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Abstract

Lithium-metal batteries with high energy/power densities have significant applications in electronics, electric vehicles, and
stationary power plants. However, the unstable lithium-metal-anode/electrolyte interface has induced insufficient cycle
life and safety issues. To improve the cycle life and safety, understanding the formation of the solid electrolyte interphase
(SEI) and growth of lithium dendrites near the anode/electrolyte interface, regulating the electrodeposition/electrostripping
processes of Li*, and developing multiple approaches for protecting the lithium-metal surface and SEI layer are crucial and
necessary. This paper comprehensively reviews the research progress in SEI and lithium dendrite growth in terms of their
classical electrochemical lithium plating/stripping processes, interface interaction/nucleation processes, anode geometric
evolution, fundamental electrolyte reduction mechanisms, and effects on battery performance. Some important aspects,
such as charge transfer, the local current distribution, solvation, desolvation, ion diffusion through the interface, inhibition
of dendrites by the SEI, additives, models for dendrite formation, heterogeneous nucleation, asymmetric processes during
stripping/plating, the host matrix, and in situ nucleation characterization, are also analyzed based on experimental observa-
tions and theoretical calculations. Several technical challenges in improving SEI properties and reducing lithium dendrite
growth are analyzed. Furthermore, possible future research directions for overcoming the challenges are also proposed to
facilitate further research and development toward practical applications.

Keywords Lithium-metal anode - Solid electrolyte interphase (SEI) - Dendrite formation - Lithium batteries - Classical
electrochemical processes - Additives - Heterogeneous nucleation - Asymmetric processes - Solvation structure -
Desolvation - In situ characterization of nucleation

Borong Li and Yu Chao contributed equally to this work. 1 Introduction

P< Chengkai Yang
1058360340 @qq.com

> Yan Yu
yuyan @fzu.edu.cn

P4 Jiujun Zhang
jiujun.zhang @i.shu.edu.cn

With the growing applications of portable electronics, elec-
tric vehicles, and smart grids, lithium (Li)-based metal bat-
teries, including Li-ion batteries [1], Li-S batteries [2], and
Li-air batteries [3], have been rapidly developed in recent
years. To increase the mileage of applications, such as elec-
tric vehicles, power Li batteries must possess high energy
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densities. Li-ion batteries appear to have reached their
energy density limit, and further increasing the energy den-
sity has become difficult. In this regard, Li-sulfur and Li-air
batteries with both liquid- and solid-state electrolytes are
expected to be the next-generation energy storage devices
based on their extremely high theoretical energy densities.
In such devices, lithium-metal anodes with a high theoret-
ical specific capacity (3 860 mAh g~!) and a low reduc-
tion potential (—3.04 V vs. SHE) are typically used [4-8].
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Experimental results have shown that the energy density
of lithium-metal-anode-based batteries is approximately
40%-50% higher than that of classical Li-ion batteries with
graphite anodes [9].

Although lithium-metal-anode-based batteries have the
advantage of high voltage, two key issues must be resolved
before their practical applications. One is that lithium-metal
batteries (LMBs) can exhibit rapid dendrite growth in the
repeated charging/discharging process. This dendrite growth
process punctures the separator, triggers short circuiting of
the interior, and causes heat escape and even explosions,
hindering the practical application of LMBs [10, 11]. The
other issue is that Li dendrites can break away from the cur-
rent collector to form dead Li, resulting in low Coulombic
efficiency (CE) [12]. To resolve these issues, strategies for
lithium-metal-anode protection have been developed, focus-
ing on surface control of Li metal, including controlling the
surface morphology, decorating the solid electrolyte inter-
phase (SEI) layer, coating artificial protective films, and
building three-dimensional lithiophilic frameworks to lower
the sedimentary current density. In addition, using a high
electrolyte concentration [13-26] and adding electrolyte
additives [27-29] are reasonable means to prevent dendrite
formation.

Regarding regulation and modulation, the electrochemi-
cal kinetics play a decisive role in the Li* stripping/plat-
ing process. In this regard, many efforts have been made to
investigate the electrochemical kinetics. For example, the
Poisson—Nernst—Planck equation can describe the electro-
chemical mass transport and electrostatic potential across
the cell [30], the deposition kinetics of lithium metal can
also be analyzed by the Butler—Volmer equation [31], and
the heterogeneous nucleation equation gives a growth model
for Li embryos [32]. Understanding these kinetic processes
can shed light on dendrite growth and the delamination from
the current collector mentioned above.

In this Review, we comprehensively summarize the fun-
damental understanding of the electrochemical kinetics and
dendrite growth of lithium-metal anodes in lithium-based
batteries using both theoretical approaches, such as density
functional theory (DFT) calculations, ab initio molecular
dynamics (AIMD), molecular dynamics (MD), and finite
element numerical simulations, and experimental validation.
We also present a critical survey of the unique phenomena
and kinetic mechanisms of Li* stripping/plating in the elec-
trochemical process. Details of the fundamental mechanisms
are also analyzed in terms of electrolyte reduction, charge
transfer, the local current distribution, solvation, desolvation,
ion diffusion through the interface, inhibition of dendrites by
the SEI, additives, asymmetric processes during stripping/
plating, the host matrix, and in situ observation of nucleation,
as outlined in Fig. 1. Note that extension of the concept of
electrochemical kinetics can also play a key role in battery
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design and improvement of the electrochemical performance,
such as the stability of lithium-metal-anode-based batteries.

2 Fundamentals of Electrode Nucleation/
Growth Processes

2.1 Electrochemical Processes and Dendrite Growth

In general, understanding the mechanisms of electrode geo-
metric evolution and interface reactions at the electrode/
electrolyte interface remains a challenge. The cationic depo-
sition process on the surface of the lithium-metal anode is
inevitably involved in the design of a lithium-metal-anode
battery. The electrode geometric evolution is a coupled
dynamic process of mass transfer and local current density
governed by Faraday’s law of electrolysis. The analysis of
liquid phase mass transfer can provide insight into lithium
dendrite formation and protection. The liquid phase mass
transfer is simply divided into two stages: the transient state
and the steady state. The transient state is dominated by
fast electromigration. Due to the rapid formation of electric
fields induced by the nonfaradaic current, the rate of mass
transfer via electromigration is much higher than that via
diffusion. Meanwhile, the variation range and area of the
electrode surface concentration are constantly expanding.
As identified in the steady state, the landmark phenomenon
is concentration polarization. A dynamic balance can be
formed, and the polarization region is no longer extended.
In the steady state, mass transfer is the decisive step.

For further analysis, Fig. 2 shows a thin rectangular cell,
where the two electrodes are made of Li metal, and the cell
is filled with a dilute solution of Li* salt. The motion of
the Li* salt can be described by the charge, the potential
gradient, and diffusion constants (D)), which is a reason-
able approximation for dilute solutions if the convection
of the electrolyte is neglected. To accurately describe the
ion and electron transport behavior, a numerical model
can be used to solve the time-based evolution of the Pois-
son—Nernst—Planck system of equations (PNP equations)
that describe the electrochemical mass transport and the
electrostatic potential across the cell. The PNP equations
take the following forms [42]:
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where J; is the mass flux of the ith species, D; is the diffusiv-
ity of the species, Z; and C; are the charge and concentration
of the ith species, x is the position, F' is Faraday’s constant,
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Fig. 1 Schematic diagram of the Li* diffusion process from the bulk
electrolyte to the anode surface, which is divided into different parts to
describe the multi-interface and multidimension issues. Reprinted with
permission from Ref. [33]. Copyright © 2016, American Chemical
Society. Reprinted with permission from Ref. [34]. Copyright © 2010,
American Chemical Society. Reprinted with permission from Ref.
[35]. Copyright © 2020, Elsevier. Reprinted with permission from Ref.
[36]. Copyright © 2013, American Chemical Society. Reprinted with

R is the ideal gas constant, T is the thermodynamic tempera-
ture, and @ is the electrostatic potential.

The reaction kinetics at the electrolyte/electrode interface
can be described by the Butler—Volmer equation:

<o 250) el 5)].

where a, and a are the charge transfer coefficients of the
anodic and cathodic reactions due to the overpotential #. The
exchange current density i, depends on the composition of
the reactants and products.

Several factors can affect the electrode kinetics at the
electrode/electrolyte interface due to mass transfer and elec-
tron transfer. The affecting factors range from the intera-
tomic interaction of crystal nucleation and side reactions to
macroscopic electrode geometric evolution. During surface
reactions, interface mass transfer and charge transport occur

In-situ observation
Mechanism of additives

permission from Ref. [37]. Copyright © 2020, John Wiley and Sons.
Reprinted with permission from Ref. [38]. Copyright © 2015, Springer
Nature. Reprinted with permission from Ref. [39]. Copyright © 2020,
Springer Nature. Reprinted with permission from Ref. [40]. Copyright
© 2016, John Wiley and Sons. Reprinted with permission from Ref.
[41]. Copyright © 2015, American Chemical Society

instantaneously, and dendrite growth and accumulation of
dead Li can occur, leading to battery failure over time [43].

To date, several models, such as the space-charge model
[42], SEI-induced model [4], and heterogeneous nucleation
model [32], have been verified to describe Li dendrite for-
mation (including nucleation and growth processes) from
different aspects. However, these models cannot accurately
describe the nucleation and growth behavior of lithium
anodes [44]. Exploring the electrochemical behavior in
LMBs via these nucleation models is still worthwhile.

The space-charge model was proposed in the 1990s. It is
one of the widely accepted models providing guidance on
the initial nucleation process of lithium dendrites [42]. In a
dilute solution, the model describes that the deposition rate
of Li* is higher than that of the anions. Li* depletion on the
electrode surface results in a charge space, which ignores
the convection of the electrolyte near the electrode, and only
electromigration and diffusion are considered. Hence, the
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Fig.2 a Scheme of the thin rectangular cell. Reprinted with permis-
sion from Ref. [42]. Copyright © 1990, American Physical Society.
b Profile of the distributions of V (electrostatic potential), C., and
C, (ion concentrations of cations and anions), which were obtained
from numerical studies with a space-charge model. Reprinted with
permission from Ref. [42]. Copyright © 1990, American Physical
Society. ¢ The different areas in the diagram can be used to determine
whether the size of the embryo is suitable for different nucleation and
growth stages. Reprinted with permission from Ref. [32]. Copyright

space-charge layer near the electrode/electrolyte interface
can directly induce dendrite formation. As shown in Fig. 2a
and b, the space-charge model simulates a thin rectangular
cell filled with dilute solution. When Li* is deposited on
an electrode surface, Region 1 (the quasi-neutral region,
z.C. = z,C,) and Region 2 (the space-charge region,
C, < C,) are defined (z,C, and z,C, are the electrostatic
charge densities of anions and cations). Region 1 occurs
in the bulk electrolyte, and Region 2 occurs in a tiny area
near the electrode/electrolyte interface. In addition, the two
regions are dominated by different factors. In Region 1, the
ion concentrations of Li* and anions are mainly regulated
and controlled by electromigration. In Region 2, the ion
concentration of Li* is mainly limited by surface diffusion.
More specifically, some factors, such as increasing the elec-
trolyte concentration, enhancing the mobility of anions, and
reducing the applied electric field (plating at a low current
density), could effectively reduce the thickness of the space-
charge layer. Because the space-charge layer induces the for-
mation of dendrites, there is a strong correlation between the
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© 2013, The Electrochemical Society. d Profile of a spherical cap-
shaped nucleus (N) deposited on a smooth substrate (S) in a liquid
electrolyte. a (= rsin 6) is the radius of the circular contact region
between the cap-shaped nucleus and substrate. The height of the elec-
trodeposit is & (= r(1 — cos 6)). € is the contact angle, / is the height
of the embryo, and r is the radius of curvature. The volume of the
cap is Svr3, where Sy = 2(2 + cos 6)(1 — cos 9)2. The surface area of
the cap is S, 72, where S, = 2n(1 — cos ). Reprinted with permission
from Ref. [32]. Copyright © 2013, The Electrochemical Society

two. Reducing the thickness of the space-charge layer can
directly suppress the formation of dendrites.

However, the space-charge model does not take the reac-
tion between Li metal and the electrolyte into account, and
the SEI-induced model was proposed to mitigate the limita-
tions. The presence of the SEI makes the deposition behavior
of lithium metal more complex than that of other metals.
To understand the role of the SEI in the nucleation process,
we first need to describe the structure of the SEI. The SEI
is generally considered to be an organic/inorganic compos-
ite mosaic structure produced by the reduction of lithium
salt and the electrolyte by lithium metal. In the process of
Li* diffusion from the bulk electrolyte to the anode surface,
Li* ion diffusion through the SEI is the largest barrier. The
activation energy barrier of Li* diffusion through the SEI is
higher than that through the bulk electrolyte. The Li* con-
centration tends to be enriched near the holes of the SEI,
which directly leads to a local nonuniform Li* flux on the
surface of the lithium-metal anode. In short, the porous SEI
structure can lead to nonuniform Li deposition, resulting in
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rapid Li plating and dendrite growth. Additionally, during
the subsequent stripping/plating processes, due to the fragile
SEI, the sizeable volumetric expansion of the lithium-metal
anode is not effectively buffered, and tremendous amounts of
cracks on the SEI surface can be resulted. When these cracks
react with the electrolyte and form a new thin SEI, the result-
ing electric field and Li* ion flux are higher. Then, Li* ions
prefer to deposit on these cracks, leading to rapid growth of
Li dendrites and stress concentration. Therefore, develop-
ment of effective strategies for suppressing dendrite growth
by stabilizing and strengthening the SEI layer is necessary.

Ely and Garcia [32] employed the heterogeneous nucleation
model, beginning from fundamental thermodynamic princi-
ples, unifying the concepts of electrochemistry and nucleation
and growth theory, and explaining the effect of initial nuclea-
tion on Li* deposition. Five regimes of behavior were identi-
fied: the nucleation suppression regime, long incubation time
regime, short incubation time regime, early growth regime, and
late growth regime. The size of the embryo directly determines
whether the nucleation process can form a lithium nucleus.
An embryo larger than or equal to the thermodynamic and
kinetic critical radius is involved in an electrodeposited stable
nucleus. Otherwise, the embryo tends to redissolve into the
electrolyte again. In the long incubation time regime, the size
of the embryo exceeds the critical radius after overcoming the
critical energy barrier. Such embryos will remain and sequen-
tially grow under fluctuations in the electric field and ionic
field. Then, in the early growth and late growth regimes, the
nuclei gradually grow to reach the same terminal size. Eventu-
ally, these embryos become the Li nuclei. Hence, the critical
radius limits the initial Li nucleation process.

The growth of Li during electroplating in a flat way is
virtually inaccessible. Electrolyte decomposition and SEI
formation can occur during electroplating. Then, the Li* ion
diffuses through the SEI layer during the subsequent plating,
which is different from the conventional electrodeposition
process. Therefore, many embryos will appear at the elec-
trode interface after a delay or incubation period because
lithium electrodeposits can easily achieve heterogeneous
nucleation conditions [32]. In addition, in situ characteri-
zation shows that the growth rate is constant after nuclea-
tion, which suggests a variety of competitive driving factors
before the growth of the lithium nucleus.

Regarding the heterogeneous nucleation model, the vol-
ume change during stripping/plating processes is consid-
ered. For the surface of a lithium-metal anode without a host
structure, the largest issue is the sharp volume change during
stripping/plating processes. The change in volume is favora-
ble for dendrite nucleation from the point of view of the het-
erogeneous nucleation model. However, it can also destroy
the stability of the SEI and continuously consume active
substances and the electrolyte, ultimately leading to fail-
ure of lithium-metal-anode-based batteries. Chazalviel [42]

believed that cations could be rapidly consumed for lithium-
metal anodes charged at a high rate in a binary electrolyte,
and the cation concentration near the anode was expected
to drop to zero [42]. After that, a strong electric field could
induce absorption and deposition of a large amount of Li*
ions in a short time, causing dendrite growth. The Sand’s
time (7) can be used to describe the initial nucleation time
of lithium dendrites:

2 + 2 2
_ G0\ [ Het e @
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where D is the diffusion constant, C, is the initial concentra-
tion, J is the effective current density, and y, and yy ;+ are the
anionic and Li™ mobilities, respectively.

