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Abstract:

A brief overview of recent developments in the formation, detection, and suppression of lithium dendrites in carbon-

based lithium-ion batteries is presented. The electrochemical processes that result in the formation of lithium dendrites on the anode
surface are reviewed, and various detection methods, including the essential operando technique for understanding the complex
mechanism, are then introduced. Methods for suppressing lithium dendrite formation are discussed and prospects for future research

and development are presented.
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1 Introduction

Since the advent of the 21* century, the utiliza-
tion of fossil fuels and other non-renewable energy
sources has rapidly declined due to the rapid growth
of industrial and agricultural sectors' . Therefore, it
is imperative to explore and effectively implement
new renewable energy to alleviate the strain on en-
ergy demand, preserve finite non-renewable re-
sources, and ensure the continuation of normal hu-

B4 Furthermore, the

man production and lifestyles
call for “Carbon Neutrality” has led to a significant
surge in research and development of new energy
vehicles that prioritize long endurance and high
safety, with electrochemical energy storage devices
being the preferred power source for these vehicles!™.
Additionally, in order to fully electrify the transporta-
tion sector, it is crucial to prioritize research and de-
velopment and the promotion of electric vehicles.
Two of the most important challenges in this effort in-
clude increasing the driving life of these vehicles and
implementing fast charging technology.

Lithium-ion batteries (LIBs) are widely recog-
nized as a hallmark of electrochemical energy storage
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technology and are considered the most suitable po-
wer source for portable electronic devices due to their
high energy density, long cycle life and low self-dis-
charge rate!” . LIBs consist of a cathode, an anode,
separators, current collectors and electrolytes® ",
Redox reactions can occur spontaneously at both elec-
trodes, which releases electrons and generates an out-
put current when the two electrodes are connected ex-
ternally!!).

Graphite, a carbon-based material, is commonly
used as the anode in LIBs. Graphite comprises ABAB
layers held together by van der Waals forces, within
each layer the carbon stomes are connected by sp’
bond"?. At room temperature, the capacity of graph-
ite as a lithium-ion anode is limited by the fact that
only one lithium ion can intercalate into hexatomic
carbon ring, resulting in a stoichiometry of LiC,. This
results in a theoretical capacity of 372 mAh g ', which
is significantly lower compared to that of lithium met-
al anode (3 860 mAh g ")!"*"'*, While the formation of
micro-structured lithium dendrites during the char-
ging and discharging process in the lithium metal an-

ode can lead to internal short-circuiting within the
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cell, causing serious safety concerns'"”. In comparis-
on, the advantages of graphite, including its high elec-
trical conductivity, low cost, long cycle life, low
swelling and good safety, have ensured its status as
the most commonly used anode material.

Despite its advantages, there are still limitations
and challenges associated with the use of graphite as
the anode material in LIBs'*"'®. One major issue is
the formation and growth of metallic lithium on the
graphite anode, which is a side effect of Faradaic reac-
tions!"”). The most recent review pertaining to the lithi-
um planting on graphite surfaces was from Wald-
mann et al."”. However, over the past 5 years, vari-
ous techniques have rapidly developed, particularly
novel in-situ techniques, which are expected to deep-
en the understanding of lithium deposition behaviors.
As such, it is necessary to draft a review that compre-
hensively summarizes the recent progress in this field.
Thus, this review will address the challenges faced by
graphite materials as anodes in LIBs by discussing the
basic electrochemical processes that occur on their
surface. To effectively avoid lithium deposition and
understand the timing, location, and causes of it, ad-
vanced characterization methods for the deposition
process are introduced. The review also examine the
factors that influence the occurrence of lithium plat-

ing and methods that inhibit the lithium plating.

2 Basic electrochemical processes on
graphite anode

The graphite anode undergoes 3 basic electro-
chemical processes during charge/discharge (Fig. 1).
The first process, solid electrolyte interface (SEI)
formation, occurs during the first cycle of the battery.
This is when a thin layer of lithium salts forms on the
surface of the graphite anode, which acts as a barrier
between the anode and the electrolyte. The SEI layer
helps to reduce the leakage of Li" into the electrolyte
and prevent the formation of a direct lithium metal an-
ode, which causes short-circuiting and other safety is-
sues. The second process, the reversible intercalation
of Li" into the interstitial spaces of the graphite layers

and the extraction of these ions during the battery’s
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Fig. 1 (a) Mechanism for the SEI formation. (b) Possible electrochemical
processes occurred on graphite anode under the microscopic level"’. Repro-

duced with permission. Copyright 2018, Elsevier B.V.

discharge and charge cycle. This process results in a
change in the volume of the graphite anode, which
causes mechanical stress and affect the battery’s life
cycle. What’s more, the low Li" diffusivity in the
graphite layer (approximately 10”7 cm” s ') hinders the
fast Li" migration and makes it difficult to achieve
high rate capability®”. Finally, the third process, lithi-
um deposition, is a result of a side effect from the
Faradaic reaction. The formation of a micro-struc-
tured lithium layer can increase the risk of short cir-
cuits, thermal runaways, and even battery explo-
sions!'® '*,

The lithium insertion and deposition potentials
are not thermodynamically competing. The insertion
potential is around 0.2 V vs. Li'/Li, while the depos-
ition potential is below 0 V*!I. Despite this, polariza-
tion caused by factors such as ohmic drop, diffusion
overpotential and charge transfer overpotential is the
main contributor to lithium deposition, making it a
complex process. There are 2 theoretical models for
Li" deposition: one is based on the critical saturation
concentration of lithium ions and the other is based on
the interface overpotential.

