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Deposition and Solid-Electrolyte Interphase (SEI) Formation
Using Advanced Characterization and Simulation Methods:
Recent Progress, Limitations, and Future Perspectives

Yaolin Xu, Kang Dong, Yulin Jie, Philipp Adelhelm, Yawei Chen, Liang Xu,
Peiping Yu, Junghwa Kim, Zdravko Kochovski, Zhilong Yu, Wanxia Li, James LeBeau,
Yang Shao-Horn, Ruiguo Cao, Shuhong Jiao,* Tao Cheng,* Ingo Manke,* and Yan Lu*

In recent years, due to its great promise in boosting the energy density of
lithium batteries for future energy storage, research on the Li metal anode,
as an alternative to the graphite anode in Li-ion batteries, has gained signif-
icant momentum. However, the practical use of Li metal anodes has been
plagued by unstable Li (re)deposition and poor cyclability. Although tremen-
dous efforts have been devoted to the stabilization of Li metal anodes, the
mechanisms of electrochemical (re-)deposition/dissolution of Li and solid-
electrolyte-interphase (SEI) formation remain elusive. This article highlights
the recent mechanistic understandings and observations of Li deposition/
dissolution and SEI formation achieved from advanced characterization
techniques and simulation methods, and discusses major limitations and
open questions in these processes. In particular, the authors provide their
perspectives on advanced and emerging/potential methods for obtaining
new insights into these questions. In addition, they give an outlook into
cutting-edge interdisciplinary research topics for Li metal anodes. It pushes
beyond the current knowledge and is expected to accelerate development
toward a more in-depth and comprehensive understanding, in order to
guide future research on Li metal anodes toward practical application.

1. Li Metal Anodes: Promises,
Challenges, and Recent Advances
in Fundamental Understanding

The rapidly developing electric vehicle
(EV) industry demands advanced battery
systems with high energy density, long
operation lifespan, and low cost.! After 30
years’ commercialization, lithium ion bat-
tery technology, which is based on Li-ion
intercalation mechanism, achieves a spe-
cific energy density of =260 Wh kg at
the cell level and is approaching its theo-
retical limit (300 Wh kg™).[) Unfortunately,
such an energy density could not meet the
increasing demand (2500 Wh kg from
the EV market. To fill the gap, high-energy-
density battery systems such as Li-sulfur,
Li-oxygen, and solid-state batteries (SSBs)
have attracted overwhelming interest from
both research and industrial fields.’! Among
these promising battery systems, Li metal

anode is regarded as an essential component,
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due to its ultrahigh capacity of 3860 mAh g! and the lowest
electrochemical potential of -3.04 V (versus standard hydrogen
electrode).™ The adoption of metallic Li anode in Li metal
batteries (LMBs) could boost the cell-level energy density to
~450 Wh kg when paired with a high-capacity cathode®! or
to =600 Wh kg~! in Li—S battery systems. 3

The first implementation of Li anode can be traced back to
1976,P! but the practical use of Li metal anode in rechargeable
batteries is still impeded by two main issues. First, Li® deposi-
tion occurs as a result of electrochemical reduction of Li* from
the electrolyte on the anode, and it is accompanied with oxida-
tion (i.e., delithiation) of active materials on the cathode side
during battery operation. Li electrochemical plating is prone to
be inhomogeneous or even dendritic, which is believed to be
uncontrollable and to be rooted in the inhomogeneous distribu-
tion of Li-ions on the electrode.l®) Dendritic Li could penetrate
a separator, short a cell, and thus bring about safety concerns.”!
Second, the intrinsic high chemical and electrochemical reac-
tivity of Li metal makes it thermodynamically unstable when
contacting organic electrolytes, leading to the decomposition of
electrolyte and the formation of a solid electrolyte interphase
(SEI) layer.®l Locating at the reaction front of electrochemical
Li deposition and dissolution, SEI is mechanically unstable due
to repetitive expansion and shrinkage of the electrode during
battery cycling. This unstable SEI brings about the contin-
uous consumption of electrolytes and the formation of “dead”
Li (electrically isolated Li) during stripping,”) and eventually
leads to poor cycle life. Although in the past years tremendous
research and engineering efforts have been devoted to Li metal
anodes, stable and highly efficient Li plating/stripping with
beyond 99.9% Coulombic efficiency (CE) for long-term opera-
tion (21000 cycles) has not been realistic.'%

To ultimately address the issues and eventually enable the
commercialization of rechargeable LMBs, it is paramount to
obtain insights into the underlying mechanism of Li plating
and stripping. In addition, a comprehensive understanding of
the formation and evolution processes and the composition-
property—function relationship of SEI is crucial, which deter-
mines the energy kinetic landscape of the (electro-)chemical
reactions occurring at the Li-electrolyte interface and thus plays
a decisive role in the plating/stripping behavior.