Equation (4) indicates that the initial nucleation time of
lithium dendrites (z) is proportional to J~2. Furthermore, the
velocity for the formation of dendrites can be determined by:

v=—uFE, 4)

where v is the velocity for the formation of dendrites and E
is the applied electric field.

Theoretical and numerical studies by Chazalviel [42]
found that the dendrite growth rate was constant under a
high current density and proportional to the applied electric
field and the mobility of anions (,) for diffusion-limited
systems. The critical values of high and low current densities
can be expressed by Eq. (6):

Myt i+

J* =2eC,D
Ly

(6)
a
where L is the interelectrode distance. Obviously, J* is
inversely proportional to the interelectrode distance (L)
according to Eq. (6), indicating that the long electrode spac-
ing of a pouch battery cell makes dendrite growth easier than
the short electrode spacing of a coin battery cell.

Furthermore, in addition to at a high current density,
dendrites can also grow at a low current density, induced
by the nonuniform morphology of the electrode surface. In
other words, under the condition of a low current density,
uniformity of the electrode surface has an inhibitory effect
on dendrite nucleation, and the anode surface also affects the
initial nucleation time of lithium dendrites.

In the interpretation of dendrite nucleation evolution, het-
erogeneous nucleation can be expressed as Eq. (7):

F
AG, = (AG[ + —Z(;?)Svr3 + 7neSar” + (Yen — vsp)mr” sin” 6.
)

The most basic and widely accepted model is the basis
of studying the nucleation dynamics, as shown in Fig. 2c
and d [32]. Mathematically, spherical cap-shaped deposition
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from a liquid electrolyte can be expressed by the total Gibbs
free energy (Eq. 7) of transformation. In Eq. (7), AG; is
the volume free energy of transformation, yyg is the inter-
facial free energy between the nucleus and electrolyte, yqy
is the interfacial free energy between the substrate and the
nucleus, yqg is the interfacial free energy between the sub-
strate and electrolyte, z is the valence of the electrodeposit-
ing ion, F' is Faraday’s constant, £ is the molar volume,
n is the overpotential, and r is the radius of curvature of
the nucleus (Fig. 2d). Sy = 5(2 + cos )(1 — cos 0)%, and
S, = 2n(1 — cos ), which account for the volumetric and
area shape factors, where 6 is the contact angle.

The critical radius to form a thermodynamically stable
precipitate, i.e., % = 0, can be expressed as Eq. (8):
r:q = Lﬁzz (8)

2Fn + AG:Qr

The thermodynamically unstable embryos tend to redis-
solve in the electrolyte during the nucleation suppression
regime, as shown in Fig. 2c. A statistically representative
embryo larger than the thermodynamic and kinetic critical
radius is required to successfully grow a thermodynamically
stable electrodeposited nucleus. In regimes where only
r> r:q is satisfied, embryos can form, redissolve in the elec-
trolyte and interact with each other. Different types of sur-
faces favored in the nucleation and growth of electrodeposits
are demonstrated in Fig. 2c. Heterogeneous nucleation of
electrodeposits at a large overpotential is favored on a sub-
strate with a high degree of roughness. In addition, if its radii
are larger than the critical kinetic nucleus, then the smooth
anode surface in distributed particle form can serve as nucle-
ation sites. However, if the substrate is very smooth or the
radius of curvature of the substrate is very large, then no
heterogeneous deposition can occur.

The initial nucleation phase can be considered heteroge-
neous nucleation behavior, which was demonstrated based
on both thermodynamics and kinetics by Ely and Garcia
[32]. They treated the nucleation as having five regimes: the
nucleation suppression regime, long incubation time regime,
short incubation time regime, early growth regime, and late
growth regime [32]. In the subsequent incubation regimes,
the incubation of Li nuclei was entirely driven by thermal
noise, local electrochemical reactions, and the Gibbs—Thom-
son interaction. If the applied overpotential was lower than
the critical overpotential, then the long incubation regime
would appear. Li nuclei with a broader size could be benefi-
cial in this situation and grow for a long time. In the short
incubation time regime, if the applied overpotential was
higher than the critical overpotential, then only Li nuclei
with a relatively narrow size could grow in a short time.
Constant terminal velocities in the early growth regime and
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the late growth regime were found due to the thermodynami-
cally and kinetically stable Li nucleus. According to the
above analysis and calculation, dendrite formation can be
inhibited by (1) reducing the roughness of the anode surface;
(2) reducing the anode particle size to below the critical
thermodynamic radius; (3) lowering the deposition potential
to below the critical overpotential and cycle frequency to
below the characteristic incubation frequency (%), and (4)

adjusting the wettability of the Li deposition surface.

2.2 Interfacial Properties of the Anode/Electrolyte
Interface

For Li stripping/plating processes, the kinetics of atom/elec-
tron diffusion to another phase seem important in under-
standing dendrite growth. At present, researchers have car-
ried out multidimensional and multiexperimental studies
on the mass transfer, electrode morphology evolution, and
charge transfer occurring at the electrode interface. Thus,
a novel understanding of real-world Li stripping/plating
processes involving electrochemistry is required to cor-
rectly predict interatomic interactions in SEI and dendrite
formation. Researchers have proposed several models for
the SEI, as shown in Fig. 3, to fit the complex behavior of
this interface. Concerning this, various characterizations and
multiscale simulations have been carried out. Atomic- and
molecular-level and macroscopic-level interfacial challenges
are involved in the search for high-performance LMBs [52,
53].

At the atomic and molecular level, high chemical reac-
tivity is induced by surface atoms with active atomic and
electronic structures, enabling interactions with the electro-
lyte and solvents [54]. DFT calculations and in situ char-
acterization techniques can enable the investigation and
understanding of the adsorbed intermediates as well as the
reaction mechanism. In recent years, some specific meas-
urements have been carried out on new types of additives
and concentrated electrolyte systems, revealing some novel
mechanisms. Atomic and molecular interactions can modify
the height and shape of the reaction and migration barriers,
eventually affecting the nucleation kinetics, electrochemical
polarization, and mass transport of Li* ions in porous SEIs.

At the macroscopic level, several unique phenomena and
the electrode geometric evolution can be captured with the
development of in situ characterization technologies. Some
reaction kinetics can be described with prominent nonlin-
ear characteristics. The morphologies of the anode and SEI
are prone to affect the stability and evolution. The initial
conditions greatly affect the system and its changes with
time based on the kinetic equation. In the following sections,
interface phenomena at both the micro- and macrolevels will
be introduced from several perspectives.
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3 Interface Interactions
3.1 Electrolyte Reduction Mechanisms

Interface interactions have different features in their respec-
tive electrochemical processes, mainly in the SEI at the
anode/electrolyte interface of lithium-metal-anode-based
batteries. The SEI is the key factor of many processes, lim-
iting the lifetime, performance, and safety. It can affect the
inhomogeneous growth of the lithium-metal anode and dif-
fusion of Li* ions. Thermal runaway in battery failure can
be caused primarily by SEI decomposition. The primary
capacity fade can also be attributed to the consumption of
lithium by the continuous growth of the SEI. Generally, an

1 Ly,
oxy Ve ety

improvement in interfacial stability is required for high volt-
age. Thus, innovative design of stable electrolytes and the
associated batteries requires a fundamental understanding of
the SEI formation mechanism through both modeling and
experimental measurements [48, 55, 56].

The initial formation of an SEI film is generally regarded
as the process of electrolyte reduction on the lithium-metal-
anode surface, which plays a significant role in the SEI
composition [57]. At the same time, the formation of the
SEI is directly related to the battery cycling process. In the
practical battery charging process, the Li* in the cathode
diffuses toward the anode through separators and electro-
lytes, driven by the increase in the cathode potential and
decrease in the anode potential (the cell voltage potential

@ Springer
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of the battery is increased). During the discharging process,
the Li* ions return to the cathode, where they insert into the
cathode material (the cell voltage of the battery decreases)
[58]. Considering that an electrode (an anode or cathode)
itself has large numbers of ion and electron channels, it can
be treated as an equipotential body in which the potential
inside the electrode is equal everywhere. Therefore, the
change in potential is mainly due to the electrolyte/electrode
interface, which can be regarded as a parallel electric dou-
ble layer (EDL) with resistance. There will be a potential
gap between the electrode and electrolyte. Apparently, this
potential gap is a trigger that activates the electrochemical
reaction between the electrode and electrolyte, resulting in
a “new interface” at the middle of the electrode and electro-
lyte. Hence, the “new interface” plays a key role in balanc-
ing the potential of the battery. The interface generated at
the surface of the anode is named the SEI [45, 59], and that
at the cathode is named the cathode electrolyte interphase
(CED), collectively known as the electrode electrolyte inter-
phase (EEI) [60]. In practice, the SEI is a dominant factor
that influences the Li* diffusion on the anode surface. The
reduction process can significantly affect the SEI compo-
nents. Therefore, many mechanisms have been proposed to
explain the process of electrolyte reduction, such as the one-
and double-electron reduction mechanisms of electrolytes
[61-63]. Furthermore, although the SEI chemical composi-
tion is diverse and disturbed by local variables, it has been
studied by a multitude of experimental techniques, including
photoelectron spectroscopy [64], Fourier transform infrared
spectroscopy [65], redox shuttle analysis [66, 67], nuclear
magnetic resonance (NMR) [68], atomic force microscopy
[69], neutron reflectometry [70], capacity analysis during
cycling [71], and state-of-charge (SoC) analysis [72, 73].
Some reactions may occur on the picosecond (ps) timescale,
and directly capturing reactions at the electrode/electrolyte
interface is challenging. Therefore, not only in situ char-
acterization tests but also quantum chemistry (QC), DFT,
and MD simulations have been widely used to reveal the
initial electrolyte reduction and decomposition mechanisms
[74]. Due to the complex structure and physical scale of the
SEI, there are many deficiencies in our understanding of the
SEI. As a result, researchers have varied in their research
emphasis to meet different functional requirements and in
their opinions on the SEI. For example, some researchers
focused on the failure mechanisms and corresponding SEI
regulation strategies [43], a new understanding of the LiF
component in the SEI [75], and the formation and transport
mechanisms of the SEI. These works have different perspec-
tives and understandings. Therefore, understanding the SEI
is a dynamic and tortuous process.

Goodenough et al. [34] used frontier orbital theory
(FOT), as shown in Fig. 4a, to describe the nature of the
anode and cathode (involving the electrolyte) of the battery.
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1 and p are the chemical potentials of the anode and cath-
ode, respectively. Ej o and Eyopo represent the voltages
corresponding to the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO).
The electrolyte is affected by the LUMO and the HOMO.
If pup > E;ymo- then the anode electrons tend to diffuse
to the electrolyte LUMO, whereas the stability window is
extended by the SEI on the negative electrode. In contrast,
if ue < Exomo» then the electrons of the electrolyte tend to
transfer to the cathode surface to form a CEI film [41, 77].
The stability window is extended by surface films, denoted
as the CEI and SEI on the electrodes.

The dominant factors of SEI formation are usually attrib-
uted to the initial adsorption and formation of the inner
Helmholtz plane (IHP) and the solvated coordination behav-
ior [78]. The specific adsorption behavior is the formation of
the initial interface on the anode surface, which is the foun-
dation of the SEI and controls the initial state of the interface
structure and the chemical composition. Solvated coordina-
tion behavior can impact the maintenance of the SEI film
in cycling [59]. According to traditional electrochemical
theory, the negative electrode tends to lose electrons due to
the balance of the high free-electron concentrations when
the electrode contacts with the electrolyte.

As shown in Fig. 4c, a thermodynamic chemical cycle for
the lithium reaction can be expressed as Eq. (9):

AG = —AG,, + @y + AG, + AG,,, = G(Li*, g)

— G(Li*, sol) + @y + G(Li, g) — G(Li*, g)

- AG,,, = G(Li, g) — G(Li*, sol) + @y — AG,,,
©))
where AG, is the solvation free energy of Li*, @, is the
work function of the anode, AG, is the ionization free
energy, and AG,,, is the vaporization free energy. Using
Eq. (9), the difference in the lithium electrode potential can
be measured in multitudinous electrolyte systems, which
depends only on the variation in G(Li*, sol), the free energy
of Li* in solution. Wang et al. [62] used this equation and
found that the reduction potential of Li*(EC), (Li* coordi-
nation with four ethylene carbonate (EC) molecules) was
approximately — 2.2 V on the physical scale, which agrees
with the experimental findings of Naji et al. [79] and Novak
et al. [80] of a reduction potential for EC of 0.8 V versus
Li/Li* (corresponding to —2.36 V on the physical scale).
In addition, Arora et al. [81], in dealing with the capacity
fade in lithium-ion batteries, obtained a reduction potential
of —3.045 V versus Li*/Li. Many cases have different reduc-
tion potentials, as demonstrated in Fig. 4b [76]. H-transfer
reactions (intra- and intermolecular H atom transfer during
electrolyte oxidation) are usually accompanied by electro-
lyte oxidation, which directly results in the oxidation poten-
tial being lower than the calculated HOMO value [76]. In
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Fig.4 a Schematic open-circuit energy diagram of an electrolyte.
E, is the electrolyte electrochemical stability window. u, and p are
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eral common solvents, additives, and desolvated ion reduction poten-
tials versus Li/Li*, calculated from QC with the developed solvation
model. Reprinted with permission from Ref. [76]. Copyright © 2016,
Elsevier. ¢ Methods to compute the reduction voltage. Molecules/ions

addition, the LUMO of most electrolyte components is
higher than the lithiated graphite (~0.1 eV) and lithium
metal (0 eV) potentials. Therefore, if the chemical stability
window of the electrolyte is not widened, then the reduction
reaction of the electrolyte on the anode is inevitable. The SEI
on the lithium-metal anode is more fragile than the CEI on
the cathode due to the large volume expansion caused by Li*
deposition at the lithium anode surface. Considering their
importance in battery performance and durability, extensive
research from different perspectives has been performed on
anode SEI films. Different anodes and/or electrolytes have
diverse lithiation/delithiation characteristics, which lead to
variations in the failure mechanisms of the SEI.

With the rapid development of supercomputers and
highly sensitive spectroscopy, identification of the products
and types of reactions on Li surfaces has become feasible
for complex systems. For example, Leung et al. [82] utilized
AIMD to track the initial decomposition process of liquid
EC with different edge terminations. Two EC decomposition
pathways were confirmed. Depending on which C—O bond
was cleaved, CO or C,H, gas could be generated. The mul-
tireaction pathways were further elucidated in later studies
and confirmed by electron paramagnetic resonance spectros-
copy measurements [83, 84]. The major solvent reduction

in the solution phase, solid phase, and gas phase are denoted by sol.,
s, and g, respectively. The subscripts sol and vap represent the vapori-
zation and solvation processes, respectively. AG is the free energy,
@, is the work function of the anode, and the subscript e indicates
the ionization process. Reprinted with permission from Ref. [62].
Copyright © 2001, American Chemical Society

products precipitating on lithium electrodes in ether, ester,
and alkyl carbonate solutions were ROLi, RCOOLIi, and
ROCO,Li species, respectively. As claimed, the specific
surface components formed on lithium-metal anodes could
be identified, such as (CH,OCO,Li), and CH,CH(OCO,Li)
CH,0CO,Li formed by reduction of EC and propylene car-
bonate (PC), CH;OLi and CH;0CO,Li formed by reduc-
tion of dimethyl carbonate (DMC), and HCOOL.i formed by
reduction of methyl formate (MF). Combining experimental
and computational approaches, Liu et al. [85] found unam-
biguous answers in understanding how 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DOL) reductively decompose on
lithium through the interfacial chemistry and morphology. A
series of possible SEI components, such as LIOCH,CH,OLi,
LiOCH,0O(CH,);0(CH,),0OLi, (CH,CH,0CH,OLi),,
LiO(CH,),0(CH,);0OLi, LiOCH,CH,0CH,CH,OLi, and
(CH,0CH,CH,0Li),, were proposed, all of which arise
from reductive decomposition of the cyclic solvent DOL.