[22]

Landau et al.” proposed that during the char-
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ging process, a concentration gradient of Li" is cre-
ated at the graphite/electrolyte interface due to the fact
that the rate of Li" transport at the SEI interface is typ-
ically greater than the diffusion rate of Li" between
the graphite layers. As a result, the charging process is
governed by mass transport, leading to the enrich-
ment of Li" at the graphite anode, and the occurrence
of lithium plating at a concentration of 0.077
mol cm ™.

Arora et al.”*! presented a proposal for the depos-
ition of lithium on porous anodes, which is based on
the Doyle-Fuller-Newman model. This model encom-
passes both the current of Li" that have been inserted,
as well as the current of plated Li’, and the Butler-
Volmer equation establishes a connection between the
current and the potential of the lithium deposition re-
action. The proposed setpoint for lithium deposition in
the model by Arora et al. was a voltage below 0 V vs.
Li'/Li.

Subsequently, Tang et al.*

expanded upon the
Arora’s model by extending it to a two-dimensional
framework in order to examine the impact of the edge
interface on electro-deposition. Furthermore, Perkins
and colleagues™ simplified the Arora model through
the use of the Poisson reduction technique, preserving
the precision of the original model while reducing the
computational load.

Overall, the design of the battery, performance of
the materials, and operating conditions play crucial
roles in affecting the deposition of lithium on graph-
ite anode!''® >, From a battery level, the ratio of ca-
pacity between the anode and cathode is critical™ ",
It is generally considered optimal to have the anode
capacity exceed that of the cathode in order to ensure
that the lithium insertion into graphite remains below
100% State of Charge (SOC). As the SOC has a signi-
ficant impact on the diffusion rate of Li" within the
graphite layer”* >, For example, the diffusion rate of
Li" tends to decrease at higher SOC. Additionally, the
geometric configuration of the anode and cathode, as
well as the thickness of the separator, also play a role
in lithium plating. Simulation results demonstrate that

extending the length of the graphite sheet (to 0.4 mm)

and increasing the thickness of the separator could ef-
fectively mitigate lithium plating™?*. From a dynam-
ic standpoint, the formation of dendrites is dependent
on the movement of Li" within the anode pores. The
factors such as the particle size, surface roughness and
shape of the anode material can have an impact on the
formation of dendrites. Operating conditions, includ-
ing temperature and charge-discharge current density,
also play a critical role in the formation of dend-
rites”> > %], For instance, low temperatures reduce the
diffusion rate of Li" between layers, whereas high cur-
rent densities increase the ionic flux through the SEI
layer, leading to a heightened concentration of Li" at
the graphene interface and eventual dendrite forma-

tion.

3 Detecting deposited lithium on
graphite anode

Operando methods are experimental techniques
that allow for the measurement of chemical and phys-
ical changes in a material during its operation, or
while a process is taking place. Thus, operando meth-
ods are essential for understanding the complex mech-
anisms of lithium deposition on graphite anodes,
identifying the factors that promote dendrite forma-
tion and growth, and developing effective strategies to
mitigate these issues. For example, optical micro-
scopy, nuclear magnetic resonance (NMR), electron
paramagnetic resonance (EPR) and neutron reflecto-
meter (NR) have been developed to investigate the
planting behaviors. The insights gained from oper-
ando studies can inform the development of new bat-
tery materials and designs that are more durable, effi-
cient and safe.

The addition of a reference electrode is the most
efficient way to detect the real potential of the graph-
ite anode to determine the electrodeposition process of
metallic lithium. When metallic lithium is introduced
into the graphite/LiCoO, cell as a reference electrode,
lithium deposition on the surface of graphite is fre-
quently observed, particularly at low temperatures and
high current densities during cycling (Fig. 2a)®*. It

has been found that exceeding a certain threshold cur-
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rent (0.4 C in this case) does not reduce the charging
time, but rather aggravates the lithium deposition.

To discern the occurrence of lithium plating dur-
ing high-rate charging, it is possible to analyze differ-
ential voltage-capacity (dQ/dV) discharge curves.
When lithium plating occurs (Fig. 2b), a distinct fea-
ture can be observed in the voltage curve, which cor-
responds to the stripping of lithium and the potential
difference between lithium stripping and deintercala-
tion from the negative electrode™”. However, in order
to accurately identify this feature in the differential
voltage or differential capacity curves, a significant
amount of lithium plating must have taken place. Spe-
cifically, by testing the open circuit voltage (OCV) of
the battery at a certain time period after charging and
analyzing the changes in its differential data, it is pos-
sible to detect the presence of lithium plating”®. As
shown in Fig. 2c¢, the initial relaxation voltage plateau
represents a mixture of metallic lithium and Li C. As
the metallic lithium continues to insert into the graph-
ite layers, the potential continues to change until a
new plateau appears when the plated lithium is ex-
hausted and only the solid-phase Li,C exists. This
phenomenon is more clearly manifested in the differ-
ential OCV curve, which exhibits a peak. This testing
method has been validated in terms of Coulombic effi-
ciency (CE) and the detection limit was found to be

4 mAh plated Li per gram graphite.