Recently, the understanding of Li plating/stripping as well as
SEI formation mechanism and its physicochemical properties
have been profoundly promoted by ever-developing and newly-
emerging advanced characterization methods (Figure 1a,b),
especially in situ and operando analytical techniques.'! These
techniques, complementing each other, have revealed the 3D
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structural evolution of Li deposition in real-time and at various
length scales, and partially resolved the chemistry and struc-
ture of SEI on nanoscale at close-to-native state. In particular,
imaging methods,”” such as scanning electron microscopy
(SEM),[3! Tiquid-cell transmission electron microscopy (liquid-
cell TEM),"™ and optical microscopy (OM),™! have been devoted
to dynamically visualizing the evolution of Li plating and/or
stripping at nanometer- or micrometer-scale, providing valu-
able dynamic information including initial Li nucleation and
the subsequent growth and dissolution. Furthermore, Li et al.l"®l
have introduced cryogenic transmission electron microscopy
(cryo-TEM) to reveal individual Li metal atoms of Li deposits
and the chemical composition and structure information of
the SEI layer thereon, having largely suppressed beam damage
under cryogenic conditions. The advantages of cryogenic condi-
tion in probing Li deposition and SEI layers are rapidly acknowl-
edged in the battery community, and cryogenic characterization
probes have been expanded to other imaging methods, for
example, cryogenic focus ion beam (cryo-FIB)IY) and cryogenic
scanning transmission electron microscopy (cryo-STEM) based
tomography.'®l Moreover, cryo-STEM based energy-dispersive
X-ray spectroscopy (EDX) and electron energy loss spectro-
scopy (EELS) could provide not only element distribution but
also chemical information and bonding environment. In 2018,
Zachman et al.'”] have employed cryo-FIB tomography to reveal
3D and local structures of different types of Li dendrites on the
nanoscale, and combined with cryo-STEM EELS mapping to
identify the composition of intact SEI in LMBs. In 2021, Han
et al.™ have employed cryo-STEM tomography mapping to
reveal 3D morphology and distribution of SEI as well as “dead”
Li, which provides insights into the working mechanism of SEI
in Li metal anodes. In addition, synchrotron X-ray computed
tomography (SXCT)"“?% is proved to be a highly suitable tech-
nique to 3D unravel and track the Li microstructure evolution,
particularly at the interface after or during electrochemical dep-
osition. In 2019, Fang et al.?!l developed quantitative analysis
tools such as titration gas chromatography (TGC) to quantify
unreacted metallic Li® as well as Li* in SEI, which enables the
identification of the small contribution from SEI and the domi-
nant role of inactive Li among the factors that lead to low CE.
Experimental characterization means have difficulties
achieving the resolution, on both temporal and spatial scales,
needed to investigate Li dendrite growth, in particular the
nucleation process. Theoretical simulation methods (Figure 1c)
have the potential to become realistic in situ characterization
technique. They could provide an accurate atomic picture
of the formation process of electrogenic dendrites, offering
a theoretical basis for understanding the physicochemical
processes of dendrite formation and providing ideas for the
subsequent inhibition of dendrite growth. In 2014, Aryanfar
et al.?? have employed Monte Carlo (MC) calculations to elu-
cidate the mechanism of inhibited Li dendrite growth with a
pulsed deposition mode. Specifically, Li* migration in the
electric fields converging to dendrite tips generates extended
depleted layers, which can be replenished by diffusion during
the rest periods. In 2020, Tan et al.? have simulated cyclic Li
dendrite growth at the electrode-electrolyte interface in lithium
batteries over multiple cycles based on a reactive mass trans-
port dendrite growth smoothed-particle hydrodynamics (SPH)
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Figure 1. Recent advances in mechanistic understandings of Li deposition and SEI using advanced analytical techniques and theoretical modelling
methods. a) Advanced characterization techniques for analyzing Li plating and stripping behaviors include Magnetic resonance imaging (MRI)[2°!
(Reproduced with permission.[?8l Copyright 2016, National Academy of Sciences), SXCT2% (Reproduced with permission.[2% Copyright 2017, American
Chemical Society), Cryo-TEM[?’I (Reproduced with permission.[?’l Copyright 2017, The American Association for the Advancement of Science (AAAS)),
SEMI (Reproduced with permission.[¥l Copyright 2019, Elsevier), AFM-ETEM28 (Reproduced with permission.l?8l Copyright 2020, Springer Nature),
OMD33 (Reproduced with permission.l3 Copyright 2016, The Royal Society of Chemistry), liquid-cell TEM™ (Reproduced with permission. Copyright
2017, Elsevier), Cryo-FIBI"] (Reproduced with permission.[”] Copyright 2018, Springer Nature), TGC?!l (Reproduced with permission.2l Copyright 2019,
Springer Nature), and Cryo-TEM tomography"® (Reproduced with permission.®l Copyright 2021, Elsevier). b) Analysis of SEI involves cryo-TEMZ/]
(Reproduced with permission.[] Copyright 2017, The American Association for the Advancement of Science (AAAS)), AFM,[?! (Reproduced with
permission.?l Copyright 2019, Wiley-VCH), SIMSBEY (Reproduced with permission.% Copyright 2020, Springer Nature), NMRE" (Reproduced with
permission.®V Copyright 2020, Springer Nature), and cryo-STEM tomography® (Reproduced with permission.”l Copyright 2021, Elsevier). c) Theo-
retical modelling methods include MC/MDB2 (Reproduced with permission.*2 Copyright 2014, American Chemical Society), finite element method
(FEM)B3I (Reproduced with permission.?3l Copyright 2018, American Chemical Society), DFT(B)[?*!l (Reproduced with permission.?4al Copyright 2019,
The Royal Society of Chemistry), SPHI?®l (Reproduced with permission.l?l Copyright 2020, Elsevier), and MCP4 (Reproduced with permission.B
Copyright 2021, Elsevier) for calculation of the diffusion energy barriers and simulation of the Li deposition behavior and SEI structure.

model, which is able to qualitatively predict the morphologies  charged at the Li/SEI/electrolyte interface, which changes the
of Li deposition and the effects of fast charging on the den- electrolyte double-layer structure and impacts profoundly the
drite growth rate. At the same time, theoretical help is needed  charge transfer reaction kinetics. It reduces the overall Li* ion
to resolve the property and nanostructure of SEL.?4 In 2019, Li  desolvation energy barrier and facilitates the Li* ion transport
et al.?* have developed combined density functional theory  through the SEI during Li plating. In 2022, Liu et al.?* have
(DFT) and tight-binding (DFTB) calculations to derive that, at  revealed the SEI formation process based on in situ polymeri-
the electrochemical equilibrium or the experimentally defined  zation of 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether
zero-voltage for Li*/Li®, the Li metal surface is negatively (TTE) on Li metal anode using hybrid ab initio and reactive
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molecular dynamics (HAIR), which involves the release of F
atoms of TTE initiated by Li® and followed by C—O bond cleav-
ages. Certainly, in the quest to achieve these goals, it is neces-
sary to improve the computational accuracy and efficiency of
the existing theoretical simulation methods. Apart from theo-
retical simulations, the classical nucleation theory has been
adopted to interpret the initial Li nucleation but are limited to
a certain extent. These limitations originate from the soaring
complexity when, in a practical scenario, the local heteroge-
neous surface of deposition substrates and an electrically insu-
lating and ionically conductive SEI layer composed of complex
organic and inorganic compounds have to be considered. For
the following Li dendrite formation, a space-charge model pro-
posed by Chazalviel et al was developed,*”! which attributes the
generation of Li dendrites to the large space charge and elec-
tric field induced by the anion depletion at the local surface of
electrodes. In addition, originating from theoretical derivations,
“Sand’s time”,™ which describes the time it takes in a binary
electrolyte to deplete the concertation of cation at the electrode
surface to zero, has been suggested. It provides a quantitative
value to describe the time needed to trigger the formation of
dendritic Li.

The past five years have seen revived interest and tremendous
efforts devoted to the development of strategies for dendrite
suppression and Li metal anode stabilization through electrode
structure or surface/interface engineering.* These approaches
are in general conceptualized based on the classical nucleation
theory developed decades ago. Energetically, tuning the surface/
interfacial energy®® and promoting the affinity of substrate
toward Li (i.e., lithiophilicity)*”l have been proven to be effective
in homogenizing Li nucleation and growth. Besides, the energy
barriers related to desolvation and cation-anion de-association
influence the overpotential for Li growth and hence the mor-
phology of Li deposits. For instance, concentrated electrolytes
(>4 M Li salts)®® attribute a decrease of solvation number per Li
and hence reduction of Li-ion desolvation energy barrier, leading
to reduced concentration overpotential and conformal Li growth.
Kinetically, uniform Li-ion distribution and Li deposition can
be facilitated through regulating Li-ion flux on the anode and
accelerating Li-ion transfer through structural or materials inno-
vations.*l For instance, 3D conductive Li-host structures with
large specific surface area (SSA),**" especially those based on
carbonaceous nanomaterials,*l reduce the local current density,
delaying the “Sand’s time” and the onset of Li dendrite growth.
Other regulation methods include substrate structuring with
nanochannels for facilitated Li-ion diffusion*! and electrolyte
modification, for example, using additives that result in electro-
static shielding for Li-ions*! or that act as Li-ion carriers*! for
effective homogenization of Li-ions. Moreover, engineering the
SEI also appears to be an imperative strategy to stabilize Li metal
anodes.™ The adoption of a uniform and Li-ion conductive
artificial SEI layer on Li metal anode facilitates homogeneous
Li deposition and accelerates Li-ion diffusion across the SEL!
An artificial interfacial layer with high mechanical strength/elas-
ticity effectively protects Li and prevents continuous electrolyte
decomposition and SEI formation.[*®]

Despite the progress that has been made, currently there
are no viable ways to completely avoid/eliminate Li dendrites
to reach stable cyclability and long cycle life, especially when
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cycling under harsh conditions (e.g., low temperature and high
current density). In our view, it is mainly a consequence of non-
ideal or irrational cell design and operation based on inaccurate
physical-chemical principles, due to the limitations of the clas-
sical nucleation theory (i.e., absence of SEI) and lack of mecha-
nistic understanding of the whole process at the atomic scale.
Figure 2 highlights major processes during repetitive Li depo-
sition/dissolution and limitations in the understanding of SEI
formation, which calls for mechanistic insights into these pro-
cesses in order to tailor the morphology of Li deposition toward
dendrite-free.