Using X-ray photoelectron spectroscopy (XPS), some
perfluorinated anions in Li salt of the MF,~ type (M= As,
P, B) were identified to be reduced on Li to surface LiF and
species of the Li MF, type by XPS [86]. The following reac-
tion scheme for surface film formation on Li in this system
can be outlined based on the above studies.
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EC reduction
One-electron reduction [62, 63]

EC-Li* + ¢~ - C,H,0CO; + Li* (10
Two-electron reduction of 2 EC molecules [62]

2(EC-Li*) + 2¢~ - Li,EDC + C,H, 1 an
Two-electron reduction of 1 EC molecule [62]

EC + 2Li* + 2¢~ - Li,CO; + C,H, 1 (12)
Two-electron reduction [82]

EC + 2¢” —» OC,H,0; (reactive) + CO 1 (13)

DMC reduction
One-electron reduction [48, 87]

DMC + e~ + Li* - CH; - + CH;0CO,Li |
and/or CH,OLi | + CH;0CO (14)

Two-electron reduction of 1 DMC molecule [88, 89]
DMC + 2¢” + 2Li* — Li,CO; + C,H¢ 1 (15)
Two-electron reduction of 2 DMC molecules [88, 89]
2DMC + 2e” + 2Li* —» 2CH;0CO,Li + C,Hg 1 (16)

DOL reduction [85]

DOL + e + Li* - C,H,0—-CH,OLi — C,H,0 + CH,OLi

17
C,H,0 + 2¢ + 2Li* - C,H, 1 + Li,O (18)
2CH,OLi + 2¢~ + 2Li* —» C,H, 1 + 2Li,O (19)
PC reduction
One-electron reduction of PC [90]
PC + ¢ + Li* + H- — CH;(CH,),0CO,Li (20)

Two-electron reduction of 2 PC molecules [90]

2PC + 2¢” + 2Li* - CH,CH(OCO,Li)CH,0CO,Li (LPDC) |
+ CH,;CH = CH, 1 or (CH;CHCH,0COOLi),
2D
LiPF, reduction [48, 87, 89, 91-97]

LiPF; = LiF + PFs; PFs + H,0 — 2HF + PF,0  (22)

PF;5 +ne” +nLi* — LiF | +Li POF, | (23)
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HF + CH;0CO,Li |, Li,CO; — LiF | +

(CH,COCO,H),, H,CO4(sol.) 24

3.2 Charge Transfer in the Lithium-Metal-Anode
Reaction

The homogenization of dendrites at the lithium-metal-
anode/electrolyte interface is determined by the relation-
ship between the morphology of the SEI and the deposition
behavior of lithium atoms. Electron and Li* transport during
the process of Li deposition on the SEI can systematically
achieve orientation of Li atoms during the deposition, which
is affected by the subsurface atoms [98]. In addition, the ori-
gins of dendrite formation could be associated with the Li*
plating mechanism and the charge transfer mode during Li
reduction or lithium-metal oxidation at the anode-electrolyte
interface [99]. Charge transfer is usually manifested as the
electron tunneling mode [100, 101].

The kinetics of electron and Li* transport at the interface
have been intensively investigated by analyzing the over-
potential equation known as the Butler—Volmer Eq. (3),
as previously described. In the Butler—Volmer equation,
the exchange current density i, can be expressed by the
charge transfer resistance Ry via ig=RT(FRcp) ™', meas-
ured in the linear regime of the electrode kinetics. If Rqp
is set equal to the interfacial impedance, then the charge
transfer can be illustrated by the impedance method [102].
In addition to impedance, the reaction kinetics can also be
expressed by the landscape of the excess chemical potential,
U (x), between local minima u{* and uS* with transitions
over an activation barrier ,u;" (Fig. 5a). In this case, Eq. (25)
can be used to express the reaction, where R is the reaction
rate, k is the reaction rate constant, and kg is the Boltzmann
constant. In a balanced state, R will be equal to zero in equi-
librium with =y, in Eq. (25), and the reaction rate (R) is
consistent with nonequilibrium thermodynamics:

R= ko{eXP [—(uzx - m)/kBT] —exp [—(;@X - Mz)/kBT] }
(25)

In addition to classical kinetics methods, DFT and Monte
Carlo (MC)/MD calculations have also been conducted to
analyze electron transfer because the interfacial reactions
and charge transfer at the lithium-metal-anode/electro-
lyte interface are difficult to track in experiments. Typically,
the extreme reactivity of the Li metal surface can induce a
strongly inhomogeneous electron distribution upon deposi-
tion of a cation on the surface. Once Li* receives electrons
and plates on the lithium-metal surface, different condi-
tions can result in different Li plating layers. This charge
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Fig.5 a Schematic diagram of the excess chemical potential reflected
by the reaction S;—S,. b Process of cation adsorption from a lig-
uid onto an electrode, where the transition state (TS) excludes mul-
tiple surface sites (s> 1) while shedding the primary solvation shell.
¢ Solid diffusion on a lattice, where the TS excludes two sites.
Reprinted with permission from Ref. [36]. Copyright © 2013, Ameri-
can Chemical Society

inhomogeneity may promote uneven Li nucleation and
growth, eventually resulting in dendritic behavior. Qin et al.
[99] reported a simulation model describing both Li (100)
and Li cations located in proximity to the surface. In this
model, the solvent used was EC and DME, and the electrolyte
was a LiPFg salt; the Li cations were distributed over perfect,
defect-containing, and Li,CO,-passivated Li (100) surfaces.
The authors demonstrated that Li cations were easily reduced
when bonded to DME rather than EC, and their preferred
deposition site was the hollow site on both perfect and defec-
tive Li (100). Additionally, a compact Li,CO; layer could
inhibit the charge transfer from Li metal to Li cations, thus
modifying Li plating. Bertolini et al. [103] utilized MD and
observed the evolution of the Li (100) surface, including the
formation of regions with varying Li density and oxidation
states and the penetration of electrolyte molecules. Further-
more, electron transfer-driven decomposition could lead to
the initial formation of SEI products, as shown in Fig. 6a.
The formation of the structure and oxidation state of Li and
some fragments were followed through the metal dissolu-
tion process. A porous SEI can be identified, and a change
in the lithium concentration and oxidation state throughout
this phase can be found by using simulation approaches. An
increase in Li concentration closer to the dense phase is sug-
gested (Fig. 6a). The entire porous phase is pervaded by Li

ions and reacted species coexisting with intact electrolyte
molecules. The Li distribution is more uneven in the nest
phase than in the disperse phase. In the nest phase, Li atoms
are organized as nanochannels and nanovoids. With time,
clusters are formed in this region (Fig. 6a), and their size can
grow over time. The clusters formed in the disperse phase
have a high concentration of interconnected Li atoms. The
clusters also have a high concentration of other species, such
as O- and F-based compounds with Li ions and poly(carbon
monosulfide). In the electrolyte containing Li triflate (LiTf),
clusters are formed after a time scale of 1.2 ns. Both in the
nest and disperse phases, Li has a very different structure
from that in the bulk body-centered cubic (bcc) phase. In the
Li-Li radial pair distribution function (RPDF) (Fig. 6b and
c), the nest and disperse phases present a first peak at approx-
imately 3.2 and 3.5 A (1 A = 1 x 1079 m), respectively, for
each simulated electrolyte. In the disperse phase, Li is mainly
organized in pairs with a liquid-like structure, which can be
formed and dissolved over time, while in the nest phase, Li
has an amorphous structure, organized as a solid. As shown
in the RPDF, a lower density of dissolved Li atoms can be
obtained in pure DME than in other electrolytes for both
the nest (Fig. 6b) and disperse (Fig. 6¢) phases. Norio et al.
[104] developed a hybrid MC/MD reaction method to study
the atomistic picture of the SEI film structure (Fig. 6d). The
mass density of dimers in the EC-based SEI film (Fig. 6e)
was larger than that in the PC-based film (Fig. 6f), indicating
a denser network among the organic salts in the EC-based
SEI film. From another point of view, the PC-based SEI film
does not have a dominant peak but rather a broad distribution
of dimers, indicating that flaws exist in the network forma-
tion of the PC-based SEI film. As observed, electron tun-
neling can only work in the initial part of SEI growth. In this
mode, electron and Li* transport processes in the SEI were
addressed by an atomistic simulation method [103, 104]. As
claimed, electron tunneling allows the migration of electrons
over SEI layers as thin as 2-3 nm [105], while the thickness
of the SEI usually exceeds 10 nm [106]. This suggested that
electron tunneling plays a role only in the initial part of the
first-cycle SEI growth.

3.3 Local Current Distribution
over the Lithium-Metal Anode

In general, the electrode reaction and growth of the den-
drites are determined by the local current density. Hence,
understanding and controlling the electrode current dis-
tribution to limit dendrite formation is imperative for
safe use of a lithium-metal anode. The local current den-
sity is expressed in a similar way to electron transport at
the interface, which is described by the Butler—Volmer
equation. The direction of these studies can be guided by
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Fig.6 a Model simulation of the 1.0 M (1 M = 1 mol L") LiTf/1,4-
dioxane (DX) cell at 2 ns. (I) Front-side view of the cell showing
all the atoms. (II) Front-side view of the cell showing only lithium
atoms, while the other atoms are hidden. (III) Side view of the cell
showing only lithium atoms. The molecules (shown on the right side)
are (A) DOL, (B) dimethyltrifluoroacetamide (DMTFA), (C) EC, (D)
fluoroethylene carbonate (FEC), (E) DME, (F) DX, and (G) LiTf.
Color code: Li (purple), O (red), C (gray), H (white), F (cyan), and S
(yellow). Li-Li RPDF in the b nest phase and ¢ disperse phase tested
in several electrolytes after 500 ps of simulation. Reprinted with

theoretical studies on the relationship among the current
distribution, concentration gradient, and dendrite nuclea-
tion. To model dendrite formation and growth, the concen-
tration and potential fields in the electrolyte domain need
to be considered, and the normal velocity of the lithium
interface needs to be calculated. Mass conservation is
typically governed by the PNP equations and electroneu-
trality. Electroneutrality is expressed as the total charge
number of cations in the solution being equal to the total
charge number of anions:

ZZC—O

where the subscript i represents the species, which can be
the PF¢~ anion or other lithium ion salt anions. For each
species, c; is the concentration, and z; is the charge number.
The electroneutrality gives c_=cy;.

The current density, i=F Y, Z;N,;, where N is the flux of
species, is governed by Eq. (27):

(26)
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MC/MD cycles

MC/MD cycles

permission from Ref. [103]. Copyright © 2018, American Chemi-
cal Society. d Configuration of the cell in the 1.1 M LiPF¢/EC or PC
simulation, where the origin of the Z-axis is taken as the position of
the contact point between the graphite and electrolyte. Color code: Li
(blue), C (cyan), O (red), H (white), P (orange), and F (green). Sur-
face number densities pf of several solvent molecules and reaction
products during the MC/MD cycles, that is, SEI film formation sim-
ulations, in e EC-based and f PC-based electrolytes. Reprinted with
permission from Ref. [104]. Copyright © 2014, American Chemical
Society

V-i=0. 27)

The total lithium current density is given by i, =i} ; + iggp,
where the reaction current density, i ;, is described by the
Butler—Volmer equation and the SEI formation current den-
sity igg; is determined by the Tafel-type kinetics [107].

Liu and Lu [107] quantitatively analyzed the change in
SEI thickness. Consider a small SEI line element and denote
its length at time ¢ by /. After a time interval (d¢), the length
of the element becomes [+ d/, while its thickness becomes
h+dh. Denote the SEI growth rate from the electrochemical
reaction by ggg;, which is the increase in SEI thickness per
unit time due to the reaction. Mass conservation gives the
following expression:

(+ dD(h+ dh) — Ih = gegldt. (28)

Numerous experimental studies have been carried out
to address the issue of electrode current distribution and
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dendrite growth in lithium batteries. The increase in the cur-
rent density in adjacent dendrites or globules is the most
prominent driving force for the nucleation process, thus
far escaping experimental scrutiny. Therefore, the average
current density is mostly reported in relevant reports on
lithium-metal-anode-based batteries [108]. For example,
Liu et al. [107] found that dendrite growth could show two
distinct stages: fast acceleration during SEI penetration and
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stable growth after reaching an equilibrium SEI thickness at
the dendrite tip. Under low current density conditions, the
growth rate of dendrites could be scaled up by increasing
the current density without much geometrical shape change.
The dendrite morphology can be significantly changed by
a high current density, forming a needle shape, as shown in
Fig. 7a. The larger SEI thickness at the bottom corners of
the dendrite can cause lithium to grow slower here than in
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Fig. 7 a Profile of the lithium surface morphology (blue line) and SEI
layer thickness (red layer) evolution process with time. b The profile
of a V-shaped dendrite was formed at the left corner at =50 s. The
substrate appears to be slightly pierced by V-shaped dendrites due to
the thick SEI, resulting in slow growth at the corner. ¢ Profile of the
lithium surface morphology at =50 s without inducing an SEI in the
simulation. The whole curve is smooth without a V-shape at the bot-
tom corner. Reprinted with permission from Ref. [107]. Copyright ©
2017, The Electrochemical Society. The growth of the lithium glob-
ule was divided into four stages according to the local current density.
The local current density is plotted according to the four stages of the

growth of the lithium embryo. d In the initial stage, a perturbation at
the anode/electrolyte interface results in a higher current density at
the tip of the globule than that of the entire region. This current den-
sity is measured between time points 0 and 8.27 C cm™2. e With the
growth of the embryo, the current is delocalized away from the tip of
the globule. Measurement points: 8.27-16.53 C cm™2. f The delocali-
zation behavior spreads. Measurement points: 16.53-35.82 C cm™2.
g The globule has grown large enough that the current density con-
centration is significantly reduced. Measurement points: 35.82—
54.72 C cm™2. Reprinted with permission from Ref. [108]. Copyright
© 2016, The Electrochemical Society
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the flat area, so slight piercing of the substrate surface with
a V-shape can be observed at the bottom of the dendrite, as
shown in Fig. 7b. This makes dendrite break away from the
substrate easier. A simulation with the same parameters but
without the SEI is shown in Fig. 7c. Compared to Fig. 7a,
clear differences can be seen in the morphology and height,
which are rounder and shorter without any V-shape in the
bottom corner.

The local current distribution of the lithium-metal
anode with local mechanical stresses is a crucial param-
eter to reveal the details of the evolution of electrochemi-
cal deposition. Time-resolved hard X-ray microtomography
was employed by Harry et al. [108] to monitor the internal
structure of a symmetric lithium-polymer cell during galva-
nostatic polarization. The study demonstrated local current
density evolution due to local mechanical stress from lithium
metal nucleation and growth (Fig. 7d—g). In Fig. 7d, the tip
of the protruding lithium globule directly leads to a high
local current density. As the lithium globule grows, the local
concentrated current density spreads from the protrusion tip
to the perimeter, which is the current density delocalization
effect. Eventually, when the radius of the globule is suffi-
ciently large, the current density of the protruding globule
is only slightly higher than that of the surrounding lithium
metal. The current delocalization effect shown in Fig. 7e and
f is hypothesized to be caused by the mechanical stiffness of
the polymer electrolyte.

