituents without destruction, in-situ XRD can
be utilized to detect both local and global Li deposition by fo-
cusing small X-ray beam. Furthermore, the synchrotron X-ray
can give spatial information of metallic Li in short time, which
uses the high-energy X-rays. And the spatially resolved XRD
has been applied to analyse the process of Li plating beha-
viour on graphite plane in pouch cell. Figure 11a shows that
the plane distribution of Li by using the in-situ XRD. By apply-
ing the high-energy XRD, the heterogeneity of Li plating dur-
ing fast charging is obtained directly, who results in accelerat-
ing the faster degradation of LIBs.'%8] Besides the planar-re-
solved map of Li deposition, the operando depth-resolved
XRD has been developed to study the revolution of Li inter-
calation and plating under high charging rate (Figure 11b).
The high speed XRD can capture the spatial and temporal in-
formation of the kinetics of graphite electrode during fast
charging and discharging in 5 seconds, which demonstrates
the remarkable hysteresis between extrusion and intercala-
tion of Li*."9 In addition to neutron-based and X-ray-based
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monitoring methods, operando Raman spectroscopy and in-
situ optical microscopy are also used to study the process of Li
plating onset and re-insertion into graphite in real time.[>.170]

These above detections can indeed accurately and real-
time monitor the Li plating onset in LIBs, but in practical ap-
plications, such as the power battery pack of EVs, it is difficult
to make test equipment miniaturize and portable so that the
application of these techniques is limited to the laboratory
scale. Hence, it is very vital to find a more simple and accur-
ate method for detecting Li deposition.

ex-situ detection methods

There is no denying that most of ex-situ techniques invest-
igating Li plating need the post-mortem graphite electrodes
after cycling. Therefore, characterization of the graphite elec-
trode after work, such as scanning electron microscope (SEM),
Raman spectroscopy, transmission electron microscope
(TEM), X-ray photoelectron spectra (XPS) and other means,
are very common non-in-situ monitoring methods.[155171-173]
When metallic Li accumulates at the surface of graphite, it is
generally accepted that the electrolyte will react with plated
Li to form thicker SEI, which causes the incremental impend-
ence and active Li loss. Furthermore, capacity fade of LIBs will
be incurred due to the 2 factors. Thus, the aging trends of LIBs
can be used to detect Li plating. And there are a number of
practicable approaches to identify the Li plating behaviours
such as Arrhenius plot, resistance-capacity plot methods and
so on. The aging rate and temperature can be related by
Arrhenius equation based on abundant parameters obtained
from cycling tests under different temperatures.3" The aging
mechanism of LIBs is divided into two patterns according to
temperature. The increasing aging rate for T<25 °C is pro-
moted by Li plating, whereas the degeneration of cathode
and SEI growth of anode dominate the aging with rising tem-
perature. As will be described below, there are two modes of

Energy Lab 2022, 1, 220011

aging: (1) Aging mode 1: Li plating, with a faster capacity
fade, but lower impendence increment. (2) Aging mode 2: SEI
growth, with a slower rate of capacity recession but high rate
of resistance rise.l'’41 And the resistance-capacity plot meth-
od (R-Q method) is feasible to identify Li plating after long-
term cycling, because plated Li has less influence on the
growth rate of impedance due to the higher conductivity of
metallic Li compared to SEI. Moreover, as mentioned above,
the in-situ impedance measurements to investigate Li depos-
ition according to the change of internal resistance is a non-
destructive and reliable technique.

As for getting the spatial maps of Li metal, time-of-flight
secondary ion mass spectrometry (TOF-SIMS) is a useful tool
to generate the mapping of Li distribution on graphite (Fig-
ure 12a), while the technique is only utilized in laboratory
scale.[108175176] | j et al.l'%8] reported that Li deposition on
graphite anode can be induced by transition-metal ions (es-
pecially manganese) dissolution from NCM cathode based on
TOF-SIMS, and the phenomena could be found even <200
cycles. Moreover, as depicted in Figure 12b, surface en-
hanced Raman spectroscopy (SERS) is another way to provide
spatial mapping of abundant Raman-active materials on
graphite electrode, which depends on studying the bands of
SEl constituents who is enhanced by adjacent metallic Li. And
the SERS was used to detect the inhomogeneous Li depos-
ition under high rate due to the interaction between metallic
Li nuclei and SEl forming an acetylide species (Li,C,).l'77]

There is thereby an urgent need but it is still a significant
challenge to precisely quantified the amount of plated Li. Son
et al.l'78 used inductively coupled plasma mass spectroscopy
(ICP-MS) to quantified the deposited Li based on
NMC532/graphite cell during 6 C charging rate, who showed
the Li plating reached 25.59 umole by the 100t cycle. Other-
wise, TGC (short for titration gas chromatography) as a quant-
itative detection has been developed into a highly sensitive
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tool to quantify inactive Li which still exists on the electrode
especially after rapid charging (Figure 12¢).['10.179]