graphite differ during lithium intercalation or deinter-
calation. These processes can be investigated separ-
ately through lateral or single-plane experiments. By
utilizing an in-situ pouch cell and conducting micro-
tomographic imaging experiments, it was able to de-
termine the position of lithium plating and local strain
inside the graphite electrode””. As shown in Fig. 3a, a
polyether ether ketone (PEEK) battery holder was
constructed for in-situ X-ray microtomography and
segmentation. The lithium-graphite battery which has
been charged to desired SOC was imaged in various
charge states using a 10x lens and a 22 keV mono-
chromatic beam. Strain calibration with respect to the
SOC was established by analyzing tomographic im-
ages acquired under extremely slow charging condi-
tions (C/10). This study reveals that during rapid char-
ging, a mossy lithium layer forms at the interface
between the graphite electrode and the separator,
causing transport barriers and leading to the detach-
ment of un-intercalated graphite particles positioned
directly beneath the mossy lithium layer (Fig. 3b).
This implies that the phenomenon of lithium plating
hinders further intercalation of the bottom layer of
graphite particles in the electrode. The authors ex-
plained that due to the transport barriers caused by
lithium plating, the salt concentration gradient inside
the electrode becomes steep, thereby resulting in a po-

tential lithium deficiency in the bottom particles of the

The crystal structures of metallic lithium and graphite electrode and reduced intercalation levels™® *.
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Fig. 2 (a) Cell voltage, cathode potential, and anode potential vs. charging time of a mesophase carbon micro beads (MCMB)/LiCoO, lithium-ion cell in typic-
al CC/CV charging profiles™”. Reproduced with permission. Copyright 2006, Elsevier B.V. (b) Differential capacity curves of the discharge profiles after char-
ging to different SOC levels at —20 °C with 1 C charge current™, Reproduced with permission. Copyright 2013, Elsevier B.V. (c) Differential OCVs extracted
from cycling data in cycles begin with fully delithiated graphite (x < 0.01 in Li,Cg), which is ensured by slow C/5 discharging up to 1.5 V. After 4 C charging to
25%-40% SOC, the dQ/dV profiles show an inflection point feature not observed at 15%—20% SOC, suggesting plating begins near 25% SOCP*.,
Reproduced with permission. Copyright 2020, American Chemical Society
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Fig. 3 (a) Schematics of the X-ray microtomography setup and cell configuration. (b) Volume rendering of the NW portion of the segmented graphite elec-
trode in the xy-plane and xz-plane after discharge to 100% SOC at 1C. The gray indicates the graphite and the mossy lithium is shown in turquoise®”. Repro-
duced with permission. Copyright 2021, American Chemical Society. (c) Schematic of the optical electrochemical in-situ cell. (d) Voltage profile and optical

images of the HOPG under various potentials*’’, Reproduced with permission. Copyright 2021, Elsevier Inc

Gao et al.'*” then utilized the extracted concen-
tration curve of embedded Li" and the total amount of
lithium deposition on graphite particles to construct a
physical image that describes the interplay between
Li" embedding and deposition in graphite particles, as
summarized in Fig. 3c-d. Single highly oriented pyro-
lytic graphite (HOPG) particles was chosen by them
as the model system for the study with a custom in-
situ electrochemical cell during cycling (Fig. 3c). The
insertion of Li" into graphite layers is accompanied by
a color change, which can be observed as a golden
during the insertion process. The research findings in-
dicate that the insertion of Li" starts from the edges
and the kinetics of Li" intercalation into graphite lay-
ers is slow. Consequently, under high current condi-
tions, foamy metallic lithium deposits start to form on
the graphite surface (Fig. 3d). Additionally, a phase
field model was developed to forecast the starting
conditions of lithium deposition (Fig. 4). The findings
indicate that the solid solution model is inadequate in
predicting lithium deposition in graphite, as it typic-

ally underestimates the lithium concentration on the

graphite surface.

To obtain more accurate predictions, a more pre-
cise phase transformation model is necessary. By us-
ing electrochemical calorimetry (Fig. 5a), it is pos-
sible to perform high-sensitivity in-situ detection of
lithium deposition on the graphite electrode, as there
are distinctive and identifiable thermal features in the

heat flow at the beginning of the process'*'

. Specific-
ally, a small heat release was observed at the point
where the battery is switched from discharge to
charge, which corresponds to the small plateau in the
battery voltage during lithium stripping resulting from
the combined effect of entropy and the potential of the
electrochemical cell. As such, the circular feature ob-
served in the thermal spectrum can be attributed to the
onset of lithium deposition and complete lithiation of
the graphite structure.

Deposition of lithium on the negative electrode
requires more space compared to intercalation com-
pounds, resulting in an increase in the overall battery
volume. Hence, the thickness variation during cycling

can serve as a qualitative indicator for lithium
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Fig. 4 (a) Examples of graphite particles images used to extract the lithium concentration and lithium plating profiles. (b) The phase separation model and the

solid-solution model used to understand the lithium deposition processed. Voltage and the corresponding lithium surface concentration during (d) lithiation and

(e) de-lithiation of graphite*”. Reproduced with permission. Copyright 2021, Elsevier Inc

plating*”. However, careful selection of the measure-
ment location is required during testing since certain
areas, such as the edge region, are more prone to plat-
ing. To assess the thickness variation caused by char-
ging or plating accurately, researchers have de-
veloped a high-precision laser triangulation system
with a resolution of micrometer scale (1.5 pm).
Acoustic ultrasonic (Fig. 5b) waves are also em-
ployed to detect the lithium planting in standard
cells'!. The acoustic flight time endpoint difference,
which is defined by the acoustic flight time offset
between the slow charge top and the fast electroplat-
ing-induced charge top, has been demonstrated as a
promising parameter to determine the degree of lithi-
um metal electroplating in the battery region connec-
ted to the acoustic transducer. From Fig. 5c, a statist-
ically significant linear relationship has been identi-
fied between the ultrasonic flight time and graphite
staging, as well as the acoustic flight time and post-
mortem electrochemical measurements, to character-

ize the degree of lithium metal electroplating.