Anion depletion under an applied current density results
in a local space charge near the electrode, which eventually
causes highly branched growth of the metal. As identified,
the dendrite growth rate is directly related to the applied
current density [109]. The local geometric fluctuations of
the substrate or the SEI layer could greatly influence the
current and ion distributions, causing dendrite initiation and
growth at even small current densities [110]. Based on this
understanding, several dendrite prevention avenues have
been investigated through studies of the local current den-
sity: (1) increasing the surface area of the anode to reduce
the effective current density, i.e., using a lithium powder
anode [111-115] and a high surface area current collector
[114, 116-119]; and (2) exploiting a self-healing electro-
static mechanism based on repelling the incoming Li* from
the tip to the valley of the potential dendritic surfaces [112,
120-123].

3.4 Solvation Structure of the Lithium-Metal Anode

In general, the electrolyte provides an electric current
between the positive pole (cathode) and the negative pole
(anode), and the current is carried only by the moving ions
for charge transfer. Dissociated salts in polar solvents can
produce most of the mobile ions in the cell, except in the
molten state (ionic liquid) or in the decoupled ceramic or
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glass state [124]. For conventional lithium-ion batteries,
lithium ions are mainly provided by lithium salts, such as
LiPFg, lithium bis(fluorosulfonyl)imide (LiFSI) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The solvation
sheath is closely related to the formation of the SEI. There-
fore, some reports describe the formation of the SEI from
the competitive reactions of the solvation sheath structure
[125], and some describe the solvation structure arising from
control of the interface to achieve a high-performance SEI
structure [126]. At present, there are still some controversies
about the influence of anions on the interface. However, in
an organic electrolyte environment, the solvation of anions
is highly system-specific because the Coulomb interaction
between anions and solvents is weak. In most commonly
used nonaqueous solvents, anions are much less solvated
than cations [127]. Hence, the solvation structure with Li
ions and solvent molecules constitutes the actual ionic spe-
cies that are mobile in the electrolyte.

Recognition of the solvation structure of lithium ions is
necessary to understand the interface interaction process of
the solvation structure. Bernal and Fowler [124] proposed
that the solvent molecules in the solvent were induced to
surround and redirect the ion dipoles, thereby changing the
coordination state of the solvent in dilute aqueous solution.
From a solvation structure point of view, the most important
finding thus far is the change in coordination of both solvent
and salt from a dilute solution to a concentrated solution.
On the basis of the strength of the association between the
solvent molecules and the ions, the solvation sheath structure
can be divided into three parts according to Borodin et al.
[35] (Fig. 8): “salt-in-solvent”, “salt-solvate”, and “solvent-
in-salt”. In the primary solvation sheath region, the center
ion forms the strongest association with solvent molecules
and maintains the sheath structure during motion, as shown
in Fig. 8a. In the “second” solvation sheath region, solvent
molecules break the balance and weakly associate with the
center ion. Apart from these two regions, the solvent mol-
ecules can remain undisturbed and away from the center ion.
As the concentration of the solution increases, a heterogene-
ous structure may occur in the electrolyte. Yu et al. [128]
investigated the lithium bis(trifluoromethane)sulfonamide
concentrated aqueous electrolyte, where heterogeneous
structural features and different dynamic behaviors were
observed between negative and positive ion domains with
different Li* mobilities, using experimentally corroborated
MD simulations. With increasing salt concentration, the
original solvation sheath structure (including the “primary”
and “second” solvation sheaths) gradually disappears, and
anions are then added into the “primary” solvation sheath,
as shown in Fig. 8b. At extremely high salt concentrations,
the anions and cations are close to each other in the same
solvation sheath, as shown in Fig. 8c.
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Fig.8 Schematic representa- a
tion of three salt concentration
systems in an electrolyte. a

Li* ions in a dilute electrolyte
with three parts: the primary
solvation sheath, secondary
sheath and free solvent. b With
increasing Li salt concentration,
the structure of the secondary
solvation sheath is disrupted in
the absence of free solvent, and
part of the primary sheath struc-
ture is squeezed in by anions.

¢ The solvation sheath shares

its limited solvent molecules,
which may result in the pres-
ence of domains in the electro-
lyte. Reprinted with permission
from Ref. [35]. Copyright ©
2020, Elsevier. d Schematic dia- C
gram of the solution structures

in a concentrated electrolyte.

Reprinted with permission from

Ref. [129]. Copyright © 2019,

Springer Nature
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For the quantitative ratio of solvent to lithium salt
in a dilute electrolyte solution [approximately 1 M
(1 M=1 mol L) and a solvent/salt molar ratio > 10], the
most common coordination state of lithium ions is being
surrounded by three or four solvent molecules, which are
named solvent-separated ion pairs (SSIPs) [130]. The sol-
vent molecules mainly remain free, and decomposition of
solvent molecules is induced, forming an SEI film. However,
for the case of a concentrated electrolyte (>3 M), the Li*
coordination number was indicated to be less than 1-2 as the
solvent molecules were reduced. At the same time, more salt
anions entered the electrolyte to coordinate with Li, tak-
ing the place of the solvent molecule, thus forming contact
ion pairs (CIPs) and cation—anion aggregates (AGGs), as
shown in Fig. 8d. In addition, a higher Li* salt concentration
could degrade the coordination ability of solvents. Highly
concentrated electrolytes have been confirmed to enable
stable cycling of lithium-metal anodes due to their unique
solvation structure and the lack of free solvent molecules
[131]. The decomposition/reaction of salt anions instead of
solvent molecules could gradually dominate SEI film forma-
tion with increasing Li salt concentration. In brief, when the
Lit* concentration is increased from 1 M to more than 3 M,
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the number of free solvent molecules is reduced, and the
coordination form is transformed from SSIPs to CIPs and
AGGs, especially AGGs, which can be dominant in the case
of higher concentrations to yield unusual functions.

The solvation structure is closely correlated with the
electrochemical behavior of Li*ions. The Debye—Hiickel
model assumes that salts are completely dissociated but
not fully independent of the solution system when ignoring
direct solvent-salt interactions [132]. Modern ionics science
recognizes that the solvation structure is a vital factor for
the electrochemical behavior of Li*. The solvation struc-
ture is becoming more flexible as a result of different Li*
salt concentrations, types of organic solvents, and additives.
Generally, all kinds of organic solvents render coordination
by the electrostatic force between high electronegativity
atoms (N, O, and so on) and Li*, known as a “complexant”.
The study of the solvation structure has attracted attention
because of the exfoliation and solvent cointercalation phe-
nomena of the graphite electrodes commonly used in most
conventional lithium-ion batteries. Besenhard et al. [133].
proposed a 3D process describing the solvation sheath coint-
ercalation path. The key to this model is to review the previ-
ously neglected specific solvation structure movement at the
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interface and decomposition process of the cation solvation
sheath at the microscopic level. Subsequent work demon-
strated this model. Wagner et al. [134] utilized in situ X-ray
diffraction (XRD) to demonstrate that during the initial
lithiation process, due to the solvation sheath cointercala-
tion, the spacing between the graphene sheets expanded,
and the potential was 200-300 mV higher than the reduc-
tion potential of the known solvent. They believed that the
primary solvation sheath was more likely to cointercalate
solvent molecules into graphitic electrodes. Xu et al. [135,
136] further suggested that the eventual interface chemistry
on graphitic anodes was actually determined by the solva-
tion sheath composition of Li* in typical nonaqueous elec-
trolytes. Obviously, the constitution of the solvation sheath
could directly cause a change in the reduction potential at
the interface. Therefore, further exploration of lithium ion
complex solvents can directly affect the understanding of the
interface interaction. High concentrations of lithium salt are
also a double-edged sword, which can cause the electrolyte
viscosity to be too high. This leads to poor ionic conduc-
tivity and poor wetting capability, which hinder practical
applications. To alleviate these defects and reduce the cost,
diluting a high concentration electrode liquid with nonpolar
solvents to make it a localized high concentration electro-
lyte has become a hot research field [137, 138]. In addi-
tion, weakly solvating electrolytes could achieve an anion-
derived, inorganic-rich SEI [139]. Many achievements have
been realized by adjusting the solvation sheath of Li ions
from the solvation structure, for example, improvement of
the uniformity of the SEI, extension of the potential window
[140, 141], prevention of electrode corrosion and dissolution
[142—-144], acceleration of electrode reactions [140, 145],
increase of the Li* transference number [146], and decrease
of the volatility and flammability [141, 147, 148].

3.5 Desolvation of the Li* Sheath

In consideration of the cation transport process at the elec-
trolyte interface, researchers have distinguished the contribu-
tions of the so-called ion transfer barrier from two parts: (1)
desolvation of Li* before it deposits on the anode surface
and (2) subsequent diffusion of bare Li* through the SEI.
Understanding the barrier between these two parts should
clarify how lithium ions diffuse from the electrolyte envi-
ronment to the negative electrode. In general, the diffusion
process of the sheath structure is divided into three stages:
(1) the sheath structure must diffuse from the electrolyte to
being near the SEI interface; (2) the Li* sheath structure
must be desolvated near the SEI surface; and (3) the Li* ion
changes its solvation structure in the electrolyte to adjust
the coordination state. Since the final state of the sheath
structure is not bare, ions passing through the SEI may be
amorphous [149]. The structure of the Li* solvation sheath
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is very often accompanied by a change in solvent species
[150, 151]. Since the SEI components are often derived from
electrolyte reduction, the two phases of the SEI and elec-
trolyte have different chemical environments. Hence, this
process is often known as desolvation or, a more accurate
description, resolvation. Actually, Li* diffusing from the
electrolyte into the SEI can pass through the defects (inter-
stitials or vacancies) in the SEI film structure, as shown in
Fig. 9a and b [152-154]. Shi et al. [49] further proposed a
knock-off mechanism, showing that Li* interstitials diffused
through Li,CO; by replacing another Li* in the lattice posi-
tion. The final step was Li* passing through the SEI film to
the anode surface in different ways, including diffusion along
the grain boundaries, knock-off transport and defect migra-
tion, as shown in Fig. 9c—f [49, 155, 156]. Many researchers
judged that the second and third stages could control the
kinetics of battery chemistry (corresponding to the two ion
transport barriers), and efforts have been made to judge the
rate-determining step in the kinetics of the lithium-ion bat-
tery chemistry.

Desolvation of the Li* solvation sheath is proposed when
Li* diffuses through the electrolyte/SEI interface, as shown
in Fig. 10c, which can be fitted by DFT or MD simulations.
The activation energy is used to quantitatively describe the
barrier of desolvation of the Li* solvation sheath because
it can reflect the basic kinetics of the interfacial process. In
fact, the apparent activation barriers could also be estimated
through electrochemical impedance spectroscopy (EIS)
data [157, 158]. As observed, the activation energy was
not affected by the Li* activity or the effective surface area
[159]. Abe et al. [160-162] and Yamada et al. [163] reported
that the slowest process occurred when the Li* solvation
sheath was trying to enter graphene before Li obtained elec-
trons from the anode, where the primary solvation sheath
had to be stripped. Xu et al. [164] proved that the Li* solva-
tion sheath stripping process gradually occurred in the outer
pore diffusion stage, as shown in Fig. 10a.

Many substantial computational efforts have been dedi-
cated to studies of Li desolvation energetics at the SEl/elec-
trolyte interface [149, 165-167]. The SEI-free Li,TisO;,
(LTO) anode was successfully utilized in measuring the Li*
desolvation energy barrier [approximately (52 +3) kJ mol~!
at different EC concentrations], while the overall value of
the activation energy of the SEI-covered graphite anode
was approximately 60~70 kJ mol~!, as shown in Fig. 10c.
Therefore, Li* required approximately 20 kJ mol ™! energy to
pass through the SEI. A similar conclusion was also proven
by Pacific Northwest National Lab (PNNL) [168]. The Li*
desolvation process was the major kinetic barrier because of
the high activation energies for charge transfer (0.5-0.7 eV).
The high activation energies were experimentally deter-
mined at the low-temperature operation limit. In addition,
the activation energy of the desolvation step was indicated
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to be constant over a wide range of EC:DMC concentra-
tions [164]. Xu et al. [136] concluded that a similar activa-
tion energy to that of Yamada et al. [159, 163] was found
in the LiC10,/EC:DMC system of different EC concentra-
tions, where EC had little effect on the activation energy.
A later MD simulation by Borodin and Bedrov [166] sug-
gested that the activation energies of Li* desolvation were
approximately 40-44 and 39-41 kJ mol™' for dilithium
butylene decarbonate (Li,BDC)/EC:DMC(3:7)-LiPF4 and
dilithium ethylene decarbonate (Li,EDC)/EC:DMC(3:7)-
LiPFg, respectively. Jorn et al. [169] utilized AIMD simu-
lations and found that with increasing SEI thickness and
LiF, more Li* was adsorbed on the SEI surface, suggesting
that a large amount of Li* could be easily desolvated, as
shown in Fig. 10b. In terms of the composition of the SEI,
the diffusion energy barriers of the inorganic and organic
SEI components are also different. The energy barrier of the
inorganic component is significantly lower than that of the
organic component, which can also prove that desolvation
is the key step [170]. Meanwhile, Jorn et al. [169] showed
that the path for Li* desolvation is a two-step mechanism,
consisting of crossing two energy barriers and then adsorp-
tion. Ming et al. [171] presented a new interfacial model

@ Springer

;N
¥

i LiPFsIECIDMC on LTO

ol 1 1 1 1 1

20 40 60 80 100

© Lithium, or other melallic ions

EC/% in EC/DMC

+ Anions: e.g., PF,", TFSI- or FSI-

from Ref. [169]. Copyright © 2013, American Chemical Society. ¢
Li* activation energy barriers in different electrolyte composition sys-
tems. The reference lines for the activation energy at the bottom are
obtained from 1.0 M LiPF/tetrahydrofuran (THF) (red dotted line)
and 1.0 M LiPF¢/PEG222 (green dotted line) with LTO. Reprinted
with permission from Ref. [164]. Copyright © 2010, American
Chemical Society. d Schematic depiction of the Li* desolvation pro-
cess near the negative interface. Reprinted with permission from Ref.
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for desolvation. Desolvation was identified as a key factor
that could affect anode stability. The solvent interaction with
Li* (e.g., strength and conformation) was the key factor for
stability in different electrolytes, which was different from
the prevailing SEI formation effect.

Recently, Nasara et al. [172] studied different electrolyte
systems for a Li,TisO,, (LTO) anode at a lowered cutoff
potential and found that increasing Li* concentration and
activity (e ;+) contributed less to the Li* desolvation activa-
tion energy barrier. The activation energies from multiple
scenarios suggested that the Li™ desolvation process was
dependent on the element composition of the SEI film and
the solvent molecule rather than the physical thickness of
the SEI film [167]. There is much evidence to support the
hypothesis that desolvation is the rate-determining step.
Many simulation methods have been used to make further
advances in the exploration of such complex reactions and
diffusion processes at the interface. In addition, the Li*
transport through the SEI should be given more attention.
Currently, there still appears to be no method for resolv-
ing the Li* desolvation and Li migration through the SEI
[173-178].
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3.6 Li* Diffusion Through the SEI/Electrolyte
Interface

To understand Li" diffusion at the electrode/electrolyte
interface, the properties and their effect on battery perfor-
mance should be deeply studied [179]. °Li isotope labeling
experiments were reported by using a combination of time-
of-flight secondary-ion-mass spectrometry (TOF-SIMS)
and NMR spectroscopy to directly observe and prove the
exchange process between the electrolyte and SEI [180,
181]. The authors demonstrated the existence of an SEI and
observed three stages for Li* to travel from the electrolyte to
the anode [168]. In addition, the time scale for Li* diffusion
through the SEI was indicated to be seconds or minutes.