This perspective highlights the recent, mostly in the last
five years, mechanistic understandings and new observations
on Li deposition and SEI formation processes that have been
achieved with advanced characterization techniques and theo-
retical simulation methods. Next, we discuss the underlying
mechanisms of Li initial nucleation, growth, and Li striping
and their interplays that are poorly understood. Focus is also
given to SEI, the “most important but least understood” compo-
nent’] in LMBs, in terms of its chemistry, structure, and phys-
icochemical properties, and role in Li plating and stripping.
Importantly, we point out the limitations of current under-
standings, identify remaining mysteries in these processes, and
provide point-to-point perspectives on both advanced character-
ization and theoretical simulation aiming to solve the mysteries
and to promote a more comprehensive and in-depth under-
standing of Li metal anodes. In addition, we provide an outlook
into relevant research topics for future research, promoting the
current understanding of the fundamental science of Li metal
anodes and their eventual application in practice.

Though there are many review and perspective article
on Li metal anodes, the vast majority of them focus on var-
ious experimental strategies in stabilizing Li deposition and/
or SEI. Only a couple of review articles!'®*! are available on
the fundamental understanding of Li deposition/dissolution
and/or SEI formation behaviors, and the limitations of cur-
rent understanding have been rarely pointed out explicitly. In
addition, there has been no specific review dedicated to the
development of theoretical simulation methods for under-
standing Li deposition and Li-electrolyte interfaces. This
article covers a mechanistic understanding of Li metal anodes
in both liquid electrolyte-based LMBs and solid-state bat-
teries (SSBs), and from both advanced characterization and
simulation.

o[4352,48]

2. Mysteries in Li Deposition and Perspectives
for Deeper Understanding

2.1. Mysteries during Li Deposition
2.1.1. Inaccessible Desolvation Pathway(s)

Prior to Li-ion reduction, driven by an electric field solvated
Li-ions gather at the electrode surface, especially near areas
where defects (e.g., surface cracks, pits, and subsurface impuri-
ties) are rich.’% It has been realized that the solvation structure
and the desolvation of metal-ion could largely impact the elec-
trochemical interface (i.e., SEI) and electrode performance."

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

5UB0| SUOWILIOD SAIERID 3[qeotdde U Aq pauBAOB 818 SILE YO ‘98N JO SN 10} ATIqITSUIIUQ AS|IA UO (SUONIPUOO-PUR-SLLLBYLICO" A8 1M AT PUIIUO//ScL) SUOTIPUOD PUE SIS | 83 89S *[2202/2T/82] U0 ArRiqiTauliuo AB|im Ind Ulleg wniez-z)joywipH AQ 868002202 WUSR/Z00T OT/10p /005 | 1M ARe.q1pu uo//SAnY Woaj papeo|umod ‘6T ‘2202 ‘0v89vTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) 9 Solvated Li*

©)
@Desolvated Li*

Li atom

Substrate e

(b)

' . 6 Crystalline Li salts

www.advenergymat.de

Li atom cluster

1 Amorphous components

Figure 2. Mysteries in the Li deposition process and understanding of SEI. a) Electrochemical processes in Li deposition: 1) desolvation of Li-ions;
2) reduction of Li* to Li% 3) Li® atom clustering or nucleation; 4) morphological evolution of Li nucleus toward bulk deposits and influence of external
factors, for example SEI; and 5) behaviors of Li dissolution and its relationship with Li deposition. b) Limitations in the understanding of SEI: 1) for-
mation and dynamic evolution; 2) physicochemical properties; 3) natural state of SEI in batteries; and 4) interaction between SEI and Li deposition.

However, it remains challenging to elucidate the desolvation
process of Li ions (as well as other ions), since the process is
abstractive, dynamic, and non-quantitative.’?l Moreover, the
structure of the Li-ion solvation and the electric double layer
determine this dynamic process but could easily be altered if
changing either the electrolyte concentration or composition
(salts, solvents, and additives). A lack of feasible operando char-
acterization tools further hinders an in-depth understanding of
the Li-ions dynamics at the electrochemical interface. Recently,
Zhang et al.”® have proposed two competitive reaction path-
ways for the desolvation process of metal ions on graphite
anode: i) the release of metal ions from a solvated structure,
followed by the reduction of metal ions; and ii) the reduction

Adv. Energy Mater. 2022, 12, 2200398 2200398 (5 of 22)

of the solvated structure, given a strong interaction between
metal ions and solvents. The desolvation process of Li-ions in
LMBs, though may share some similarities with these findings,
remains mysterious and hardly approachable in experiments.

2.1.2. Elusive Li Nucleation Process and Inconclusive Influence of Li
Nucleation on the Growth

Nucleation is thermodynamically driven by the Gibbs free
energy for transformation from a supersaturated solution to
a saturated one at the interface, and is in a tight relationship
with the energy barrier for Li nucleation on the substrate.l*”

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Therefore, regulating the affinity of the substrate toward Li (i.e.,
lithiophilicity) through, for example, hetero-atom doping® and
lithiophilic coating with thin film deposition techniques such
as chemical vapor deposition (CVD),P® atomic layer deposition
(ALD),’l and molecular layer deposition (MLD)P8 have been
popular to reduce the energy barrier for Li nucleation for more
homogeneous Li deposition.*’]

The current understanding of the Li nucleation process is
established upon the classical nucleation theory that involves
a single-step nucleation, which results in inconsistencies
between theoretical predictions and experimental results, sug-
gesting that Li nucleation in liquid electrolytes may follow more
complex routes. However, the mechanism of Li nucleation
and early growth remains elusive, because of the small size of
nuclei and the short time of the nucleation stage.

Recently, advanced characterization techniques have ena-
bled observation of the nucleation process of many materials
on the nanoscale and revealed different intermediated phases
during nucleation.” For instance, Cao et al. have used in
situ low-voltage aberration-corrected high-resolution TEM
(AC-HRTEM) to capture the initial steps of nucleation of Fe/
Au/Re metal crystal nucleus at the single-atom level, where
three metals undergo three different nucleation pathways.
Nevertheless, a two-step nucleation mechanism occurs in
all three cases, in which a metastable amorphous precursor
is necessary for the crystallite nucleation processes.®) How-
ever, due to the high reactivity and electron beam sensitivity
of Li, its nucleation details remain inaccessible with existing
techniques.

Moreover, though Li nucleation is believed to be tightly
related to the following growth process,®!l there is a lack of con-
clusive evidence on whether the initial nucleation is decisive for
the morphological evolution of Li during the following growth
process. It has been shown in literature that, regardless of the
varying forms of Li nuclei formed in different substrate—electro-
lyte systems, they may eventually evolve toward dendrites at the
growth stage, due to the inhomogeneous distribution of Li-ions
and/or different nucleation energies. This can be caused by
various reasons such as geometric roughness of the substrate
crystallographic defects of Li deposits.>*%2 The electrochem-
ical cycling protocols could also significantly influence the Li
deposition process. The higher the current densities, the larger
the concentration gradients, and the easier the dendrite growth.
Xu et al.l®% reported that, when Li deposition happens in an
ether-based electrolyte, the initially deposited Li appears domi-
nantly spherical, which evolves toward bar/rod-like morphology
as the capacity of Li deposition increases. When Li is deposited
in a carbonate-based electrolyte, Bai et al.'>* have demonstrated
a mossy-to-dendritic transition of Li morphology. Besides,
Dong and Xu et al.l?’l have revealed that the initially formed Li
nuclei or early-stage deposits are spherical, which grow toward
fiber-like dendrites during the following growth stage when the
deposition current density is high. They also found that new Li
nuclei tend to form at the kinks of Li dendrites rich in crystal-
lographic defects and at the geometric defects/inhomogeneities
of the substrate due to the altered electrical field and hence the
Li-ion flux. This suggests that the morphological evolution of Li
deposits at the growth stage may not decisively depend on the
initially formed Li nuclei.
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2.1.3. Complicated Morphological Evolution of Li Growth and
Influencing Factors and Unclear Crosstalk between Stripping and
Plating during Cycling