The lithium deposition in non-proton electro-
lytes can be tracked through the NR in specular re-
flectivity mode!™*
density (SLD) profile (Fig. 6a) obtained by modeling

the reflectivity data clearly indicates that nm-thin lith-

. Analysis of the scattering length

ium layers deposited above the SEI layer, which is ini-
tially formed, can be detected and their roughness can
be estimated (Fig. 6b). This is a characteristic para-
meter of the non-uniformity of electrodeposition.
Lithium plating can be determined in neutron diffrac-
tion by using LiC,, and LiC, because the contact
between metallic lithium and graphite anode is un-
stable and results in lithium diffusion into the graph-
ite (Fig. 6¢)"*. Compared with the slower C/5 refer-
ence cycle (Fig. 6¢), neutron diffraction shows that the
degree of lithium intercalation into graphite is lower
after a sufficiently fast charging cycle, which is ex-
pected to result in significant lithium plating (C/30
charging rate). After 20 h of rest period following
charging, the remaining LiC,, gradually transforms in-

to LiCq, indicating that lithium diffuses into the graph-
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ite (Fig. 6d).

NMR is utilized to directly measure metallic lith-
ium. As summarized in Fig. 7a, the lithium ion sig-
nals in SEI and residual electrolyte have almost no
chemical shift and are centered at a chemical shift of
—4 ppm. A broad peak centered at —57 ppm is attrib-
uted to non-stoichiometric species of lithium distrib-

uted widely in graphite!*”

. The intrinsic signal of
metallic lithium appears at 247 ppm, and further ana-
lysis of the NMR spectra of surface lithium dendrites
(270 ppm) and dense mossy lithium (261 ppm) can be
differentiated (Fig. 7b-c)*”*). This model is further
validated by the results of magnetization calculations
and experimental NMR and scanning electron micro-
scopy (SEM) data. The in-situ NMR battery de-
veloped by Grey can simultaneously monitor the per-

formance of the cathode and anode'. Although

metallic lithium was not detected in these batteries in
the initial room temperature experiments, deposition
of metallic lithium was observed at low temperatures
(Fig. 7d). The deposition of metallic lithium after low
temperature also occurred at 25 °C, which has never
been reported before and is likely due to the accumu-
lation of SEI and blockage of graphite pores where
metallic lithium is formed at low temperature. These
observation results indicate that even under so-called
“safe” operation, the deposition of lithium at low tem-
peratures will continue to accelerate capacity decay.
EPR can also be used to test the lithium metal
situation in graphite anodes. The EPR signal of sur-
face lithium metal in a conductive EPR spectrum is an
asymmetric Dysonian line shape. The EPR signals of
lithium metal, porous lithium metal and lithium dend-

rites are drastically different due to the effects of lithi-
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produced with permission. Copyright 2014, Elsevier B.V.

um metal nanoparticle size and microwave skin

h®>Y. In addition, the size of lithium metal

dept
particles can be analyzed based on the asymmetry of
the EPR signal. Thus, EPR is a powerful tool for char-
acterizing the microstructure of lithium metal. The
EPR spectral quality factor, spin density, and changes
in the EPR spectrum reflects the conductivity, degree
of lithiation, and deposition process of graphite. Thus,
the time-resolved and quantitative information ob-
tained from operando EPR spectra is useful for optim-
izing fast-charging programs, electrolyte additive test-
ing and model validation. In-situ EPR spectroscopy
reveals that the lithium metal coating depends on the
charging current during low-temperature (—20 °C)
charging (Fig. 8a-c)”. Quantitative analysis of the
EPR spectrum can quantify the amount of “dead lithi-

um” and observe the chemical re-insertion of lithium
metal. Line-shape analysis of EPR spectra can further
distinguish the contributions of dead lithium and act-
ive lithium in the solid electrolyte interface (Fig. 8d-
e). Wang et al.® designed a concentric-geometry
three-electrode in-situ EPR cell with a metallic Li
cathode wrapped with an Al current collector and a
graphitic anode coated onto the inner copper wire to
study the (de)lithiation of the LIB anode at room tem-
perature. Only the graphite part was exposed to the
EPR cavity to avoid the influence of the lithium
counter/reference electrode and to highlight the weak
graphite signal. The inner lithium reference electrode
close to the graphite layer ensured an electrochemical
performance equal to that of the coin cell. The MnO

reference was used as the spin reference to monitor
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Fig. 7 (a) NMR spectrum of graphite anode during the first discharge!*®. Reproduced with permission. Copyright 2007, Elsevier Ltd. Simulated spectra from

the FFT susceptibility calculation results for a lithium electrode with (b) a mossy type microstructure and (c) dendritic microstructure covering the surfac

8[48].