Many studies have been reported on inorganic and
organic components as diffusion barriers of the SEI [75].
Diffusion barriers can be limiting factors due to their topo-
logical and defect distribution in the mosaic structure of SEI
films. Hence, DFT, MD, and multiscale modeling need to
complement each other to accurately measure the diffusion
process. Shi et al. [49] proposed Li* diffusion in an SEI film
with a two-layer/two-mechanism model. The model demon-
strated that the outer porous layer (organic) allowed Li™, salt
anions, and even solvent molecules to diffuse, but the dense
inner layer (inorganic) could only facilitate Li* interstitials
to diffuse through Li,CO; via replacement of another Li* in
the lattice position. The structure of the SEI was divided into
organic components and inorganic components. The inor-
ganic component had a larger resistance for Li* diffusion
through the SEI.

To quantitatively analyze the main diffusion barrier in
the SEI, some researchers have focused on key components
(including Li,CO;, Li,O, LiF or Li alkyl carbonate) [91, 182,
183] of the SEI to demonstrate a single crystal affecting Li™.
Lu and Harris [180] demonstrated that Li,CO; was the main
component of the SEI in their experiments. Iddir and Curtiss
[152] explored the Li* migration energy in a bulk mono-
clinic Li,COj, crystal and found that Li* migration along the
[010] channel could obtain a lower energy barrier and that
hopping via this channel was less likely to occur. Chen et al.
[184] further demonstrated that vacancies could contribute
less to Li* diffusion along the [010] plane and that vacancies
substantially contributed more to Li* diffusion across the
[010] plane. Therefore, the effect of Li* diffusion for a vari-
ety of concentrations of vacancies and interstitials in differ-
ent crystal orientations was not consistent. The predominant
diffusion mechanism for Li,CO; was vacancy-interstitial
diffusion. Chen et al. [184] systematically calculated Li*
diffusion in three structures (Li,CO;, Li,O, and LiF) using
the nudged elastic band (NEB) method. LiF was demon-
strated to have the slowest Li™ diffusion compared to Li,CO5
and Li,O because Li,CO; (0.227 eV) and Li,O (0.152 eV)
had lower energy barriers than LiF (0.729 eV). TOF-SIMS

measurements showed that the anions and electrolyte could
only infiltrate the outer porous layer to approximately 5 nm
in the SEI, whereas Li™ infiltrated more into the dense inner
layer to approximately 20 nm [180]. Pan et al. [185] and
Yildirim et al. [153] studied the LiF diffusion mechanism
via the nearest-neighbor Schottky pair and expounded that
the ionic conductivity of LiF was highly dependent on the
electrode it contacted. When it contacted a negative (graph-
ite, silicon) electrode, the ionic conductivity of LiF was
dramatically lower by 18 to 20 orders of magnitude com-
pared to LiC,05 [49, 154]. Moreover, Benitez et al.[186].
systematically observed the diffusion mechanisms under
an applied electric field in LiF (knock-off), Li,O (vacancy-
assisted) and Li,CO; (combined vacancy-interstitial diffu-
sion mechanism), as shown in Fig. 11. Benitez et al. [186]
utilized the large-scale atomic/molecular massively parallel
simulator (LAMMPS) to calculate the Li* diffusion mecha-
nism with two divided parts of chain movement (knock-off
mechanism), as shown in Fig. 11a. The first chain movement
(including purple, orange, and yellow balls) was initiated
by Li* (green ball). For the second chain movement, Li*
(red ball) displaces the blue ball (initial position) to start
the chain movement. As shown in Fig. 11b, Li* diffusion in
Li,O relies on the vacancies, and Li* ions move from their
own site to the next empty lattice site in the direction of the
applied field in sequence. The most special case is Lit* ion
diffusion in Li,COyj in Fig. 11c, which is mainly manifested
as combined vacancy-interstitial diffusion. Recently, Lu and
Liao [187] reported that the Li* diffusion energy barrier in
Li,O was considerable consistent, directly leading to Li,O
cluster exfoliation.

In addition to the pristine SEI film, introducing other
phases or taking advantage of the space-charge layer effect
can also enhance the diffusion carrier concentration. Doping
a second phase can increase the charge carrier concentration
of the SEI film because the main inorganic components of
the SEI (LiF, Li,CO;, and Li,0) can form a defect formation
energy higher than the diffusion energy barrier. Shi et al.
[154] utilized BO,>~ to replace CO5>~ in Li,COj; crystals and
created more Li* interstitials that could increase the ionic
conductivity. Doping common metallic cations such as Ca",
Mg?*, AI** and even La** into LiF or Li,CO; could also
increase the Li* vacancy concentration [185, 188]. Liang
[189] introduced insulating Al,O5 nanoparticles into LiF to
increase the Li* carrier concentration, which could increase
the space-charge layer effect to increase the ionic conduc-
tivity. Furthermore, heterogeneous structures and grain
boundaries could also contribute to the ionic conductivity
[156, 190]. Pan et al. [190] made a prediction based on the
different values of Li diffusion carriers in Li,CO; and LiF
and the combined interfacial defect reaction energy. Zhang
et al. [156] demonstrated the formation of a space-charge
layer across the Li,CO; and LiF interfaces and observed a
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Fig. 11 Schematic diagrams of
the initial (left) and final (right) a
positions of Li* ions. An elec-
tric field was applied to show
the diffusion processes in a

LiF, b Li,O and ¢ Li,CO;. The
diffusion mechanism of LiF was
knock-off, which involves dif-
fusion by two chain movements
(the green line and orange line)
of Li* ions. The diffusion mech-
anism of Li,O relies on vacan-
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dramatically increased defect concentration in Li,CO; and
LiF. In contrast, Li and Maier [191] found that introducing
Al,O; nanoparticles into the SEI could lead to fewer ionic
carriers (decreased ionic conductivity) near the interface.

3.7 SEl Modification and Dendrite Inhibition

Since the lithium-metal-anode surface is initially smooth
bulk, the main factor affecting surface nucleation is the state
of the SEI film. Optimization of lithium-metal surface nucle-
ation should deal with the SEI film. Typically, an in situ SEI
film with an organic/inorganic composite structure can be
formed from the reaction between the anode surface and

electrolyte, controlled by the electrolyte composition, anode
potential, temperature, and additives. The mosaic model is
the most commonly accepted description of the SEI struc-
ture and describes the nonuniform surface of the anode.
Peled et al. [47] directly proved Li transport via SEI grain
boundaries. The heterogeneous structure could affect the
SEI formation on the surface of lithium metal in terms of
morphology and the difference in transport dynamics caused
by local morphology. Figure 12 shows the mechanism of
Li dendrite growth [4]. First, the SEI is formed on the Li
surface cracks due to the volume expansion caused by Li*
plating (Step 1); second, Li dendrites are produced from the
cracks as the plating progresses (Step 2); third, Li dendrites

Step 1 Step 2 Li de{mintes Step 3 Isolated Li Step 4

— > —mmilly "

Cracks i o % o) Dead Li
3 = Thick SEI

SElon Li T z l 3

> §> — - :%,— ' Plorolusd

Liplating Further Li stripping Continuous electrode
plating cycle

Fig. 12 Schematic diagram of the formation of Li dendrites. Reprinted with permission from Ref. [4]. Copyright © 2017, Springer Nature
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transform into isolated Li metal due to Li stripping, and
the isolated Li is an ignorable part of the so-called dead Li,
which deepens the degree of SEI fracture (Step 3); and last,
upon continuous cycling of Steps 1-3, accumulated dead Li,
a thick SEI and a porous lithium electrode are formed (Step
4). These four steps are spontaneous processes, leading to
degradation of the anode performance. As identified, the
stress accumulated in the lithium metal deposition process
could cause Li dendrites to be generated at the thinner posi-
tions of the SEI. Wang et al. [192] proposed that the SEI pas-
sivates the lithium-metal surface, preventing stress relaxa-
tion through uniform diffusional creep with Li diffusion to
the film surface. Inorganic components of the SEI, such as
Li,CO;, were close to and adhered to Li metal. These com-
ponents had a high strength. The lithium-metal/SEI interface
was vacancy poor. Consequently, lithium atoms were harder
to deposit nearby. Therefore, stress relief could be realized
by local creep of the defect surface. This method was based
on the stress release of lithium metal and was also involved
in the mechanical strength of the SEI. As identified, the
mechanical strength is also a key factor for the SEI to sup-
press dendrites. Many researchers have designed artificial
SEIs [193], including organic [194-200] and inorganic [201,
202] components and their hybrids [203-205], to enhance
the mechanical strength of the SEI. In addition, artificial
SEIs can be classified into different types based on the man-
ufacturing method, such as solvent casting, wet chemistry,
chemical vapor deposition (CVD), physical vapor deposition
(PVD), and atomic layer deposition [206]. Tao et al. [207]
described in detail the advantages and disadvantages of arti-
ficial SEIs produced by different deposition methods in the
practical application of zinc metal anodes. A thicker coating
layer and increased ion diffusion are issues. Therefore, Xu
et al.[206]. suggested that establishing a structure—property
relationship between the surface properties and lithium sta-
bility is the key to success.

As observed, during long cycling of the lithium-metal
anode, a fresh SEI that breaks and grows again appears on
the surface, and its film thickness is uneven. Li* ions eas-
ily pass through the thin locations, which have a high ionic
conductivity rate for preferred deposition [6]. This means
that the uneven SEI surface has inconsistent nucleation time
on the time scale. The different lithium ionic conductivities
directly lead to the existence of inconsistent nucleation and
growth states on the spatial scale at the interface. An SEI
with high ionic conductivity easily forms higher nuclei on
the lithium metal surface. Meanwhile, when the SEI is com-
posed of multiple components with different ionic conduc-
tivities, the spatially varying ionic conductivity will cause
large differences in the lithium plating/stripping volume at
different sites and the subsequent SEI. Therefore, high sur-
face energy and low transport barrier of Li* in the SEI are
key to homogeneous nucleation.

Increasing the ionic conductivity of Li* ions at the SEI
is one of the key factors for inhibiting dendrites. According
to the space-charge model [42], the formation of dendrites
is closely related to the existence of a Li* depletion layer.
Hence, the diffusion rate of Li* is closely related to the for-
mation of dendrites. Normally, Li* diffuses more slowly in
the SEI than in the electrolyte, so the ionic conductivity of
the SEI is several orders of magnitude lower than that of the
bulk electrolyte. In this case, the inorganic component in
the SEI usually corresponds to the rate-determining step of
Lit diffusion. More specifically, the inorganic components
in the SEI are mainly composed of LiF and Li,O. Pan et al.
[185] used DFT calculations to show that Li* ion diffusion
in LiF occurred via Li vacancy hopping. Vacancy-mediated
diffusion mechanisms (including knock-off, direct exchange,
and hopping) were identified by MD simulations of Li,CO;,
LiF, and Li,O. The authors predicted that the ionic conduc-
tivity of LiF was at least three orders of magnitude lower
than that of Li,CO; and Li,0, and similar conclusions were
also reported by Yildirim et al. [153]. Soto et al. [208] dem-
onstrated that the SEI based on Na* favored Li* transport.
This suggests that the ionic conductivity can be improved
by switching the cation Li* to Na*' in a premade SEI. In
addition, the low adsorption energy of Li* on LiF could lead
to a low in-plane diffusion barrier for Li adatoms, which
was considered to be beneficial to restraining Li dendrite
growth. In addition to conventional SEI components, SEI
components with higher ionic conductivity have also been
used to regulate the formation of a dense lithium deposi-
tion morphology and inhibit lithium dendrites. For example,
LiTeS; [209], Lil [210], Li;N [211], LiPS, [212], and Li,S/
Li,Se [213], can have higher ionic conductivities, which
could greatly improve the ionic conductivity. Rangasamy
et al. [214] used Lil and LiPS, to constitute Li;P,SgI, which
exhibited an ionic conductivity of 6.3x 107 S cm™! at room
temperature, a 400% improvement over the ionic conduc-
tivity of B-Li;PS, (LPS) and a more than three orders of
magnitude improvement over that of Lil.

The beneficial effect of SEI formation is to prevent fur-
ther reaction between the Li metal anode and electrolyte. As
identified, the SEI can be continuously destroyed by strip-
ping/plating processes. The reduction in CE comes from
the continuous consumption of the electrolyte and active
material Li during the stripping/plating processes. In this
case, the SEI as a protective layer can suppress the growth
of dendrites. With respect to this, its size, composition and
mechanical properties are of great significance for uniform
deposition and high performance of the lithium-metal anode.
However, the SEI thickness, granularity, chemical composi-
tion, and distribution are usually not well controlled. The
organic components in the SEI are derived from the reac-
tion between lithium metal and solvent, while the inorganic
components are mainly derived from the decomposition of
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lithium salts [90]. In summary, an SEI film on lithium metal
is composed of an electrolyte and additive, among which the
electrolyte can be divided into solvent and salt. Therefore,
rational selection of organic solvents, lithium salts and func-
tional additives can enhance the SEI layer on lithium metal
and heighten its performance.

In summary, SEI suppression of dendrites is generally
strongly dependent on the regulation of the Li* diffusion
rate and the multiple physical properties of the SEI. SEI
modification should focus on achieving a fast Li* diffusion
rate, stress release, mechanical strength, and structural uni-
formity (thickness, granularity, chemical composition, and
distribution) of the SEI.