During Li growth, the initially formed nuclei evolve toward
various types of morphologies, for example, balls, needles,
columns, or a mixture of them, depending on the types of
electrolytes and deposition conditions.[>*622>631 In particular,
in the commonly used carbonate- and ether-based electrolytes,
Li deposition appears to be needle-like and spherical/granular,
respectively.[®3"]

The morphological evolution of Li deposits is a complicated
and dynamic process and governed by the real-time and local
thermodynamic properties of the SEI layer, the reaction front
and kinetic barrier for electrochemical Li deposition and disso-
lution, along the growth process.*%? This could be rationalized
because Li-ions have to migrate through the SEI layer and
transfer charges to the substrate underneath to realize Li
reduction to Li® atoms and growth of Li deposits. SEI is a com-
plex and dynamically evolving layer (see Section 3.1.1). Li-ion
diffusivity through the SEI may change with the chemical
evolution of SEI, and the charge transfer kinetics may decrease
as the SEI layer grows/thickens. Thus, how SEI shapes Li
deposits in LMBs remains an open question.#>¢4

Meanwhile, external factors such as working temperature
and stacking pressure are noted to be of significant influence
on the morphological evolution of Li deposits in LMBs: i) the
Li-ion diffusivity and Li reduction reaction kinetics are tem-
perature dependent, which is sluggish at low temperatures,
resulting in reduced Li-ion flux and increased depletion region
(i-e., space charge layer) near the surface of Li metal anode,
especially at a high current density, leading to dendritic Li
growth;* 2) the chemistry and structure of SEI formed in dif-
ferent temperatures appear with discrepancies,/®® which also
influence the Li diffusion kinetics and deposition morphology;
and 3) the initial studies® have shown that the stacking pres-
sure influences the Li plating and tripping processes as well
as the SEI properties in different ways in both liquid and solid
electrolytes based batteries. However, the effects of these factors
on the morphological evolution of Li deposits are complicated
and the understanding of their exact roles in LMBs remains
underdeveloped.

Moreover, the past research has focused on the investiga-
tion of Li deposition behavior, with less attention paid to the
understanding of dissolution and re-deposition processes. In
particular, how Li dissolution is influenced by the previous Li
deposition process and how it, in turn, shapes the redeposited
Li remains unclear. The crosstalk of Li plating-stripping pro-
cesses is particularly important when we look at the Coulombic
efficiency and stability of Li metal anodes during long-term
cycling. Even minor discrepancies in individual cycles may
result in overwhelmingly different performance considering
the accumulation of single-cycle variations. Li et al.l’”} found
that the order of Li deposition and dissolution could dramati-
cally influence the morphological evolution of the Li electrode.
Specifically, when the dissolving of Li happens first, large
voids are formed and randomly distributed on the surface of
the Li electrode. Dendritic Li preferentially fills these voids
after the following deposition process. In comparison, when Li
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deposition occurs first, granular-like Li deposits appear on the
Li electrode, and, upon Li dissolution, voids are still formed on
the surface, while most of the granular-like deposits remain.
It is also important to note that whatever Li plating-stripping
order, non-uniform and dendritic Li growth eventually takes
place, and that the influence of the order on the long-term
cycling stability and efficiency of Li metal anodes remains an
open question.

As the SEI is believed to play a key role for Li deposition, it
may also be the main factor determining the interplay between
Li deposition and dissolution. Specifically, next to chemical
reactions between Li and the electrolytes, the SEI formation
during Li plating and stripping involves reductive and oxida-
tive electrochemical reactions, respectively. Therefore, the Li
plating-stripping crosstalk may also be related to the different
SEI formation processes during Li deposition and dissolu-
tion. Future research should extend the research scope and pay
attention to the fundamental relationship between Li deposi-
tion, dissolution, and re-deposition, and also correlate it with
the concurrent SEI formation and evolution processes, in order
to establish better Li deposition model(s).

2.1.4. Poor Understanding of Li Deposition Behaviors in SSBs

There is currently great enthusiasm in developing SSBs in
which the liquid (highly flammable) electrolyte is replaced
by a polymer or inorganic solid electrolyte.l®®! In particular,
the research field of inorganic solid electrolytes and their use
for LMBs attracted a lot of attention in the last years. Several
classes of inorganic solid electrolytes with high Li conduc-
tivity have been explored.®”l The most prominent ones include
garnets,’?)  NASICON-type materials”? and perovskitesl’?l
(usually abbreviated as “oxides”), binary (P,S,) thiophos-
phates (“sulfides””?)), halide-containing materials such as
argyrodites®l as well as rare-earth halides (“halides’), and
closo-borates (“hydrides””)). Some of these materials can have
very high room temperature conductivities (>107 S cm™) in the
range of (organic) liquid electrolytes and Li-ion transference
numbers close to unity, which makes them very appealing for
LMBs.7l

The Li-solid electrolyte interface is more difficult to describe
as in reality it is not continuous and may be better described by
point contacts due to the poor interfacial contact in between,
and the understanding of Li deposition behaviors at such a
non-continuous interface remains underdeveloped. There
was hope that solid electrolytes are more “stable” in contact
with Li metal but also in this case it was quickly realized that
the stability window is quite limited in many cases, which
requires, similar to liquid electrolytes, some sort of SEI, see
Section 3.1.4. Meanwhile, as Li plating or stripping leads to a
volume change at the interface,””) it is immediately clear that
for solid—solid interfaces, the electrochemical behavior will
strongly depend on mechanical properties of the materials
such as the yield strength or the shear modulus as well as on
the applied pressure. Applying an external pressure can lead
to plastic flow or creep which can effectively mitigate contact
losses during cycling.[°? Excessive pressures, however, lead
to fracture of the solid electrolyte and short circuit.[%¢? Stable
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cycling may therefore be only obtained within a mechanical sta-
bility window as proposed by Tu and Ceder."®l A comprehen-
sive summary on the various aspects of Li plating/stripping at
Li-solid electrolyte interfaces has been published by Krauskopf
and Janek, which includes the physical and (electro-)chemical,
mechanical, transport properties related to the stability and
kinetic performance of the Li-solid electrolyte interface, and the
effects of stacking pressure and temperature on the plating and
stripping behaviors.*P)

Research on solid electrolytes for LMBs is largely driven by
the promise to make batteries safer and more compact and to
realize a Li metal anode. Initially there was hope that the use of
solid electrolytes will eliminate the problem of dendrite forma-
tion in contact with Li. However, it quickly became clear that
dendrites can also grow through solid electrolytes. It has been
widely acknowledged that polymer-based solid electrolytes have
insufficient mechanical strength to inhibit the penetration of Li
dendrites. The use of inorganic solid electrolytes, which have
high shear modulus to mechanically inhibit dendrite propaga-
tion, seems more promising at first but also shows dendrite
growth. Dendritic Li in SSBs preferably grows at the defects of
the electrode and the solid electrolyte (e.g., cracks, impurities,
grain boundaries, and voids).””! The underlying mechanisms
of Li dendrite formation and growth in SSBs remains poorly
understood. Specifically, i) the Li nucleation and dendrite
formation could happen at the Li-solid electrolyte interface,
induced by the poor interfacial contact caused by geometric
inhomogeneities, such as surface roughness, voids and defects;
ii) Li dendrites could also form inside solid electrolytes induced
by electrons from their residual electrical conductivity, oxygen
framework, and pore surface; iii) grain boundaries inside solid
electrolytes could induce Li propagation.® However, dendrite
penetration and short-circuiting can still occur even when
single-crystalline solid electrolytes are used. Swamy et al.Bl
showed Li dendrite penetration through single-crystal LigLa;Z-
rTaOy, garnets solid electrolytes, which occurred predominantly
at the perimeter of the working electrode; and iv) it is noted
that the stacking pressure of SSBs also plays an important role
in the Li dendrite growth behavior.®?