As has been emphasized in the article, the plated Li on
graphite anode is a hidden danger of fast charging and bat-
tery safety. The generation of Li plating contains thermody-
namic and kinetic factors, which are discussed in detail in this
paper. Therefore, if we want to avoid the deposition of Li on
graphite anode, we need to change the electrode and elec-
trolyte and even the charging protocol from the perspective
of kinetics and thermodynamics.['80-183] |n recent studies,
there are two main methods to prevent Li plating in the fast
charging: one is to optimize the charging algorithm, but this
method cannot break the basic limitations caused by the dy-
namics and transport properties of LIBs. The second is to im-
prove the electrochemical performance of the LIBs by repla-
cing electrolyte, modifying the structure of anode and apply-
ing physical field.l'8 Herein, it is necessary to introduce the
studies of heating batteries for rapid charging, Wang’s group
achieved many excellent results.l'37.185] To be specific, the
charging current is first used to rapidly heat the battery at the
beginning of charging. And when the temperature of the bat-
tery is heated to a predetermined temperature, rapid char-
ging begins. In particular, rapidly preheating LIBs before fast
charging can comprehensively improve the dynamic proper-
ties and ion transport process of the battery without modify-
ing the battery material. With the fast-charging ability of LIBs
improved by heat, the risk of Li deposition has also been
greatly reduced.

However, for the practical application of graphite-anode
based LIBs, it is difficult to ensure that Li deposition will never
occur due to the complex operating conditions, no matter
how the electrode and electrolyte developing. In addition,
many studies of fast charging highlight the absence of Li plat-
ing. Hence, the monitoring of Li plating is very necessary, es-
pecially the operando detection methods. Once Li plating oc-
curring, however, the functionalized separator which has
higher mechanical strength may effectively prevent the
dendritic Li from piercing the separator.l'86187] According to
per mechanical blocking theory established by Monroe and
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Newman, Li dendrites can be suppressed if the elastic modu-
lus of the blocking material is 1.8 times higher than that of the
metal Li.l'88] It is vital for avoiding the internal short circuit of
the cathode and anode so that the stability and batteries can
be supported.

Conclusions

Since the commercialization of LIBs, we have been con-
ducting researches on it. With the social demand for portable
energy, the application scenarios and working conditions of
LIBs are very extensive. However, this also leads to increasing
chances of battery’s abuse and harsh work, which is a great
challenge to stability and safety of LIBs. We know a lot about
LIBs, but it is far enough for a perfect battery due to the addi-
tional mysteries that we do not know. For instance, Li plating
on graphite anode is the major factors which restricts fast
charging and triggers safety issues as well as degradation of
LIBs. Therefore, solving the problem of Li plating in batteries
will benefit the research and development of high safety and
high performance of LIBs. However, no definite conclusion
has been reached about the mechanism and influencing
factors of Li plating.

To gains more insight about Li plating, this article extends
the knowledge between the structure as well as interface
chemistry of graphite which play a crucial role in Li intercala-
tion and plating.

In the current study, it is well accepted that the SEI formed
on graphite is critical for the process of Li intercalation, plat-
ing, and deintercalation. Hence, the SEI formation, composi-
tion and structure should be studied in detail. During SEI
formation, the process of Li* inserted into graphite is also tak-
ing place. The 4 stags of intercalation process are introduced
in detail, and furtherly, the factors restricting the faster inter-
calation anility of Li* are discussed.

Under some extreme conditions, Li* does not inserted into
the graphite but directly deposits on the graphite particles,
forming metallic Li (Li9). In order to better analyse the mech-
anism of Li plating caused by graphite electrode, we briefly
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reviewed the research on Li intercalation into graphite and Li
plating in the past 50 years, and proposed four mechanisms
leading to lithium precipitation from a microscopic perspect-
ive. It is also pointed out that due to the interaction between
dynamics and thermodynamics, the above 4 mechanisms are
coupled rather than independent. In addition, the factors
leading to the deposition of atomic Li on graphite electrode
under different conditions are discussed in detail for the 3-
common extreme operating conditions of LIB:

® high state of charge

® high charging rate

® low temperature

Besides, the adverse effects induced by Li plating are repor-
ted. Although we have always emphasized that Li plating will
lead to the degradation of battery performance and cause
safety problems to LIBs, some studies have shown that uni-
form lithium distribution will be beneficial to improve battery
performance and safety. This guides us to think about how to
design new battery and charging strategies and even lithium
detection methods. The determination of the safe range of
lithium chromatography and the intelligent identification of
the amount of lithium chromatography will also be a note-
worthy aspect in the future. Further, in order to monitor the
onset of Li plating or quantify the amount of Li plating, a large
number of researchers did excellent jobs for these, and this
paper introduces part of these work. Especially the in-situ or
operando techniques about detecting Li plating, it is simpler
and more accurate to analyse the original electrochemical
data during the cycling of LIBs by various methods. Further
mechanistic studies and the development of related tools
need to be ongoing studied.

In addition to the above factors and detection methods for
Li deposition, the position of Li plating on graphite electrode
is also a topic worthy of attention. Once the position of Li
plating on the bulk electrode has been determined, optimiz-
ing the electrode material to achieve uniform current and
electrolyte distribution or optimizing the temperature distri-
bution on the bulk electrode will be effective methods to im-
prove it. Moreover, it is worth doing more to avoid Li plating,
which is, for the most part, unfriendly for LIBs performance.
Therefore, coating or doping other materials with graphite
and optimizing the composition of electrolyte are also effect-
ive methods to avoid the occurrence of Li plating on graphite.
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