3.8 Mechanism of Additives

The additives for lithium-metal-anode-based batteries
consist of salt additives and organic molecule additives.
The desired lithium salt should also be conducive to the
formation of a thin and stable SEI film that generally has
the characteristics to meet the basic requirements: (1)
wide voltage windows; (2) high ionic conductivity; (3)
high chemical stability; and (4) electrochemical compat-
ibility with the anode and cathode. Salt additives can be
divided into transport-type lithium salts and auxiliary-type
salts. At present, the commonly used lithium salts include
lithium hexafluorophosphate (LiPFy), lithium bis(oxalato)
borate (LiBOB), lithium difluorooxalatoborate (LiDFOB),
lithium tetrafluoroborate (LiBF,), lithium trifluorometh-
anesulfonate (LiCF;S03), lithium perchlorate (LiClO,),

B LA, P
:’(g »_"; : ‘..,_' ):
5

Fig. 13 a Scanning electron microscopy (SEM) images of the lith-
ium-metal-anode surface deposited in electrolytes of LiBOB, LiPFg,
LiAsF,, LiTFSI, Lil, LiDFOB, LiBF,, LiCF;SO;, and LiClO, in
PC solvent. Reprinted with permission from Ref. [215]. Copyright
© 2013, Springer Nature. b The upper two pictures are electrostatic
potential maps based on the electron densities of g-butyrolactone and
LiNO; and of FEC and LiNO;. O, red; Li, purple; C, gray; H, white;
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lithium hexafluoroarsenate (LiAsF¢), LiTFSI, and LiFSI.
As the most commonly used electrolyte salt, LiPF is widely
used in lithium-ion and lithium-metal batteries. LiPF; is
generally believed to help form a highly resistive SEI in
EC-ethyl methyl carbonate (EMC). This SEI has a large
number of resistive decomposition products of LiF and
Li,COj; [216]. As a moisture-sensitive lithium salt, LiPF
could also produce HF after reacting with water-induced
impurities formed in the production process, which could
corrode the battery system. Ding et al. [215] investigated
different types of Li salts, as shown in Fig. 13a. Compared
to LiPF4, LiBOB has the best Li morphology under SEM.
LiBOB also has the second-best CE after LiAsFg, as shown
in Table 1. When LiDFOB, LiBF,, LiCF;SO; or LiClO,
serves as the Li salt, Li cannot cover the surface of the
Cu collector well. LiCF;SOj; has less influence on the

Table 1 Average Li CE for

Li* deposition with different Lisalt Ayerage
. Li CE/%

Li salts
LiAsF, 95.2
LiBOB 92.5
LiDFOB 85.7
LiPF, 76.5
LiCF,S0, 73.4
LiTFSI 72.3
LiClO, 72.1
LiBF, 71.9
Lil 68.9

b

g-butyrolactone and LiNO3

FEC and LiNO,

N, blue; and F, green. The left end (red color) of the scale bar below
the map reflects a lower Coulombic potential, and the right end (blue
color) reflects a higher Coulombic potential. The bottom two pictures
are SEM images of the Li plating morphology on the copper working
electrode with LiNO; and without LiNO;. Reprinted with permission
from Ref. [37]. Copyright © 2020, John Wiley and Sons
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morphology and interface stability of lithium dendrites.
LiCF;S0;, LiTFSI and LiFSI have high dissociation con-
stants, high voltage stability and good thermal stability.
LiAsFg has the highest CE because it produces AsFg, which
can coat the surface of lithium metal to prevent side reac-
tions, as shown in Table 1 [215]. However, LiAsF, has a
highly toxic element. In the LMB system, LiAsF¢ may not
be used as a conventional lithium salt. LiClIO, faces simi-
lar conditions as LiAsFg. Perchlorates are highly oxidizing
and are not widely accepted, although their reactivity with
lithium-metal anodes is lower than those of other lithium
salts. In summary, a single Li salt is currently defective,
and binary or polysalt electrolyte additives have been devel-
oped to balance the ionic conductivity and viscosity of the
electrolytes to evenly deposit Li* in lithium-metal-anode
batteries [217-227]. Zhang et al. [216] added 0.05 M LiPF,
to the bicarbonate/carbonate solvent electrolyte, and the bat-
tery could maintain a capacity of 97.1% after 500 cycles at
a medium-high load of 1.75 mAh cm~2. Nuli et al. [228]
reported that a binary salt electrolyte consisting of LiTFSI/
LiFSI could result in a dendrite-free lithium coating with a
CE of 99% during cycling.

As recognized, auxiliary-type salts mainly contribute to
the formation of the SEI instead of ion conduction, and
they can interact with electrolytes or anodes through their
own properties. For example, lithium nitrate (LiNO;), as
well as the sulfurized species in the SEI layer, was inves-
tigated because it can significantly ameliorate the correla-
tive properties of the SEI in lithium-sulfur batteries [131].
The solvent molecules could coordinate with NO;~ and Li*
in the electrolyte due to the large electrostatic potential,
as shown in Fig. 13b. LiNOj; plays a major role in stable
lithium-metal anodes through the synergistic effect with
lithium polysulfides (LPSs) [229]. However, the detailed
mechanism of the improvement is still not fully under-
stood. There is some evidence that nitrate ions could react
with LPSs and metallic lithium as an oxidizer, resulting
in the formation of a dual-layer SEI rich in LiN,O, and
polysulfide (e.g., Li,SO, and Li,S,05) [229]. The interac-
tion between LPSs and LiNO; was investigated by using
theoretical reactive MD simulations [230]. As observed,
once LiNO; was added, a multilayer SEI emerged with a
homogeneous Li,NO, cluster. The LPSs were captured by
the dipole—dipole interaction in the presence of Li,NO, to
form lithium bonds [231]. As a result, the anode could be
significantly shielded from directly contacting LPSs in the
presence of the multilayer SEI. Zhang et al. [232] revealed
the connection of NO*~ anions and Li* solvation in a
2 M LiFSI-DME electrolyte. The presence of LiNO; was
observed to be beneficial to complete decomposition of
FSI™ and generation of a dense SEI for enhancing the
ion—dipole interaction between Li* and solvent molecules
so that the FSI™ anions were mediated and polarized. In

addition, there are also some reports about the contribu-
tion of other metal cations (Mg>* [233-235], Mn?* [236],
Cu?* [236], Sn?* [237], Zn?* [238], In** [238-240], and
Bi** [238]) as auxiliary-type additives to stable alkali metal
anodes. Ye et al. [241] employed AICl; as an electrolyte
additive to achieve dendrite-free Li deposition. The elec-
trolyte in the production process introduces trace water,
which could react with AI** to produce Al(OH); nanopar-
ticles. AI(OH); nanoparticles could react with excess AP
(electrolyte) and form positively charged colloidal particles
(PCCPs). Subsequently, the as-generated and Al,O; parti-
cles deposit on the lithium anode surface and form a stable
and dense Al-containing SEI layer. Using this method, the
CE of such a lithium-metal anode was increased to 99% at
0.5 mA cm~2 in 1.0 M LiPF, (EC/DMC/DEC) electrolyte.
The Zhang group adjusted the Li embryos by using Cs* and
Rb* [120, 242, 243]. According to the Nernst equation, if
the concentration of Cs™ or Rb* is lower than 0.05 M, then
the effective reduction potential of Cs™ or Rb* is lower than
that of Li* at 1.0 M (—3.04 V). Therefore, upon deposition,
Cs*/Rb* could be adsorbed on the Li surface and not form
metal-alloy layers on it. If an uneven Li surface is formed,
then protuberances with high charge densities will adsorb
Cs*/Rb™ near the tips, resulting in an electrostatic shield.
The positively charged shield could repel Li*. Thus, Li* is
forced to deposit in adjacent areas, resulting in smoothing.

In addition to salts, there are also a wide variety of organic
electrolyte additives. In the electrochemical aspect, organic
electrolyte additives can be divided into three main catego-
ries: SEI formation agents, kinetics acceleration agents, and
kinetics suppression agents [244, 245]. Currently, fluoride-
related compounds are widely accepted as SEI formation
additives (FEC). The main purpose is to produce a LiF-rich
SEI FEC is a primary and familiar fluorinated solvent used
to construct fluorinated SEIs in various fluorinated cyclic
and acyclic carbonates. The LiF-rich SEI has the effect of
forming uniform surface morphology and ion flux on the
SEI film. Cui et al. [50] used cryogenic electron micros-
copy (cryo-EM) and revealed that the fluorine-containing
SEI nanostructures formed in the FEC electrolyte were mul-
tilayered SEIs rather than the mosaic SEIs in the electrolyte
without FEC. More importantly, when using FEC additives,
observation by high-resolution cryo-EM imaging and fast
Fourier transform (FFT) patterns showed that the lattices
of these Li,O crystalline components were fairly aligned in
the same direction. As the lithium nucleation dynamics was
controlled by the SEI states, grain boundaries of uniform
arrangement and regional uniform ion fluxes could contrib-
ute to the absence of significant differences in the time and
size of lithium nucleation. Other SEI formation additives
include nitrides, phosphides, and sulfides, and Li;N-rich
[246-248], Li;P-rich [249], and Li,S-rich [250-252] SEIs
are formed, respectively.
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As identified, kinetics suppression agents and kinetics
acceleration agents can suppress dendrites and affect the
cell performance in the electrochemical process. Kinetics
suppression agents can coordinate with Li* or adsorb on the
lithium-metal-anode surface to reduce activity and suppress
desolvation of the Li* solvation sheath, slowing down the
electrochemical kinetics. Dai et al. [253] reported a hexade-
cyltrimethylammonium chloride (CTAC) additive, a kind of
surfactant, to achieve a smooth surface. Upon CTAC addi-
tion to the electrolyte with an uneven surface, electrostatic
interactions made CTA* adsorb around the protuberances.
Additionally, the protuberances had a higher surface energy
and could absorb surfactant molecules. Thus, in the sub-
sequent nucleation process, solvent Li* could not diffuse
through the absorbed layer. Hence, Li metal was forced to
adjacent areas, further leading to a smooth surface. With
addition of this surfactant, Li||Li cells could stably cycle
over 300 h at a high current density of 4.0 mAh cm™2.
Wang et al. [254] introduced polyethylene glycol (PEG)
and 12-crown-4 as electrolyte additives to inhibit dendrite
growth and increase the cycling stability of the lithium-
metal anode, as shown in Fig. 14a—d. Li* was found to
favor complexation with four O atoms in the sense of the
coordination energy. For comparison, the absorption energy
and complexation energy of the 12-crown-4 molecule with
four-coordination sites (Fig. 14c) and the PEG-200 molecule
with four-coordination sites (Fig. 14b) were calculated and
compared with those of the DME solvent molecule with
two-coordination sites (Fig. 14a). Using DFT calculations,
PEG-200 molecules and 12-crown-4 were found to be more

C
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Fig. 14 DFT calculations and NMR analysis. Optimized geometries
for the binding of Li* to a two DME molecules, b one PEG-200 mol-
ecule, and ¢ one 12-crown-4 molecule. d 'Li NMR spectra of bare
electrolyte and electrolyte with PEG-200 or 12-crown-4 additive (1
ppm = 107%). Reprinted with permission from Ref. [37]. Copyright ©
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favorable for absorption on lithium-metal surfaces than
DME solvent molecules, which can be attributed to ether
molecules. The favorable complexation for PEG-200 and
12-crown-4 molecules could be confirmed. The AG values
for the complexation of Li* with PEG-200, 12-crown-4 and
DME are — 115.375,— 117.281 and — 113.597 kcal mol™"
(1 kcal mol™ = 4 185.851 J mol ™), respectively (Fig. 14a—c).
Complexation with four-coordination-site ethers is more sta-
ble than that with two-coordination-site ethers. Notably, after
complexation with Li*, the four oxygen atoms in PEG-200
or 12-crown-4 are arranged in a coplanar manner. However,
for DME, the four oxygen atoms lie in a crossed manner,
which can increase the system energy. Different arrange-
ments in Li* complexation were further investigated by
NMR, as shown in Fig. 14d. When PEG-200 or 12-crown-4
is added to the electrolyte, the "Li spectrum shows a small
increase, which can be attributed to the strong complexa-
tion between the four-coordination-site ether and Li*. The
four-coordination-site ether exhibits a deshielding effect in
the NMR spectrum of "Li, where the electronegativity of
oxygen remarkably makes oxygen a deshielding element.
The coplanar arrangement of oxygen further decreases the
electron density of Li* perpendicular to the plane. Therefore,
the structures of different ethers are associated with their
behaviors in the electrochemical process by complexation
and absorption. In electrochemical deposition, kinetics sup-
pression agents with stable complexation and absorption can
reduce and homogenize the ionic activity of Li* near the
lithium-metal anode to render dendrite-free Li deposition
easy.
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2020, John Wiley and Sons. e Accelerator fluctuations with geometric
deformation. f COMSOL simulation with THU; blue represents the
electrolyte, and white represents the electrode. Reprinted with per-
mission from Ref. [51]. Copyright © 2019, John Wiley and Sons
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A Kkinetics acceleration agent denotes a common elec-
troplating additive to fill tiny scratches, pits, and filaments
by electroplating to smooth the clad layer, accompanied
by improvement of the mechanical properties, such as
hardness and ductility, and is also called an accelerator
in the conventional electroplating industry [255, 256].
An appropriate accelerator should adsorb on the lithium-
metal-anode surface and accelerate the electroplating pro-
cedure. As observed, the adsorption was shifted with the
evolution of the microscopic surface, increasing the local
current density in areas with different roughness and con-
cave-convex extents, which was described as the curvature
enhanced accelerator coverage (CEAC) mechanism [257].
However, new accelerators in LMBs are rarely found due
to the laborious process. Wang et al. [51] leveled a plated
lithium film via step growth through the CEAC mecha-
nism by simply adding thiourea (THU, 0.02 M) into the
electrolyte. Unlike the traditional electrolyte additive or
protecting layer, THU displayed a catalytic role in elec-
troplating of lithium metal, acting as an accelerator rather
than a suppressor. The geometric deformation characteris-
tic of the anode was simulated by a numerical method. For
the trivial deposition process, the Butler—Volmer (B-V)
equation was introduced for the cathodic reaction. How-
ever, with THU adsorbed on the surface, the B-V equation
takes the surface concentration into consideration, which
is given by:

(29)

—(a+K0)F
i=—(C'+k0)exp l(aR—T)H] iy,

where i is the anodic current density, i is the exchange
current density, C’ is the coefficient of the Li* concentra-
tion, « is the transfer coefficient of the anode, F is the
Faraday constant, R is the molar gas constant, k is the coef-
ficient of the THU concentration, and &’ is the promoting
transfer coefficient of THU. By comparing the geometric
deformation characteristics of the anode, trivial deposi-
tion tended to occur on the dendrites, where the dendrites
grew in a propagative manner. Notably, the situation was
different with THU. Upon THU addition, it was adsorbed
and enriched on the concavities rather than the convexi-
ties after geometric deformation of the anode, as shown in
Figure 14f. The THU content on the surface () increased
with shrinkage, which accelerated the filling rate in the
concave pits. Hence, Li* tended to be reduced and depos-
ited on the concave regions due to the acceleration of THU,
as shown in Fig. 14e. With prolonged electroplating time,
a dendrite-free lithium deposition layer was formed. The
concave surface shrunk due to geometric deformation. In
this way, a superfilling phenomenon could occur on the
lithium-metal surface.

4 Electrode Geometric Evolution

4.1 Geometric Evolution of the Lithium-Metal
Anode

Comprehensively understanding the morphological evolu-
tion of the stripping/plating process is very important in the
design of lithium-metal-anode batteries. Most of the previ-
ous theoretical models on dendrite formation in stripping/
plating were based on linear stability analysis. For exam-
ple, the pioneering studies by Mullins/Sekerka [260, 261],
Ahmad/Viswanathan [262, 263], and Tikekar et al. [264]
revealed the impact of some key physical parameters: elastic
properties, molar volume, etc. Notably, the stability to small
perturbations was also studied in terms of potential chemical
changes by Mullins—Sekerka linear stability analysis [262,
264-267]. A further understanding of dendrite initiation by
taking other influencing parameters into account, such as
the growth dimensions and kinetics of the growth process,
seems needed.

In the graphite electrode, the intercalation reaction and
deposition reaction always occur simultaneously, meaning
that the regulated characterization methods have difficulty
identifying the contributions of these reactions. Normally,
the intercalation reaction preferentially occurs in the reaction
path compared to the Li deposition reaction in the graphite
electrode. Because the intercalation reaction potential is in
the range from 200 to 65 mV versus Li/Li" in the graphite
electrode, the Li deposition potential is below 0 V versus
Li/Li* [268]. The intercalation reaction potential is clearly
more positive than the deposition potential, suggesting that
Li deposition is not a competitive reaction to Li insertion
thermodynamically [269]. Based on this, lithium metal act-
ing as a negative electrode is typically employed to study
Li* deposition, which is easier to quantify than a graphite
electrode.