Reproduced with permission. Copyright 2015, American Chemical Society. (d) Summary of the operando NMR results of NMC81 1/graphite full-cells operated

at different temperatures: the lithium metal spectra at top panels, the corresponding voltage (black) and current (blue) profiles in middle and the lithium metal

signal integral at bottom'*”

the change in the EPR resonator quality factor. The in-
situ results show that lithium metal deposition on the
graphite anode does not require overcharging: lithium
deposition begins at +0.04 V (vs. Li'/Li) when the
scan rate is reduced to 0.04 mV s™'. The EPR results
of the ethylene carbonate additive in the cycle pro-
cess indicate that it has an inhibitory effect on lithium
deposition, which is attributed to the flexible polymer
SEI layer, which has a higher ion conductivity and can
withstand greater mechanical stress caused by the in-
sertion and extraction of lithium ions.

The combination of multiple techniques could
enhance the comprehension of lithium deposition be-

havior. For example, Uhlmann et al.®” employed
pulse relaxation experiments, SEM and in-situ optical

microscopy (Fig. 9a-b). To induce electrodeposition

1. Reproduced with permission. Copyright 2020, American Chemical Society

on the anode surface, current pulses up to 10 C were
applied to the graphite half-cell. Characteristic fea-
tures, such as changes in battery voltage and surface
morphology, were analyzed during the pulse and sub-
sequent relaxation periods. Several distinct attributes
were detected whenever lithium deposition occurred:
i) prominent kinks in voltage transients during char-
ging, and ii) unique plateaus during subsequent bat-
tery voltage relaxation. These results were validated
using models based on Butler-Volmer-type charge
transfer and lithium diffusion in graphite grains. These
findings were confirmed by the network-like struc-
tures covering the carbon particles observed in non-in
situ SEM and the grey deposits covering the anode
surface detected in situ optical microscopy.

1 [55]

Wang et al.””* employed dynamic in-situ heating,
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Fig. 8 (a) Selected EPR spectra, with spectra shown with an x-axis offset. (b) Potential curves of lithium intercalation at —20 °C at different C-rates.

(c) Amount of metallic lithium as determined from operando EPR spectra as a function of intercalation capacity and applied C-rate™”. Reproduced with permis-

sion. Copyright 2018, Elsevier Ltd. (d) The EPR intensity of metallic Li’ deposition at graphite anode during the first two cycles with VC (blue) and without VC

additive (black) at 0.1 mV s' and without VC at a lower scan rate of 0.04 mV s™'; (e) Li’ formation on the graphite surface during cycling from 0.05 to
1V at2mV s ' Reproduced with permission. Copyright 2021, Wiley-VCH GmbH

NMR, and finite element modeling to enhance the
comprehension of the lithium deposition mechanism
on graphite electrodes (Fig. 9c¢). Initially, they extrac-
ted the lithium electroplating signal from the graphite
negative voltage and converted the unique lithium
stripping plateau into an incremental capacity peak in

the subsequent delithiation process. In-situ thermal

spectra and additional heat peaks that corresponded to
lithium stripping provided compelling evidence for
lithium electroplating. During the lithiation and delith-
iation stages, signals of lithium deposition were ex-
tracted from the graphite voltage and increment capa-
city curves, with the delithiation plateau serving as a

characteristic indicator of lithium deposition. The ad-
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ditional heat peak confirmed the exothermic phe-
nomenon during the delithiation process. As the lithi-
ation increased from 100% SOC to 120% SOC, the
total heat rose from 0.980 to 2.296 J due to the char-
ging of additional capacity. Shortening the delithi-
ation process weakened the initial exothermic reac-
tion. In the cyclic process, longer lithium stripping
plateaus were observed in comparison to the lithiation
plateau, indicating a decrease in charging capacity
with increasing cycle number due to the inevitable

generation of “dead lithium.”

4  Factors of suppressing lithium plat-
ing

The previous sections have provided a thorough
overview of the electrochemical processes underlying
lithium plating on graphite anode and the characteriz-
ation methods used to observe and comprehend lithi-
um deposition. Drawing on this knowledge, a variety

of strategies have been developed to mitigate lithium

plating which can be broadly classified into 3 categor-
ies: anode modification, electrolyte optimization and
optimization of charging protocols. Anode modifica-
tion is essential to improve the lithium transference
capability, which can impact the growth of lithium
dendrites. Electrolyte optimization aims to modify the
composition or incorporate additives to prevent SEI
damage and shield anode surface. Along with these
internal factors, the manner in which the current
changes during the battery charging process also ex-
erts significant influence on the growth of lithium
dendrites on the graphite surface!' *’!. Therefore, op-
timizing charging protocols is an effective method for
suppressing lithium plating.
4.1 Anode modification

For better

strategies, the characteristics of each strategy have

comprehension of the different
been summarized in Table 1. Cai et al."” conducted a
systematic investigation of the boundary of the graph-
ite electrode with uniform lithium a conformal thin f3-
Poly(vinylidene fluoride) (B-PVDF) coating exhibits
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dendrite-free lithium plating and maintains good cyc-
ling stability under any condition (e.g. 20% over-lithi-
ation, fast lithiation at up to 10 C-rate)**. Another an-
ode coating layer was developed which consists of
carbon-coated porous titanium niobium oxides
(TNO@C), where the relatively high voltage anode
material titanium niobium oxides (TNO) could effect-
ively avoid lithium dendrites under extreme condi-

571 Tallman et al.”® demonstrated an approach

tions
where a facile interfacial modification deliberately in-
creases the overpotential for lithium metal deposition,
providing a conceptual approach for suppressing lithi-
um deposition on a graphite electrode. As shown in
Fig. 10a, the metal coating increases the overpotential
to prevent lithium from reaching the nucleation condi-
tion, thus reducing the nucleation site on the graphite
surface of the metal coating, which could decrease the
total quantity of lithium deposition. Compared with
the cell that contains unmodified graphite,
NMC622/Ni-coated graphite pouch cells exhibit ex-
cellent capacity retention which is approximate ~ 5%
higher.