In contrast to LMBs with liquid electrolytes, the use of solid
electrolytes enables different strategies for mitigating dendrite
growth. One strategy for improving the Li plating/stripping is to
introduce interlayers, for example, as shown by Samsung.®3 In
their study, dendrite-free plating and stripping of Li between the
current collector and an argyrodite solid electrolyte (LigPSsCl)
was achieved by introducing an Ag—C nanocomposite inter-
layer. This interlayer prevented dendrite growth likely due to
a combined effect of the carbon and the silver nanoparticles
thereby leading to a more favorable behavior. While the exact
mechanism remains unknown, the study is one example that
the Li plating/stripping behavior in SSBs depends on many fac-
tors and can therefore be tailored by various approaches.

Probing and understanding Li dendrite growth in SSBs is
challenging in general, because the Li/solid electrolyte interface
is “buried” and inaccessible for most in situ analytical probes,
and cannot be dismantled easily for ex situ characterization.
Only limited techniques like XCT allow for in situ or oper-
ando characterization of SSBs, making it possible to uncover
the structural and interfacial evolution in SSBs as well as the
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Figure 3. Advanced characterization (a—d) and theoretical methods (e-g) to obtain fundamental understanding of Li deposition. a) In situ EC-AFM,
b) in situ liquid-cell TEM, c) cryo-STEM. d) In situ NMR. (e) shows that electric field and SEI can influence the Li dendrite growth, even electric potential
distribution and SEI with high diffusion coefficient and Young’s modulus will inhibit Li dendrite growth in a microscale. (f) shows that a stronger electric
field results in easier Li dendrite growth in a mesoscale. (g) shows a fast mass transport will inhibit macroscale Li dendrite growth.

creep of Li within solid electrolytes.””#4 It is also more difficult
to implement a reference electrode that allows measurement of
the real electrode potential rather than the cell voltage.

2.2. Perspectives for Deepening Understanding of Li Deposition

Due to the high reactivity and electron sensitivity, real-time visu-
alization of the Li nucleation process, particularly Li atomic self-
assembly and clustering before the formation of crystal nucleus
(sub 10-nanometers), remains overwhelmingly challenging.
In the past years, in situ probes such as OM,!3 SEM,® and
TXM,B% have been used to study the growth process of Li
deposits, but their spatial resolution is too limited to probe the
initial Li nuclei. The development of in situ TEM,"% particu-
larly liquid-cell TEM,™ has gained momentum for studying Li
deposition in recent years, but tremendous technical challenges
are still in place for capturing the initial form of Li nucleus,
namely the high spatial- and tempo- resolution it requires and
limited feasible operando setups that could provide a reaction
environment close to practice. Therefore, we would like to
emphasize that theoretical modelling at the reactive electro-
chemical interface of Li deposition at multiple temporal- and
length-scales will be required for a fundamental understanding
of the Li nucleation process, supported with atomic-resolution
probes in real-time. Classical nucleation theory and simula-
tions have been frequently adopted to elucidate the initial Li
nucleation process. The thermodynamic driving force for Li
nucleation is the presence of supersaturation Au defined as
Au = ug — 1, where u, and 1, are the chemical potentials of Li
in the electrolyte solution and in the bulk phase, respectively.l®®!
In electrochemistry, the supersaturation could be translated
into overpotential of the involved electrochemical processes.®!
Kinetically, the Li nucleation is influenced by the Li-ion diffu-
sion rate through the electrolyte and across the SEI layer, and
the kinetics of electrochemical reactions.
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To understand the influence of Li nucleation on the sub-
sequent Li growth process, it would be necessary to oper-
ando monitor the ion flow and to visualize the morphological
evolution of Li at various length-scales from sub-nanometer to
millimeter throughout the Li deposition process. This could
be achieved by in situ high-resolution microscopy, and exam-
ples include in situ scanning probe microscopy (SPM), such
as, in situ electrochemical atomic force microscopy (EC-AFM,
Figure 3a) with environmental control and fast scan rate, and
in situ liquid-cell TEM (Figure 3b) with low-dose-/rate and rapid
imaging. By varying the electrochemical Li deposition protocols
(e.g., galvanostatic, potentiostatic, and sweeping voltage) and
conditions (e.g., temperature, pressure, electrolyte type, and flow
rate), energetic landscape and kinetic behaviors of Li deposi-
tion could be obtained, which helps understand the underlying
physical-chemical principles governing Li deposition. These
in situ probes could also potentially capture the very initial
nucleation stage of Li deposition, and provide us with com-
plementary information on the topographic, mechanical, and
electro-/chemical properties of deposited Li throughout the
deposition process.

To understand the Li growth mode, it would be impera-
tive to upgrade the existing characterization techniques, such
as combined low-dose cryo-STEM (Figure 3c) and cryo-FIB
tomography to show the detailed structure of Li deposits
at the close-to-native state and in situ solid-state nuclear
magnetic resonance (ss-NMR, Figure 3d) to distinguish
the dendritic and bulky Li deposits. XCT is a powerful
method that can be leveraged to uncover the structural and
mechanical evolution at the Li-solid electrolyte interface as
well as the creep of Li within solid electrolytes that could
induce the short-circuit in SSBs and that can hardly be
uncovered by other microscopic techniques. Meanwhile,
the classical nucleation theory should be modified to inter-
pret the characterization result as well as to establish new
Li deposition model(s), for example, by incorporating the
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role of SEI, based on the recent observations and current
understanding.

Multimodal theoretical simulations could also be
developed to help support and interpret the experimental
observations. Theoretical simulations can help in the reso-
lution of TEMs. For example, image simulations play an
important role in the interpretation of HRTEM images.
Theoretically, theoretical simulations can also help in the
resolution of cryo-TEM, which has been widely used in pro-
tein crystalline structure analysis.[®® Simulation techniques
are actively under development. Furthermore, the underlying
relationship between Li nucleation and growth should be fur-
ther understood theoretically based on the established new
electrodeposition model(s).

Simulation of the Li growth process requires macroscopic
time and space scales. The current atomic level-based theo-
retical simulations are not able to meet such requirements.
For instance, Message Passing Interface (MPI)-Graphics
Processing Unit (GPU) can accelerate the numerically simu-
lated process with existing software such as Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) and Mul-
tiphysics Object-Oriented Simulation Environment (MOOSE).
However, these methods lack connections with atomic informa-
tion. Accordingly, Kinetic Monte Carlo (KMC)223+%U (Figure 3e),
Phase-Field (PF)P? (Figure 3f) and SPHI?*% (Figure 3g) simu-
lations have been developed to directly simulate the dendrite
growth process. The results of these simulations clarify the
effects of temperature, external field, physical segregation, etc.,
on dendrite growth. These simulations provide an important
theoretical model for the dendrite growth process. However, we
must also recognize the shortcomings of the existing models,
which still lack an effective correlation between the existing
macroscopic simulation methods and the atomic models: i)
KMC typically simulates processes with known transition
rates among states, which have to be obtained from diffusion
experiments or MD (molecular dynamics) and DFT; and ii) PF
is complex and costs more time compared to KMC. (iii) SPH
has no connection with microscopic simulation methods and
atomic models. To further improve our understanding of Li
deposition, it is necessary to bridge the existing atomic and
macroscopic simulations and establish a unified set of theoret-
ical simulation models.