The asymmetry of electrode evolution can be established
based on the difference in the dynamic hindrance between
the stripping and deposition potentials simultaneously,
including the asymmetric overpotential, asymmetric kinetics
and asymmetric morphology evolution. The discovery of the
asymmetry between the cathode and anode originates from
the seemingly contradictory fact that in the constant current
experiment of a Li||Li symmetric battery, a sharp overpo-
tential “peak” is usually observed during the first few cycles,
and the overpotential changes into a flatter plateau after sev-
eral cycles. More specifically, there are some fundamental
variabilities in the macroscopic and microscopic morphol-
ogy evolution during stripping and deposition. As observed,
in the first cycle of the Li||Li symmetric battery, there was
a difference in the shape of the overpotential between the
first half-cycle and the second half-cycle; second, the shape
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in the first few cycles was more complicated than that in
the last few cycles, meaning that the charging and discharg-
ing overpotential plateaus were more volatile than the first

Plated Li

b Earlier cycles-
Smooth

[33]. In contrast, the charging and discharging overpotential
plateaus in the last few cycles were flatter and less volatile.
Therefore, there were two asymmetry phenomena in the
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Fig. 15 a Schematic representation of the cathode deposition pro-
cesses divided into lithium nucleation and growth and the anode
stripping processes divided into dendrite stripping, bulk stripping
and pit stripping. Reprinted with permission from Ref. [33]. Copy-
right © 2016, American Chemistry Society. b Cross-sectional oper-
ando microscopy images of the lithium-metal-anode surface in earlier
cycles and later cycles. Reprinted with permission from Ref. [258].
Copyright © 2017, Royal Society of Chemistry. ¢ Snapshots of the
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phase parameter (upper), Lit concentration (middle), and electric
potential (lower) during the electrodeposition process. Reprinted with
permission from Ref. [259]. Copyright © 2014, AIP Publishing. d
Changes in cell polarization (top) correlated with schematic repre-
sentations of the morphology and energy barrier diagrams (bottom).
Reprinted with permission from Ref. [33]. Copyright © 2016, Ameri-
can Chemistry Society
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overpotential: (1) under the same periodic cycle, the over-
potential in the first half-cycle and the second half-cycle was
asymmetric; and (2) under different cycle periods, there was
an asymmetry in the overpotential profiles during stripping
and deposition. Asymmetric overpotentials were generated
in the system. The asymmetry phenomenon was essentially
due to the different crucial steps at the electrode interface in
the dynamic process. The overpotentials of lithium deposi-
tion and stripping processes were considered to be deter-
mined by the properties of the electrode/electrolyte interface.

In addition to the overpotential, an asymmetric process
can be identified in the morphology evolution. The initial
electrode state with a smoother surface can be initially
considered to be a symmetric condition. However, at the
beginning of the cycling, the symmetry of the initial state
is directly destroyed due to the natural asymmetry of the
deposition and stripping, as shown in Fig. 15b. The first
cycle is the most apparent period for this asymmetry. Dur-
ing continuous stripping/plating, the surface of the electrode
becomes more uneven. With increasing porous surface area,
clearly displaying the asymmetry between cathode deposi-
tion and anode stripping on the surface becomes difficult.
This also reveals that the overpotential profiles are flatter in
the subsequent cycles than those in previous cycles.

The factors that directly affect the asymmetry phenom-
enon at the electrode/electrolyte interface during battery
cycling are as follows: (1) the difference in energy barri-
ers of plating and stripping, which can be caused by dif-
ferent surface morphologies; and (2) the difference in the
Li" transport at the electrode/electrolyte interface, which
primarily goes through the SEI film. The asymmetric pro-
cess is the change in dynamics due to the surface morphol-
ogy and chemical atmosphere, which ultimately affects the
Butler—Volmer equation. Hence, the study of the asymmetry
phenomenon can reveal the specific change in dynamics in
stripping/plating at the electrode/electrolyte interface and
provide a reference for the design of LMBs.

The morphology evolution leading to the asymmetry phe-
nomenon can also be considered a nonlinear process [270].
For a smooth electrode, the smooth surface of the electrode
was destroyed in the stripping process, and dendrites were
formed as the deposition process proceeded. After several
cycles, the area of the smooth surface accounted for a lower
percentage, while the area of the porous surface accounted
for a higher percentage. The entire electrode surface could
be occupied by porous or nonuniform structures (sharp
edges, cracks, and holes on the nanometer to micrometer
scale), which was proven by Dees et al.’s research on mor-
phological transitions in a lithium-metal anode in a 1.2 M
LiPF,/EC:EMC (30:70 in weight ratio) electrolyte [271].
They showed that the porous and smooth morphologies had
completely different overpotential profiles.

Wood et al. [33] studied the processes of lithium-metal
stripping and deposition via numerical simulation analysis.
The stripping process was divided into three stages: den-
drite stripping, bulk stripping and pit stripping. The deposi-
tion process was divided into two stages: nucleation and
growth. According to the observation by in situ atomic
force microscopy in alkyl carbonate solution, as shown in
Fig. 15a, the deposition and stripping on the electrode could
result in completely different morphologies [272]. In more
detail, for two bulk Li/Li electrodes assembled into a sym-
metric battery with the same initial state (one serves as the
anode and the other as the cathode), the two electrodes will
have completely different surface morphologies after a half-
cycle. Obviously, the surface morphologies of the cathode
and anode are naturally asymmetric. Fan et al. [273] further
demonstrated that the deposition mode of lithium metal
evolved from a granular growth mode to a fibrous growth
mode, which essentially came from the increase in current
density/areal capacity. Widening of the difference in mor-
phology evolution was indicated to be possibly due to the
current density/areal capacity. The ratio of effective current
to the surface area for the dendrite morphology is different
from that on the electrode surface with only pits. Liu et al.
[274] studied the morphology evolution of lithium-metal
after a half-cycle. Gaps of 15-20 and 13—-16 mV were found
for the end voltages between S-Li (stripped-Li, the morphol-
ogy was pits) and P-Li (plated-Li, the morphology was den-
drites) during stripping and plating, respectively. Although
the polarity was transformed, the morphologies of the two
were still not consistent. Because the reaction at each elec-
trode should be governed by B—V kinetics, a modified form
of the current—overpotential relationship was employed [33]:

i = yFk{cyjexp [(1 = p)Fn/RT| — c;;+ exp (-pFn/RT)},
(30)

where y is a parameter that accounts for the roughness of
the electrode surface, k is an effective heterogeneous rate
constant that depends on the morphology of the electrode,
p is a weighting factor, and # is the overpotential of the elec-
trode. The roughness parameter y is the ratio between the
total surface area of the electrode (including deposits) and
the 2D projected surface area.

Many factors could conceivably influence the change in
overpotential during the evolution of Li* deposition. Liang
and Chen [259] studied a nonlinear phase field model that
included three parts that could affect the overpotential: the
ion concentration in the electrolyte, electrochemical reaction
at the interface, and stable overpotential of lithium-metal
bulk. According to this model, as shown in Fig. 15c, the
local inhomogeneities of deposits are expected to be able
to induce local variations in current density and Li con-
centration. Similar results by Chen et al. [275] showed that
the electrode surface morphology could be related to the
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Li* concentration during the charging process. However,
the electrode surface morphology, in turn, could result in
a concentration gradient as well as in an electric potential
gradient near the electrode surface. At the same time, due
to the electrochemical reaction, the amount of Li* deposi-
tion increased with time, and a part of the electrode surface
eventually formed a continuous dense layer. In contrast, the
growth of the dense layer was relatively slow compared to
that of the deposition layer due to the uneven current density.
The deposition behavior of lithium-metal on Cu foil and Cu
foam was compared by Fan et al. [273]. As the current den-
sity/areal capacity increased, the granular growth mode of Li
deposition changed to a fibrous growth mode. The change in
lithiophilic and electrode nucleation sites could lead to the
asymmetric process. Most of the above reports focus on the
impact of applied voltage and initial electrode morphology
on dendritic patterns during charging.

Due to the passivation characteristics, the SEI can change
the ionic conductivity transmission during stripping/plat-
ing processes, which directly affects the evolution of the
surface morphology of lithium metal [6]. As observed, the
electrode surface had different Li* diffusion velocities dur-
ing stripping/plating processes. In the deposition process,
the dendrites continuously grew, penetrated the previously
formed SEI film and produced a newly formed SEI film.
However, the surface composition and thickness of the previ-
ously formed SEI were inconsistent with those of the newly
formed SEI, which had a lower surface resistance [276].
Physically, the kinetic barrier of ionic conductivity transmis-
sion for the newly formed SEI was lower. The cathode was
dominated by a thin SEI with a lower transmission kinetic
barrier, whereas the anode was dominated by a thick SEI
with a larger kinetic barrier. Thus, the asymmetry phenom-
enon of Li* transport between the anode and cathode could
result.

Therefore, in situ optical measurements can be used to
directly observe details of Li dendrite nucleation and growth
on the lithium anode surface and the Li* ionic conductiv-
ity in the SEI film during battery cycling. Furthermore, the
local change in Li* ionic conductivity within the SEI film
can undoubtedly directly affect the morphology of dendrites
during the deposition process.

4.2 Multiscale Host Matrix for Nucleation
in Lithium-Metal Deposition

A three-dimensional (3D) host matrix for uniform deposition
during battery charging is considered to be effective from
the perspective of the space-charge model, which is the most
widely accepted lithium dendrite nucleation model. For the
3D host matrix, a larger surface area can significantly reduce
the effective current density (J), meaning that the initial
nucleation time of lithium dendrites (7) can be increased,
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which is beneficial to uniform deposition of the lithium
surface. Meanwhile, experimental results showed that the
time of dendrite occurrence was proportional to /=2, and the
time for passing through the cell was directly proportional to
J~L, which was consistent with the model conclusions [277].
Using different materials or modified 3D host matrices, more
properties may be improved, such as mechanical flexibility,
lithium affinity, and surface energy [4, 38, 114, 116-119,
278-300]

Yang et al. [38] proposed a 3D porous Cu current collec-
tor with excellent plating/stripping efficiency (98.5%) per-
formance and more material expansion. The 3D porous Cu
current collector was treated as being composed of submi-
crometer Cu fibers with nanosized protuberances on the 2D
Cu surface, which could act as charge centers and nucleus
modulation sites, as shown in Fig. 16a. In addition, such a
3D porous structure also had some favorable electrochemi-
cal properties. The areal capacity density of lithium metal
deposited in such a 3D porous structure was up to 3.1 mAh
cm~2. A Li||Li symmetric cell with 3D porous Cu collec-
tors showed a stable voltage hysteresis over 600 h without a
short circuit. Li et al. [282] employed different sized copper
meshes (pore diameters from 60 to 170 um) embedded in
lithium metal using mechanical pressure to precisely con-
trol the areal capacity density of the collector. This method
could effectively avoid uneven local mass distribution of the
3D collector and achieve uniform distribution of nucleation
sites on the surface of the collector bulk. A further advance
was to improve the lithiophilicity of the collector and the
wettability of the deposited coating. The disadvantage of the
3D host matrix was that it could consume more electrolyte
to form an SEI, which could cause low CE. Meanwhile, the
3D host matrix also showed poor performance in terms of
overpotential and uniform lithium capture ability because
of the absence of lithiophilic materials. Many researchers
have proposed using lithiophilic materials, such as Li-C@
ZnO [280, 301], Li-PI@ZnO [279], Li-C@Si [278], and
C-Si0,@Au [302], to solve these issues. Yang et al. [285]
further demonstrated that Cu foam @ graphene coating (GC)
could improve the cycling stability of the LMB over a wide
current density range. Such Cu foam@GC could reduce the
local current density and avoid excess consumption of elec-
trolyte because of its moderate surface area of 1.12 m? g™,

As identified, a micropatterned anode similar to the 3D
collector can achieve an increased surface area of the elec-
trode. The difference is that micropatterns are often fabri-
cated in a simple way. As identified, micropatterns can be
pressed on the surface of a lithium-metal anode by a mold
to achieve a regular uniform microarray [293-299, 303].
The arrays of micropatterns could guide uniform Li deposi-
tion to achieve better cycling performance than bare lithium
metal. Therefore, from the perspective of industrialization,
micropatterned anodes have significant advantages in terms
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Fig. 16 a Schematic of the a
proposed electrochemical
deposition processes of lithium
metal on a planar current collec-
tor and a 3D current collector.
Reprinted with permission from
Ref. [38]. Copyright © 2015,
Springer Nature. b Simu-

lated current densities of the
micropatterned lithium metal
surface and its 2D cross-section
image. Reprinted with permis-
sion from Ref. [297]. Copyright
© 2018, Elsevier

of processing costs. Since Li* was deposited at the bottom
of the array holes, the shapes and area geometries of the 3D
porous arrays, such as needles [299], square holes [295],
pyramids [297, 298], and cylinders [296], could be obtained,
which directly affected the local current distribution. At
present, micropatterned anode analysis is mainly conducted
through finite element analysis, as shown in Fig. 16b, such
as MATLAB and COMSOL. Nevertheless, more research
into the details of this field is needed.

Qualitative simulation research found that the surface
uniformity of the electrode structure could reach parts per
million (PPM) and effectively inhibit dendrite growth [304].
Although a uniform surface is key to dendrite suppres-
sion and the protuberances impact dendrite growth, many
nanoscale protuberances, such as charge centers and nuclea-
tion sites, still need to be introduced into the nanostructure
layer. In addition, the introduction of lithophilic modification
can effectively guide the deposition of Li* on the micro-
structure and compensate for the electrostatic interaction

Cathode

3D porous current collector

2.2

Current density/(mA cm™?)

14

between the protuberances and ions. At present, achieving
uniformity at the PPM level in cost-effective large-scale
industrial production is still difficult. Therefore, controlling
the uniform roughness of the graded submicron structure
and specific surface area of lithium-metal anodes is very
important. Different strategies can be used to balance the
advantages and disadvantages of the graded microstructure.

4.3 In Situ Observation of Nucleation and Electrode
Geometric Evolution

Several in situ characterization techniques have been
developed to observe the reaction processes to fundamen-
tally understand the mechanisms. For example, in mod-
ern manufacturing processes, integrated circuits require
continuous miniaturization, and in situ ec-S/TEM can be
initially employed to investigate Cu electrodeposition for
integrated circuits [277]. With the rapid development of
the battery field, in situ characterization techniques seem
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Fig.17 a Assembly diagram of an in situ electrochemical scan-
ning/transmission electron microscopy (ec-S/TEM) holder, and
SEM images of electrochemical spacer microchips. Reprinted with
permission from Ref. [39]. Copyright © 2020, Springer Nature. b
Three models of the morphology of lithium deposits based on in situ
STEM. Reprinted with permission from Ref. [305]. Copyright ©
2017, Elsevier. ¢ Utilization of in situ atomic force microscopy
(AFM)-environmental transmission electron microscopy (ETEM)
to observe the Li nucleation process during electrochemical depo-

more important for mechanism exploration and perfor-
mance optimization. The method of in situ ec-S/TEM can
serve this purpose. Microfabricated electrochemical liquid
cells can be specifically designed for such S/TEM, as shown
in Fig. 17a. Although some helpful information can be
obtained, some fundamental issues still need to be further
studied. For example, in the electrodeposition of Cu on a
Au substrate, which is a well-studied system [311-316], the
results obtained from current transient analysis and those
obtained from post-growth microscopy seem inconsistent
[317-319]. Hence, the kinetics of nucleation evolution
related to ion transfer, electron transfer, ion concentration
distribution, and electrode morphology should be further
studied. To investigate these processes and the electrode
geometric evolution, in situ characterization techniques
with high spatial resolution that enable detailed site-specific
observation of the electrochemical processes and nucleation
evolution at the electrode/electrolyte interface occurring in
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1.0 um
e — | Mode |I: Competing SEI

reaction, Li whisker, root
growth, compressive
stress buildup/release

Mode IIl: Electrolyte diffusion
limited, Li dendrites, rapid tip
growth, break out post Sand's 0 nm
time