An approach to suppress lithium plating is to
modify the structure of the anode, particularly by
shorting the lithium diffusion path. Researchers have
introduced defects to increase the chemical affinity to
lithium deposition and expand storage capacity”™ .
For example, reducing the particle size of graphite by
ball milling creates micropores and surface defects
that enhance the wettability between electrolyte and
graphite, resulting in loose and small on the nature
lithium surface but dense and smooth on the ball-
milled graphite surface (Fig. 10b)*”. Yeo et al.*”!
grew defective carbon nanotubes defective carbon
nanotube (dCNT) between nickel (Ni) particles and

graphite to induce excessive and stable deposition of
dense lithium with a smooth surface. In a full-cell test
with a reverse-designed N/P ratio (0.8), the initial CE
and discharge capacity of graphite (G), dCNT Graph-
ite (dACNT-G), and double-layer electrode fabricated
by casting dCNT-G slurry above dried G electrode
(dCNT-G/G) for 300 cycles (0.3 C) are shown in
Fig. 10c. The dCNT-G/G electrodes exhibited an ini-
tial CE of 87% and a boosted rate capacity with capa-
city retention of 83.5% after 300" cycle, which is su-
perior to that of the graphite. However, the presence
of defects can also be a disruptive factor that causes
non-uniform ionic currents, leading to battery cell fail-
ure, despite a seemingly well-functioning and well-de-
signed battery™®'.
4.2 Electrolyte optimization

The effective design of electrolyte systems is
critical to enhancing the lifetime, rate capability and
safety of LIBs at present'”!. The stability of the SEI, a
passivation film formed by the degradation of electro-
lyte salt and solvent, directly affects the electrochem-
ical performances of batteries. To quantitatively re-
search the relationship between the lithium deposition
on the graphite electrode and the capacity loss, com-
mercial 18650 LiFePO, (LFP)/graphite cells were
cycled at 1 C rate to attain different capacity losses
(5.7%, 9.2% and 15.8%) (Fig. 11a). It was found that
the active lithium that causes the loss of capacity
mostly deposit on the graphite surface, which is con-
sumed by the rearrangement, repair and growth of
SEI'’!. Thus, the stability and flexibility of SEI film
on graphite anode are crucial, and electrolyte modific-
ation is a common strategy to improve its properties.
McShane et al./”’ used a combination of differential

electrochemical mass spectrometry (DEMS) and mass

Table 1 Anode modification methods of suppressing lithium plating

Anode modification Material/Method Advantages Refs.
. (a) Mitigate lithium dendrite formation
B-PVDF coating (b) Maintain good cycling stability with 20% over-lithiation at 0.2 C 561
. Carbon coated porous titanium (a) Suppress lithium plating problem effectively under extreme fast charge condition
Anode coating layer niobium oxides (b) Deliver a high energy(142.8 Wh kg ') and a good energy retention [57]
DC magnetron sputtering of nanoscale (a) Increase the overpotential for lithium deposition 53
layers of Cu and Ni (b) Reduce the quantity of the plated lithium metal by ~ 50% compared to untreated electrodes (58]
Ball millin (a) Decrease the stress and strain upon co-intercalation of the solvated lithium ions [59]
Anode structure & (b) Integrate the structure and enhance the lithium plating/stripping cyclability of the graphite
modification Defective carbon-nanotube- (a) Result in densely packed lithium deposition without any dendritic lithium plating [60]

grown graphite

(b) Remain electrochemically active even after 300 cycles
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Fig. 10 (a) Schematic representation of (i) lithium metal nucleation on the graphite surface during high current charging and (ii) reduced nucleation due to in-
creased overpotential for lithium metal deposition afforded by a Cu or Ni surface coating with a structural mismatch®®, Reproduced with permission. Copyright
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mission. Copyright 2019, Elsevier Ltd. (c) CE and discharge capacity of G, dCNT-G, and dCNT-G/G for 300 cycles (0.3 C)*"., Reproduced with permission.
Copyright 2022, Royal Society of Chemistry

spectrometric titration (MST) to quantify the graphite
SEI components formed in electrolytes with different
salt concentrations. The results showed that the over-
all SEI film became thinner with the increase of LiPF;
concentration, and the SEI effect in 1.2 mol L™ elec-
trolyte was found to be the best in terms of capacity
retention ability, despite the fact that the thinnest SEI
film with the smallest resistance formed under 2.0
mol L™ electrolyte. Thus, the research on electrolyte
engineering should focus on the high concentration of
electrolytes, while considering the SEI effect when
exploring lithium plating behavior. The addition of
lithium bis(fluorosulfonyl)imide (LiFSI) electrolyte to
carbonate electrolyte can enhance the cycling per-
formance of lithium deposited on graphite substrate.
This is because the SEI film derived from FSI is
dense and stable (Fig. 11b-c), which could protect the

graphite substrate and hinder the co-intercalation of

solvated ions in the process of lithium plating, thus
preventing the electrolyte from reacting with the de-
posited lithium™.