In short, the recent and emerging theoretical modeling
and characterization methods that could deepen the under-
standing of Li deposition have been introduced. Theoretical
modelling and simulation is anticipated to play a dominant
role in understanding the formation of crystal Li nuclei
(sub 10-nanometer) due to the tremendous challenges for in
situ and operando characterization of Li nucleation, but has
remained very much underdeveloped. Regarding the subse-
quent Li growth, complementary to modelling and simulation
methods like KMC, PF, and SPH, various probes have been
adopted for characterizing Li deposition, for example, in situ
AFM, in situ liquid-cell TEM, XCT at nano- and micro-meter
spatial resolution, cryo-EM, cryo-FIB tomography, second-
ion mass spectroscopy (SIMS), and MRI. These methods
enable characterization of Li deposition at different length
scales, from nanometer to millimeter. The authors’ view for
the further development of relevant theoretical modelling and
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characterization methods is summarized in the Outlook sec-
tion of this article.

3. Limitations and Challenges for Understanding
SEl and Perspectives Solutions

3.1. Understanding of the Chemistry, Structure, and
Physicochemical Properties of SEI

3.1.1. Elusive Chemistry and Structure of SEI

As the SEI is derived from reactions between Li and electrolyte,
the chemical composition of SEI mainly depends on the type of
electrolytes (including Li salts, solvents, and additives).” The
chemistry of the SEI has been extensively investigated through
X-ray photoelectron spectroscopy (XPS),! Fourier-transformed
infrared spectroscopy (FTIR),® nuclear magnetic resonance
(NMR),B19 SIMS,[7:%8] etc. in recent years. It is widely accepted
that the SEI is a mixture of inorganic Li salts and organic spe-
cies so far, but its exact composition and distribution remain
elusive. The inorganic Li salts mainly include Li,O, LiF, Li,CO;,
and possibly Li,S, Li;N depending on the types of solutes
and solvents in electrolytes. In particular, LiF has been widely
regarded to be “magic”—being greatly beneficial for the realiza-
tion of stable Li metal anodes,® but its exact role in stabilizing
the SEI and Li deposition is still a mystery. The organic species
are thought to contain alkoxides in electrolytes with ethers, alkyl
carbonates with carbonate esters, oligomers, and polymers.

The characterization of the structure of SEI has been very
challenging, due to the small thickness (10-100 nm[3d)) of the
SEI and the limited spatial resolution of many techniques as
well as the sensitivity of SEI toward high-energy radiation.
The accurate characterization of the SEI structure remained
impossible until the application of cryo-electron micro-
scopy recently.1% Typically, the SEI is completely amor-
phous or composed of an amorphous framework distributed
with crystalline inorganic Li salts like Li,O and Li,CO; when
investigated under cryo-EM. The SEI with a multilayered struc-
ture composed of layers of different compounds has also been
reported.®>1%0d Tt should be noted that this fragile film may
decompose and collapse even under very low electron dosages
(typically up to tens or hundreds of electrons per square ang-
strom depending on the chemical composition) at such a low
temperature.l”] Upon beam damage, many components in the
SEI decompose into more stable Li,O under different electron
doses depending on the composition, size, etc.?!] In particular,
organic compounds are more susceptible to decomposition.
The SEI with high content of organic compounds is very sensi-
tive, aggravating the challenges of the acquisition of accurate
nanometer-scaled structure. The electron beam damage is
worse for STEM-EELS which requires an extended duration of
exposure and hence total dosage. Though microscope resolu-
tion at low accelerating voltage has been improved considerably
in recent years,!'®!l low-voltage cryo-EM has not been adopted in
the analysis of sensitive battery materials.

Moreover, the SEI layer is subject to repetitive breakage
and reparation along with Li plating and stripping, and thus
evolves continuously in chemistry and structure. Current
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understanding of the SEI has been obtained from post-mortem
studies at a selected dis-/charge state of batteries, for example,
the SEI after a specific cycle number, with less attention given
on the dynamic change of the SEI over cycling, especially the
change of the SEI during a specific Li plating or stripping
process.

It is also necessary to point out that the post-mortem SEI
under investigation is extracted from cycled batteries, washed
and dried before characterization in order to avoid the distur-
bance of residue electrolyte in data analysis. SEI is an interfa-
cial film immersed in the liquid electrolyte in batteries, and
may change its physical/chemical properties once leaving the
liquid environment and dried. It has a porous outer layer (i.e.,
the electrolyte side) that may be similar to gel, which may be
easily washed away, altering the components, structure, and
properties of the SEI, when cleansing the adhered electrolytes
from the Li metal anode. Besides, the inner part of the SEI (i.e.,
Li metal side), especially the one formed in carbonate ester
electrolytes, may also dissolve in the solvent during rinsing.[0%
Therefore, such investigations of SEI miss important informa-
tion on the real and natural state of SEI and may lead to inaccu-
rate conclusions. Cryo-FIB is capable of preserving many parts
of the SEI structure, including amorphous regions, as dem-
onstrated in previous reports.1%] Tt could be used to prepare
cross-section specimen or lamella of Li-electrolyte interface
containing (frozen) liquid electrolyte for cryo-STEM, without
rinsing and drying processes. Very recently, Zhang et al."% has
captured the swollen state of SEI with cryo-STEM by preserving
the SEI in its native organic liquid electrolyte environment with
the original thin film vitrification method. However, the pres-
ence of frozen liquid electrolyte would cause difficulty in dis-
tinguishing the SEI in TEM analysis, because the electrolyte,
which contains Li salt(s) and solvent, has a similar contrast to
the SEI under TEM.

Despite the formidable challenges for understanding the
composition, structure, and properties of SEI, the regulation
of SEI, mainly through a trial-and-error process, has achieved
significant advances. In particular, tailoring the formulation
of electrolytes has been proven to be an effective strategy to
regulate the composition and structure of SEL[%! Besides, in
situ formation of a surface/interface film on Li metal through
chemical or physical pretreatment has also been popular.[1%%]

3.1.2. Unestablished Property—Functional Relationship of SEI

The physicochemical properties of the SEI can affect the Li
growth behaviors and the cycling performance of Li metal
anode, thus attracting tremendous attention with extensive
studies on the mechanical,?>'?l kinetic,10190108] and chem-
ical properties.9°¢19%] The modulus of the SEI is typically in
the range of hundreds of megapascal and several gigapascal
depending on the formulations of electrolytes. The kinetic prop-
erties of the SEI have been widely studied with electrochemical
methods, such as electrochemical impedance spectroscopy
(EI1S),1%%] and cyclic voltammetry (CV),1%1% which typically
show the charge-transfer resistance in the range of tens to hun-
dreds of Ohm (Q). The chemical properties such as chemical
stability and thermal stability of SEI have also been investigated
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through theoretical calculations. It has been shown that Li,O
crystals in the SEI layer would act as the nucleophilic agent
to initiate the decomposition of ester solvents in electrolytes,
which may help explain the mosaic structure of the SELI%
Meanwhile, the alkyl carbonate Li salts would decompose into
Li,COj affecting the chemical stability of SEI.1100¢]

However, understandings of these properties remain very
limited and the relationship between these properties of SEI
and the behaviors of Li deposition underneath has not been
established. Many controversial conclusions have been drawn
based on a single property of the SEI. For instance, it has
been found that high exchange current densities suppress
the growth of Li dendrites,'°°®19%] while contrary conclusions
have been drawn in literature.l%!% This may result from dif-
ferent specific areas of Li deposition when the components
of electrolytes are changed, which affects the SEI resistance
and Li plating kinetics. Besides, the SEI with high modulus
is believed to suppress the Li dendrites, but the flexible and
organic-rich SEI with low modulus can also facilitate the planar
Li growth.?11 Moreover, probably multiple properties of the
SEI contribute to the shaping of Li deposits. Those complicated
factors are interwoven together, which aggravates the chal-
lenges for distinguishing the key factor dictating the Li deposi-
tion behaviors.