Mode I: Reaction limited,
dense surface growth,
Cauliflower or Eden
cluster like

sition of Li* in a CO, environment. Blue dotted lines highlight the
nucleus. The red arrow indicates that the Li embryo grew over time
at the electrode/electrolyte interface. Red dotted lines emphasize the
side surface and shape of the Li whisker. Reprinted with permission
from Ref. [306]. Copyright © 2019, Springer Nature. d SEM images
of Li precipitates with various size distributions on various index
Cu. Reprinted with permission from Ref. [307]. Copyright © 2017,
American Chemistry Society

a natural electrolyte environment in real time have been
developed. These techniques typically utilize closed micro-
fabrication electrochemical cells, which combine the capa-
bility of quantitative electrochemical measurements with
multiple characterization measurement systems such as
high-spatial- and temporal-resolution imaging, spectros-
copy, and diffraction. Many reports have been devoted to
in situ characterization of the nucleation and growth stages
of lithium crystals. A lithium-metal particle can be a single
crystal with a bec structure [306]. Since the Li (110) sur-
face has the lowest surface energy among all index surfaces
[320, 321], Li embryos can be preferentially terminated on
(110) surfaces, as shown in Fig. 17c. The surface energy has
been proven to significantly affect the growth of the crystal
plane in the lithium dendrite nucleation stage. The direc-
tion of Li whisker growth along the electric field has been
widely demonstrated in early in situ characterization [322,
323]. Li whiskers prefer to grow along crystal planes with
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high surface energy. However, He et al. [306] used an AFM
cantilever coupled with in situ ETEM and demonstrated
that whiskers grew without a preponderant orientation. The
classical theory of surface crystal growth is also suitable for
Li nucleation [324]. According to high-resolution in situ
ETEM characterization, the surface energy obviously plays
a more important role in Li nucleation than in the growth
process. In fact, there are still many factors that directly
affect Li nucleation and growth. Kushima et al.[305]. pro-
vided more details about the Li nucleation and growth
processes via ETEM, and two competing mechanisms of
surface growth of dense Eden-like clusters and root growth
of whiskers were identified. There is voltage-dependent
competition between lithium electrodeposition and SEI
formation reactions, as shown in Fig. 17b. As shown, the
diameter of the Li embryo is proportional to the square root
of time. With the growth of the Li embryo, the SEI layer
passivates the embryo surface and gradually reduces the
lithium deposition rate because Li* diffusion is limited by
the SEI. Ishikawa et al. [307] indicated that the Li deposi-
tion substrate crystallographic planes could also affect the
size of Li embryos, as observed by in situ SEM, as shown
in Fig. 17d. Different crystal surfaces of substrates have
different adsorption capacities for Li atoms, which can lead
to different adsorption ion concentrations, through which
the size of Li embryos can be directly determined. Li et al.
[325] modified the surface structure of the lithium-metal
anode and studied the dominant nucleation sites and ion
concentration gradients in the electrolyte. Using in situ
optical microscopy, they observed that the anode surface
with nucleation sites was significantly smoother than that
without nucleation sites during cycling.

There are still many other factors influencing the lithium
nucleation process, as observed by in situ characterization
techniques. A key factor is the size of the lithium nucleus,
which is still one of the important factors in relation to
dendrite formation. Mehdi et al. [326] utilized scanning
transmission electron microscopy (STEM) to directly
observe that the electrode surface in an electrolyte with
an additive could have a larger grain size than that without
an additive. The larger grain sizes were indicative of more
uniform Li deposition, which was directly connected to
better performance in terms of CE and an overall decrease
in the formation of Li dendrites. Without an additive, the
round-trip efficiency of Li stripping/plating processes
was reduced, with poor electronic/ionic conductivity. The
cell with additives could give a favorable nucleus, ben-
efiting from the high ionic conductivity of the inorganic
component LiF, which led to early dominant growth of
some nucleation sites [326]. The concentration gradient of
the electrolyte may affect not only the size of the lithium
nucleus but also the dendrite formation directly, suggesting

that it can affect the growth stage. The ion concentration
gradient at the electrode surface can be chemically mapped
by in situ STEM imaging rather than TEM. White et al.
[308] observed an increased ion concentration gradient
during dendrite growth, as shown in Fig. 18a. Therefore,
the lower ion concentration gradient is helpful for sup-
pressing the formation of dendrites and conducive to the
formation of larger Li nuclei, as confirmed by in situ STEM
[306, 320, 321, 324]. Recently, Yan et al. [327] demon-
strated that increasing the deposition temperature could
result in a large nucleus size, a low nucleation density,
and compact growth, as observed by a series of ex situ and
in situ microscopic analyses.

From a more macroscopic perspective, in situ charac-
terization showed that the morphologies of the lithium-
metal anode can be significantly different before and
after cycling, where the anode surface is smooth before
and porous after cycling. Other new methods are being
developed for studying electrode evolution with cycling.
As observed, the formation of dendrites can directly lead
to a change in morphology during electrode evolution.
Yu et al. [309] demonstrated the evolution process of
electrodes via in situ operando X-ray imaging. Plated Li
first grew and uniformly filled the whole space under the
separator during plating. With further plating, Li plating
predominantly occurred near the separator, leading to a
much denser layer of plated Li near the separator than in
the distal regions, as shown in Fig. 18b. For the lithium-
metal anode, pits formed on the anode surface during the
stripping processes. Pits were preferred deposition sites
where the next lithium dendrites formed in plating. “Dead
lithium” was formed on the anode surface during con-
tinuous cycling. To quantitatively measure the amount
of dead lithium on the porous anode surface, Hsieh et al.
[310] employed in situ NMR spectroscopy to reveal lith-
ium metal microstructures upon plating and stripping, as
shown in Fig. 18c. The spectrum exhibits a single peak at
(245 + 1) ppm before cycling, which represents the pris-
tine smooth lithium foil anode. Upon plating, a signal at
(263 + 1) ppm began to grow, reaching the maximum peak
intensity after full plating, which represents a nonuniform
surface morphology.

Although in situ characterization is instrumental, the
current reported results are mainly limited by the dendrite
growth accuracy. Observing how Li* is adsorbed on the
anode surface is difficult. In addition, whether rearrange-
ment occurs and how rearrangement develops in the early
stage of dendrite nucleation are still unclear. There is still a
vast growing research area about the early stage of dendrite
nucleation. Undoubtedly, in situ characterization methods
often play an indispensable role in the exploration of the
nucleation process of dendrite formation.
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Fig. 18 a STEM beam scanned from top to bottom to obtain the time
evolution of the Pb>* ionic concentration. During the acquisition
of image a0 (b0), the potential V on the electrode induces polarity
switching, and plating (stripping) begins, which creates white (black)
regions on the electrode boundary. Images al and b1l depict the same
events with 88 spatial binning and rescaling of the intensities
to enhance the contrast. Data (a2 and b2) extracted from the boxed
regions in al and b1 are fitted to the diffusion equation with increas-
ing t downward and x to the right. The best-fitting region (a3 and b3)
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lithium deposited for 1 cycle. Reprinted with permission from Ref.
[310]. Copyright © 2020, Elsevier
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5 Conclusion and Prospects

Lithium-metal-anode-based batteries have tremendous
application potential for portable electronics, electric cars,
and smart grids. However, the unstable lithium/electrolyte
interface restricts their subsequent development in terms of
battery durability and safety. In dealing with the degrada-
tion of lithium-metal anodes, this review aims to clarify the
basic understanding of the electrochemical processes, key
advances in the electrochemical understanding and multiple
approaches to control Li stripping/plating with respect to
the formation of the SEI and dendrite growth. The critical
and in-depth comprehension of the interfacial challenges,
nucleation and electrode geometric evolution is emphasized.
The key advances in and novel electrochemical strategies for
Li stripping/plating are summarized as follows: (1) electro-
lyte reduction mechanisms; (2) charge transfer processes; (3)
local current distribution; (4) solvation and desolvation of
the Li* sheath; (5) SEI modification and inhibition of den-
drite growth; (6) mechanisms of additives; (7) asymmetric
processes in stripping/plating; and (8) in situ characteriza-
tion. The following specific challenges and concrete analyses
need to be addressed.

(1) The understanding of SEI formation in terms of the
reaction kinetics and mechanisms, composition, and
role in battery performance is insufficient. The SEI is
closely related to LMB performance and is an insepa-
rable process during battery operation. As identified,
there are a large number of single/two-electron reduc-
tion paths in electrolyte reduction. Therefore, in an
actual electrode-liquid system with different solvent
types, the formed SEI has a large number of com-
plex components, and the formation is an extremely
fast reaction process (ps timescale). In this regard,
modeling the whole reaction process in detail is dif-
ficult. In this case, QC/AIMD/DFT calculations and
in situ microscopic characterization methods may be
employed to obtain a fundamental understanding of the
mechanisms.

(2) The specific kinetic processes of charge transport, espe-
cially electron transfer, at the anode/electrolyte inter-
face require more interpretation. Mainstream research
on charge transfer involves the tunneling mode, com-
bining Marcus theory and the B-V equation while
lacking a detailed description of the kinetic processes
during electron transfer. In particular, the close contact
between electrons and Li* at the electrode interface in
the specific kinetic process is not described in detail.

(3) A deeper understanding of the fluctuating local current
density distribution in terms of dendrite nucleation and
growth is lacking. Reducing the local current density is

“

&)

(6)

a practical and effective method to suppress dendrites.
However, the limited research ignores the local current
inhomogeneity caused by the local geometric distri-
bution. To achieve global current density reduction, a
uniform geometric structure should be considered for
the current collectors. The precise difference between
the formation of dendrites at low current and at larger
current has not been thoroughly explored.

Results on the rate-determining step in Li* ion diffu-
sion from the bulk electrolyte to the anode surface are
inconclusive. In general, the diffusion process of the
sheath structure can be divided into three stages: (1)
the sheath structure must diffuse from the electrolyte
to near the SEI interface; (2) the Li* sheath structure
must be desolvated near the SEI surface; and (3) Li*
ions change their solvation structure in the electrolyte
to adjust the coordination state. Distinguishing which
is the rate-determining step is difficult in the current
report. Utilizing a variety of sheath structures to adjust
interface redox reactions is the most effective tool for
exploring the rate-determining step and achieving elec-
trochemical interface regulation.

There are difficulties in unifying the various mechanical
properties and chemical components of SEIs to obtain
a general consensus for standard lithium batteries.
Many reports quantitatively discuss how the mechani-
cal properties and varieties of chemical components
of SEIs correspond to battery performance. The main-
stream belief is generally that the structure of the
SEI film is a complex mosaic structure, including the
organic components near the electrolyte and the inor-
ganic components near the lithium-metal anode. How-
ever, the simulation of SEIs is generally built via sin-
gle chemical components at present. Thus, accurately
simulating the complex working conditions of SEIs is
difficult. The understanding of the SEI is not perfect,
and the corresponding structure—activity relationship is
not yet clear. Meanwhile, distinguishing how coupled
properties affect the battery performance is difficult.
Whether a variety of additives will produce a synergis-
tic effect is unknown. The additives for LMBs consist of
salt additives and organic molecule additives. Accord-
ing to the functional classification, they can be divided
into single functional additives (SEI formation addi-
tives or self-healing electrostatic shielding additives) or
multifunctional additives. Research on the interaction
between inhibiting additives and accelerating additives
is lacking. At present, there is no effective framework
providing guidance on multiple additives to achieve
multiple functions. In practical terms, the theory on
additives can be applied to further suppress dendrites
and improve the cell efficiency.
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(7) The understanding of the disappearance of asymmetric
processes after long cycling, which seems like pres-
entational symmetrization, is insufficient. Intuitively,
the asymmetric process corresponds to a difference in
the shape of the overpotential between the first half-
cycle and the second half-cycle. After long cycling, the
smooth morphology of electrodes is altered to a porous
morphology. Meanwhile, the compositions of the elec-
trolyte and SEI are also changed compared to the ini-
tial states. All of these factors may make the overall
asymmetric process more symmetrical. Discriminating
which of these factors contributes more is difficult.

(8) In situ characterization still has many shortcomings.
For example, the current distribution and electric field
gradient in an in situ electrochemical cell are different
from those in coin batteries or commercial batteries.
In situ electrochemical cells (such as S/TEM spacer
microchips) are limited by their electrolyte volume, in
which the width is always less than a micron. The width
of the electrodes directly affects the electric field dis-
tribution in the electrolyte. The influence of cell size
on the driving force of the nucleation process and local
electrochemical reactions could still be substantial.
Hence, in situ characterization has difficulty directly
reflecting the same process in coin batteries or com-
mercial batteries at present.

However, the above challenges and issues are a new world
that we do not yet know. Every coin has two sides. These
issues give us more possibilities to explore. To overcome the
challenges discussed above for practical application, several
future research directions may be proposed as follows.

(1) QC/AIMD/DFT calculations have a brilliant future
in SEI modeling. With the continuous optimization of
computing software and the improvement in the com-
puting capability, full-scale modeling of SEIs has been
gradually implemented. QC/AIMD/DFT calculations
with larger fluxes are more appropriate for performing
SEI fitting under larger models. Building the mosaic
model with organic/inorganic components will provide
us with more details for exploring changes at the anode/
electrolyte interface of LMBs.

(2) Based on Marcus theory and the B-V equation, new
theories can be developed, and multiscale characteri-
zation of the electrode transfer kinetics process at the
anode/electrolyte interface can be performed. The
current understanding of electrode transfer limits our
understanding of interface issues. The development of
new theories and multiscale characterization will be
helpful for solving the dendrite deposition and low CE
issues of lithium-metal electrodes in the future.
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(3) The influence of geometric uniformity on local cur-
rent density can be investigated to further understand
the deposition behavior. Researchers generally utilize
powder electrodes and 3D current collectors to achieve
a low current density. The current is affected by the
uneven geometric distribution, leading to an inconsist-
ent current density, which has a significant impact on
dendrite nucleation and growth. Thus, the core issue
lies in quantitatively analyzing the subtle current differ-
ence in the dominant nucleation and growth of lithium
dendrites.

(4) The desolvation process in EC-based ester electrolytes
with local high concentrations can be investigated. The
composition of the solvation sheath structure of Li% is
totally different between dilute and high concentration
solution systems. Due to the different solvent types, the
activation energy barrier between desolvation and ion
diffusion near the SEI needs to be explored in detail.

(5) The inhibition, acceleration and hybrid mechanism
of additives can be in-depth studied to achieve "self-
repair" of ion transport at the anode/electrolyte inter-
face. Since most additives follow the acceleration or
inhibition mechanism, the investigation of this mecha-
nism can explore a screening principle for additives.

(6) Research on desolvation and microscopic nuclea-
tion may provide a new understanding of asymmetric
dynamics. Investigating the appearance of the asym-
metry phenomenon at the beginning of cycling and the
disappearance of the asymmetry phenomenon after
long cycling of the battery can reveal the relationship
between Li* transport and dendrite nucleation and
growth.

(7) Some in situ characterization methods with low input
energy density that correspond to large-scale charac-
terization at the same time can be developed. A high-
energy electron beam is often employed for in situ
experiments. The results of the high-energy electron
beam cause unexpected interactions, such as radiolysis,
electrolyte degradation and redox reactions. Therefore,
low-energy in situ characterization methods can guar-
antee the accuracy of experimental results.

In this review, we collect the issues of the SEI, anode/
electrolyte interface film and anode surface deposition pro-
cess of Li* transport from the electrolyte to anode surface.
Meanwhile, factors such as the solvation structure, Li* con-
centration, anode/SEI components and surface geometry are
explained. In view of the interfacial complexity of LMBs,
only small parts of them have been solved under specific
conditions. More phenomena are pending and not yet com-
prehended. In addition, the electrochemical processes are
not the only factor in improving the performance of LMBs.
Some studies have occasionally presented a series of
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contradictory explanations and illustrations of similar phe-
nomena. For LMBs and these electrochemical processes,
the blueprint for the future lies in meticulous treatment of
the interface processes to determine the characteristics of
the SEI and provide an adequate explanation of nucleation
under different environments, taking this research to new
heights. This rational and critical thinking would eventually
pay considerable dividends in battery development.
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