In addition to improving SEI properties, which
can help prevent the dendrite formation, electrolytes
can be designed with additives or modifications that
specifically inhibit dendrite growth. The reducing
compound formed by 1, 3-propane sultone as an elec-
trolyte additive can cover the active sites of graphite,
protecting the surface and inhibiting deposition of
lithium metal®. The graphene oxide quantum dots
(GOQD)-decorated a polymer framework comprising
Poly(acrylonitrile-co-vinyl acetate) (PAV) and incor-
porated poly(methyl methacrylate) (PMMA) (PAVM)
framework reduces ion-solvent clusters and the de-
gree of lithium ion solvation to improve Li~ transport
in gel polymer electrolyte (GPE) (Fig. 11d-e), result-

ing in uniform deposition and stripping of lithium
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Fig. 11 (a) The first charge-discharge curves of the LEP electrodes harvested from the cycled cells with different capacity losses'®”. Reproduced with permis-

sion. Copyright 2015, Elsevier Ltd. TEM images of the graphite electrode charged to 0.1 V after 5 cycles of lithium plating/stripping in the (b) LiFSI and (c)

LiPF, electrolyte!®”. Reproduced with permission. Copyright 2021, American Chemical Society. Conceptual illustrations of (d) liquid electrolyte which con-
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ion-solvent clusters and degree of lithium ion solvation, resulting formation of space-charge layers that facilitate the transport of lithium ions.!”. Reproduced
with permission. Copyright 2018, Wiley-VCH GmbH

metals®. These approaches demonstrate the potential
for electrolyte design to play a key role in improving
the lifetime, rate capability and safety of LIBs.
4.3 Optimization of charging protocols

Both the active material and electrolyte modifica-
tions have shown promising results, while most of
them are complex, expensive and not feasible for
mass production. As a result, many researchers have
shifted their focus to seeking solutions from the cell
and pack level. Charging strategy, which can determ-
ine the current variations during charging and simpli-
fy battery design, has garnered significant attention as
a method that can be practically implemented. In op-
timizing the charging strategy, careful attention must
be paid to the balance between fast charging and bat-
tery health to enhance the charging efficiency while

ensuring battery safety'’!

. In the following sections,
we will examine the classic charging protocols and
their characteristics, in addition to the optimization of
charging protocols. Table 2 shows the advantages and

disadvantages of various charging protocols.

The constant current constant voltage (CC/CV)
charging protocol is widely used in commercial char-
gers due to its ease of use and implementation!® %),
As shown in Fig. 12a, this protocol involves charging
the battery at a constant current until it reaches the
preset voltage at constant current, after which the
voltage is held constant while continuing to charge
until the current drops to the preset current, known as
the CV stage””. However, the CC/CV high-rate char-
ging method can easily trigger lithium plating. To ad-
dress this issue, an improved method of the CC/CV
charging protocol was investigated by utilizing a full
cell comprised of the anode, cathode from 18650-type
cells, and lithium metal reference electrode. Reducing
the charge current in the standard CC/CV protocol can
also enhance the cell's cyclability and total charge
throughput, albeit at the cost of significantly longer
charge times""..

The multi-stage constant current (MSCC) char-
ging protocol charges the battery using a sequence of

stepwise descending currents, and has been proposed
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Table 2 Advantages and disadvantages of charging protocols

Charging protocols Method Advantages Disadvantages Effect on lithium plating Refs.
Constant current Step 1 CC-1 Simple, easy 1mplT1111<?t£1tat10n, Poor rate capacity, Determined by
constant voltage (CC/CV) Step2: CC-2 superior cycic e uncontrollable temperature constant current (68, 69]
Step3: CV-1 (over 5000 cycles) and voltage
Stepl: Multistage CC Short charging time, optimum
Multi-stage constant Step2: Multistage CC/CV batte éerfgo rmar;cep and SOC needs to be estimated Limited effects 68, 70]
current (MSCC/CV) Step3: Multistage CC P > precisely, hard implementation ’
. thermal management
Step4: CV
Nonlinearly decrease of charge N Difficult to choose proper Suspension of charge
. ! . Reduced charging time, S
Pulse charging current with the evolution of o parameters for pulse sequence, can inhibit [68, 71]
. low polarization L. e X
mass transfer coefficient easy to cause electrodes pulverization lithium plating
Boost charging High pulse currents Easy implementation, Uncontrollable temperature, ) [68]

followed by CC/CV

no impact on cycle life

unoptimized charging rate

Ven

Voltage
l

Current

Fig. 12 (a) The voltage and the current plots under the CC/CV mode”.
Reproduced with permission. Copyright 2016, Elsevier Ltd. (b) Simula-
tions for charging with 7, = 1 ms (left) and 7, = 20 ms (right) at y = topp/7ox
= 3. Green dots: Li’. Red dots: Li. Gray lines: equipotential contours. Blue
vectors: the electric field”". Reproduced with permission. Copyright 2014,