3.1.3. Criteria of an Ideal SEI

The criteria of an ideal SEI should be considered from both
kinetic and thermodynamic points of view. On the kinetic
aspect, an ideal SEI should possess a high Li-ion conductivity
to facilitate fast Li-ion transport and redox reactions (deposi-
tion and dissolution). In particular, the conductivity of SEI
should be homogeneous, which requires uniform chemical
distribution and thickness of the SEI film. Uniform and high
ionic conductivity result in spherical or columnar Li growth,
imposing the lowest stress onto the SEI layer and minimizing
the breakage of SEI and the evolution of “dead” Li. Thereby, the
CE of Li plating and stripping processes would be maximized.
From the perspective of thermodynamics, the SEI should be
chemically and thermally stable during the storage and cycling
of LMBs. For the chemical stability, it should exhibit high
resistance against the corrosion of electrolytes over a long term,
especially at an elevated temperature (e.g., 60 °C). It should also
be thermodynamically stable against decomposition/degrada-
tion when the cells are placed at a high temperature. With high
chemical and thermal stability, the SEI layer can well protect Li
metal from contact with and oxidation by the electrolyte, which
largely reduces the loss of active Li metal and maintains the cell
capacity over long-term cycling.

3.1.4. Li-Electrolyte Interphases in SSBs

The interphase between solid electrolyte and Li metal anode in
SSBs is also commonly termed as SEI. As mentioned above,
there was initially hope that the interface between solid elec-
trolytes with Li is chemically more stable compared to liquid
electrolytes. For some materials, this is indeed the case. An
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illustrative example, although for Na, is beta-alumina which is
used as a solid electrolyte in high-temperature sodium-sulfur
and ZEBRA batteries. The stability of beta-alumina against
molten Na recently spurred interest in using this solid electro-
lyte also at lower temperatures.'? The driving force for reac-
tions between Li and solid electrolytes, however, is generally
larger. Overall, it turned out that the chemical stability window
of solid electrolytes is quite limited, and may decompose
upon direct contact with lithium. Typical reactions between
lithium and solid electrolytes involve the formation of stable
binary compounds such as Li,S, LisP or Li,O along with the
reduction of metal cations (when available). For example, Ti
or Ge cations in NASICON-type solid electrolytes are being
reduced by lithium.!3 The highly conductive solid electrolyte
Li;0GeP,S;, (LGPS)M reacts with lithium to form Li,S, Li;P
and Ge/Ge,Li;s.") Li,S is also experimentally found during the
reduction of Li;PS,/"® and the argyrodite LigPSsCl (LPSC).1”]
The stability of the recently explored group of halide solid elec-
trolytesi®l is also limited, with LizInClg (Li3YClg) showing full
reduction of the In and Y cations upon contact with lithium
metal (likely along with formation LiCl)."% Oxide solid elec-
trolytes show a larger electrochemical stability window.!2"]
Reduction of solid electrolytes by lithium is not really sur-
prising and the observed decomposition simply indicates that,
just like for liquid electrolytes, some sort of SEI needs to form
from the decomposition products. Conceptually, three different
kinds of interfaces between lithium and solid electrolytes can
be distinguished: 1) a thermodynamically stable interface.
This is the preferred situation but only a few materials such
as the binary compounds Li,S, Li;P and Li;N satisfy this situ-
ation as most complex materials will readily react with lithium
due to its strong reducing power; 2) unstable interfaces with
mixed electronic and ionic conductivity (which is undesired as
it leads to continuous degradation); and 3) unstable interfaces
that are kinetically stabilized but conductive of Li ions. Case (3)
represents the classical case of an SEI that could enable stable
lithium plating/stripping. Satisfying the requirements for
case (3) requires interphase with suitable “chemomechanical”
properties, that is, the interphase needs to be chemically and
mechanically compatible with lithium and the solid electrolyte.
In favorable cases, this interphase may form directly between
the solid electrolyte and the lithium metal. Such an almost ideal
scenario is obtained in the case of cubic-Li;_3,Al,La;Zr,04,
(LLZO). In contact with lithium, c-LLZO only shows a very lim-
ited reaction involving the formation of a tetragonal-like LLZO
interface which extends only over about 5 unit cells.'?!) In other
cases, an interface engineering by coatings may be applied
which is also an important strategy to improve the compat-
ibility of solid electrolytes with cathode materials.[??]

3.2. Limitations in Current Understandings of SEI and
Perspectives on Future Studies

The SEI is poorly understood due to its extreme sensitivity
to ambient air, moisture, and high-energy radiation. Up to
now, characterization of the SEI has been limited to ex situ
techniques such as XPS and Fourier-transformed infrared
spectroscopy (FTIR). However, these spectra merely provide
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the average results of the SEI chemistries leaving the chemistry
distribution of SEI unknown.

In recent years, the chemistry and structure of SEI have
been partially elucidated by ex situ characterization techniques
such as cryo-EM that alleviate the damage of the high-energy
electron beams.99%¢] [t has been shown that most investi-
gated SEIs have an amorphous matrix filling with randomly
distributed inorganic crystalline domains especially Li,O and
Li,CO;, with minor LiF.l?3 Also, some SEIs are completely
amorphous in some studied regions.l1%%124 However, cryo-TEM
can only identify grains of inorganic Li salts in the SEI that
have good crystallinity. Meanwhile, SEI is still very sensitive to
the electron beam even at cryogenic temperature, with most
components decomposing into Li,O.l”] Therefore, cryo-EM
with controlled electron dosage and dose rate is imperative for
studying SEI. Characterization of the amorphous content in the
SEI is possible through cryo-STEM based EDX and EELS, but
the electron dosage should be controlled more carefully, and a
low accelerating voltage could be used to minimize the beam
energy and hence the damage to the specimen. A recent study
using cryo-STEM-EDX unraveled the 3D distribution of the
SEI layer on Si nanowires and suggested that the progressive
SEI inwards propagation induced by the electrolyte permeation
leads to a capacity loss. This methodology can be incorporated
into studies on SEI on Li whiskers and balls. Meanwhile, EELS
is capable of identifying inorganic compounds like LiF in the
amorphous part of the SEI, which might be a tool to investigate
the distribution of amorphous LiF and understand its role in
the SEI. The organic components in the SEI may be identified
by ssNMR, and 2D NMR may help to reveal their molecular
structures. 2D exchange NMR can unravel the Li-ion diffusion
properties inside the SEI and between SEI and Li deposits.
However, the high detection limit of ssNMR poses challenges
for studying SEI. Moreover, time-of-flight secondary ion mass
spectroscopy?*1’! (ToF-SIMS, Figure 4c) depth profiling could
identify species of the SEI and their 3D distribution on micro-
to nanometer scale, which could be combined with atom probe
tomography!'?®! (APT, Figure 4d) to show the chemistry and dis-
tribution of SEI on atom scale. In addition, to probe the Li-solid
electrolyte interface, in situ formation of Li-solid electrolyte
interface inside a microscope chamber with an in situ electron
microscope could be a solution.