American Chemical Society

as an alternative to the CC/CV charging protocol due
to its ability of reducing polarization and lithium de-
position'””. Another variant of the CC/CV protocol is
boost charging, in which the voltage initially rises to
Vax fOr an initial period of #,, and is then followed by
a standard CC/CV strategy'””). However, this protocol
has limitations in terms of its ability to regulate tem-
perature and optimize charging rates for the battery.
Pulse charging is a highly effective and rapid
charging strategy for LIBs"*> ™7, due to the rest time
provided during the charging process which increases

the diffusion efficiency of lithium ions in the elec-

trode and reduces the polarization voltage'®”. This
method improves energy efficiency and cyclic voltam-
mogram characteristics in comparison to CC/CV char-
gin g[76]
Carlo simulations to investigate the growth of lithium

. A study by Aryanfar et al.’"! using Monte

dendrites during pulse charging found that (Fig. 12b)
a short charging time (1 ms) followed by a long relax-
ation time (3 ms) could effectively suppress lithium
plating. However, the impact of temperature on pulse
charging was not explored. Another study by Park and

his colleagues'®”

applied the battery model, which
contained a degradation model, to pulse charging to
determine the optimal pulse charging strategy. The
results that longer rest times and lower temperature in-
creases resulted in less degradation and temperature
increases, and low temperatures were favorable for
pulse charging. Moreover, further research is required
to develop an integrated algorithm for applying pulse
charging to commercial chargers.
4.4 Other approaches to suppressing Li plating

It is important to consider the role of thermody-
namic factors in the growth of lithium dendrites in ad-
dition to the factors discussed. Temperature plays a
crucial role in the equilibrium electrode potential of
redox reactions, as temperature increases, so does the
equilibrium potential of Li plating. Exothermic reac-
tion and joule heat during cycling could raise the tem-
perature of the cell, creating an internal temperature
gradient that can intensify the thermal effect, espe-

[l Several experimental

cially at high-rate cycling
studies””®*" have demonstrated that the temperature
differences inside the battery could reach 2 K to
nearly 30 K. This spatial variation in temperature res-

ults in a heterogeneous distribution of equilibrium po-
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tentials between lithium plating and graphite intercala-
tion on the anode, which may make lithium plating
thermodynamically favorable in certain locations.

(82 established the correlation of the

Wang et al.
shift of the equilibrium potential of lithium plating
and heterogeneous temperature distribution, demon-
strating that metallic lithium can plate on a graphite
anode above 0 V vs. Li"/Li. Therefore, temperature
heterogeneities within LIBs can cause lithium plating
by altering its equilibrium electrode potential.
Moreover, the metallic lithium may preferentially
plate at high temperature regions under both slow and
fast charging conditions. Hence, it is essential to
maintain the homogeneous temperature within batter-
ies for improving safety and cycle lifetime. To ad-
dress the issue, Ge et al.* developed a temperature-
adaptive alternating current heating method for LIB to
ensure uniform temperature distribution. They used
the temperature sensitivity of EIS to adjust the heat-
ing current parameters with the battery temperature
during the heating process. This method considerably
enhances the heating rate and lowers the danger of

lithium plating.

5 Conclusion and perspective

LIBs that use graphite as their negative electrode
are still the prevalent energy storage devices.
However, the deposition of metallic lithium on the
graphite surface is a severe side reaction that can lead
to various problems, such as battery degradation,
thermal runaway, short circuit and even explosion. In
this review, we explore theoretical models and incor-
porate the latest characterization techniques to shed
light on the factors influencing the impact of metallic
lithium on the graphite surface. We also discuss
strategies for suppressing this phenomenon.

Although the current theoretical models are relat-
ively simple, developing new and more comprehens-
ive models can aid in understanding the intricate dy-
namics of surface lithium-ion behavior. There is gen-
eral agreement that Li deposition is influenced by the

chemical and physical properties of the electrode, but

there are still many unanswered questions about the
exact nature of these interactions. For example, the
role of defects, impurities, and surface functional
groups on the graphite surface in controlling Li depos-
ition is still not well understood.

Currently, fundamental research on lithium-ion
batteries tends to focus on the three-electrode system,
while the impact of the cathode material in practical
applications cannot be ignored. Transition metal-
based materials, which hold great promise as cath-
odes, have been shown to pose harm to the graphite
anode via a series of processes™ *. However, those
cathodes typically exhibit severe irreversible phase
changes during cycling when operated at high C rate
or high temperature, leading to the precipitation of
metal ions. These ions can migrate and deposit on the
surface of the graphite anode, serving as nucleation
sites that further induce lithium metal deposition.
Therefore, it is crucial to explore the influence of the
cathode material on lithium deposition behavior in or-
der to develop strategies to mitigate the issue™**.

Furthermore, there is a need to develop high-pre-
cision testing techniques that can detect the series of
dynamic processes that occur on the graphite negative
electrode in real batteries. For example, the higher-
temporal-resolution Pulse EPR has shown its ability to
track the transient process in a metallic lithium anode
during fast charging, with a higher temporal resolu-
tion of 100 ms™. The SEI film, which plays a critical
role in negative electrode performance, is challenging
to characterize under operando conditions. Currently,
techniques such as electrochemical scanning micro-
scopy and atomic force microscopy can provide a
mapping image of the SEI layer. However, long data
collection times can distort information, and a faster
but precise process is needed to address this issue.
Methods such as SEI film pretreatment, the develop-
ment of new electrolytes, and the use of more effi-
cient electrolyte additives are effective approaches to
tackle current challenges.

We hope that this review can offer valuable in-
sights for researchers in relevant fields who are fa-

cing difficulties.
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