However, ex situ techniques fail to elucidate the natural state
of SEI in batteries. It makes the development of in situ probes
vitally important for capturing the real-state of SEI in real-time
during battery operation, due to the advantages in enabling the
monitoring of the dynamic change of SEI. In situ spectrosco-
pies like near-ambient-pressure (NAP) XPS (Figure 4a) which,
being capable to identify the dynamic chemical evolution of
SEI could be very powerful tools in the foreseeable future for
studying changes in the element content of SEI. In situ soft
X-ray spectromicroscopy (Figure 4b) may provide quantitative
2D distribution of chemical species of SEI with a spatial resolu-
tion as low as 30 nm. EC-AFM can capture the dynamic SEI
formation and evolution process on copper substrates in liquid
by controlling the potential of the Cu electrode. Combined with
linear scanning voltammetry (LSV) which reflects the reduction
potential and reactivity of electrolytes, the correlation between
the reactivity of electrolytes and the growth behavior and
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Figure 4. Advanced characterization (a—d) and (e—h) theoretical methods to obtain more understandings related to SEI formation. a) In situ XPS, b) in
situ soft X-ray imaging, c) SIMS, and d) APT. e) DFT and HF based QM calculations, f) HAIR for predicting the SEI formation reaction pathways (this
figure is modified from Ref. [%] (Reproduced with permission.?4l Copyright 2021, American Chemical Society), g GCMC and ReaxFF based MD for
understanding the evolution of SEI chemistry, and h) DFT computation of the physicochemical properties of the SEI layer.

structure of the SEI on the Cu electrode can be understood. The
growth of SEI on Li metal may also be investigated by AFM.
The mechanical properties of the wet SEI in liquid electrolytes
can be attained as well, which helps distinguish the distribu-
tion of the inorganic and organic compounds at the nanometer
scale. Such characterization technique can provide invaluable
knowledge on the wet SEI, approaching the real working state.
However, it should be noted that AFM faces limitations on the
characterization of wet SEI due to its incapability of obtaining
its chemical information.

Apart from characterization tools, first-principles calculations
are powerful for studying the SEI structure and its dynamic
evolution.?**12/l There are a large number of reports on initial
reaction prediction and SEI model derivation using first-prin-
ciples methods. For example, Camacho-Forero et al.?*] applied
DFT and ab initio molecular dynamics methods (AIMD) to
Li—S systems, and found that DOL solvent and DME solvent
are more stable than EC during the entire simulation length.
These results have greatly filled the existing gap for the SEI
microstructure. They have contributed significantly to the
understanding of SEI. However, the first principles approach,
which is computationally too expensive, has very limited time
and space scales for its simulations. To solve the above prob-
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lems, empirical potential function methods have also been
used. Quantum mechanics, which derives potential energy
functions from electron correlation properties, can only deal
with small systems. Among them, DFT and Hartree-Fock (HF)
method (Figure 4e) are commonly used in quantitative calcula-
tions, and are usually applied to the HOMO-LUMO level cal-
culation and thermodynamic calculation of reactions related to
electrolyte decomposition and SEI formation.

These methods can substantially improve the computa-
tional efficiency and extend the simulation scale from a few
nanometers to up to several hundred nanometers. However,
there are certain problems with such methods. First, since
empirical potential function methods rely on force field
parameters, a large number of standpoint parameters about
battery simulations are still missing. Thus, many impor-
tant battery systems are not yet available to be simulated by
empirical potential function methods. Second, the accuracy
of the empirical potential function method is generally lower
than that of the first nature principle. So the results obtained
by prediction have relatively large errors. The traditional
molecular dynamics simulation is divided into the AIMD
method and reactive force field molecular dynamics (ReaxFF
MD) method based on empirical potential function. To solve
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the above problems, T. Cheng’s team has developed a hybrid
AIMD combined with reactive force fields (HAIR) (Figure 4f)
method that utilizes both the first nature principle and the
empirical potential function. It can be simulated at a higher
accuracy. The simulation efficiency of the empirical potential
function is achieved. We have used these methods to make
theoretical predictions regarding massive SEI formation in
different electrolyte systems.[24d.4]

The nucleation/growth and dynamic evolution of the SEI
is also a matter of interest. Although there have been a few
investigations on the nucleation/growth of the SEI on graphite
electrode or Cu current collector,?] the SEI nucleation on the
Li metal electrode is rather poorly understood to date due to
the vigorous and uncontrollable reactions between metallic Li
and the electrolytes. In situ EC-AFM with a fast scanning mode
and in situ TEM may have the capability of monitoring this
process. The dynamic evolution of SEI, especially its regrowth
and reconfiguration during charge and discharge, involves
particularly complex electrochemical reactions. Theoretical sim-
ulation of electrochemical reactions in the battery system is dif-
ficult at present. Some specialized techniques are needed. For
example, constant voltage simulation based on grand canonical
Monte Carlo (GCMC) ensemble is a necessary simulation tech-

www.advenergymat.de

nique. In recent years, significant progress has been made in
the development of electrochemical simulation methods. These
methods in combination with existing simulation methods
such as the high-precision ReaxFF method (Figure 4g), are
possible solutions to achieve dynamic evolutionary simulation
of SEIL

Finally, the physical and chemical properties of SEI are
calculated by the first-principles method. For example, the
DFT-VASPKIT program package (Figure 4h) is called to calcu-
late Young’s modulus of the SEI to determine the mechanical
stability of the SEI. In addition, the AIMD method can help us
obtain the Li-ion conductivity of SEI.

4. Outlook for Future Research

In the sections above, we have discussed the recent progress on
understanding the mechanisms of Li deposition and SEI for-
mation as well as the remaining mysteries in these processes.
Meanwhile, characterization and theoretical methods that could
solve these mysteries and obtain fundamental understandings
of Li plating and stripping and SEI layer have also been pro-
posed, and are herein summarized in Figure 5 together with

Figure 5. An overview of various characterization and theoretical techniques and their corresponding requirements for investigating the mechanisms

of Li plating/stripping and SEI formation.
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the corresponding limitations and challenges. On this basis,
this section focuses on the future perspectives regarding the
fundamental research related to Li deposition and SEI.

4.1. Li Dendrite and SEI Formation Avoidable?

Intrinsically, Li dendrite formation is thermodynamically una-
voidable and can only be slowed down kinetically. The utmost
external factor determining the morphology of Li deposition is
the SEI layer. The formation of SEI is derived from the electro-/
chemical reactions between Li metal and electrolyte. Li metal
has the lowest redox potential and can theoretically react
chemically with almost all organic electrolytes. Also, Li metal
is extremely sensitive to oxygen and moisture, and is highly
susceptible to chemical reactions. It is difficult to eliminate the
reaction between lithium metal and electrolyte fundamentally
from thermodynamics. Especially during the charging and dis-
charging process, the inflow and outflow of electrons will fur-
ther intensify the reaction. An effective solution is to kinetically
stop the reaction from taking place. This design idea is espe-
cially important for solid electrolytes. It is well known that the
bottleneck of solid electrolytes is ionic conductivity. Although a
high ionic conductivity facilitates the transport of Li-ions, fast
solid conductors tend to be chemically reactive and have dif-
ficulty to form stable SEI interfaces. Stable solid electrolytes,
however, tend to have too low ion conductivity, which affects
their use. From the perspective of rational design, breaking the
above linear relationship may be an effective solution.

Adv. Energy Mater. 2022, 12, 2200398 2200398 (14 of 22)

4.2. Characterization Methods for Monitoring Li Deposition/
Dissolution and Probing SEI

Every characterization method has its pros and cons and thus
has some limitations. Therefore, complementary characteri-
zation involving both in and ex situ spectroscopic and micro-
scopic probes are required in order to gain a comprehensive
understanding of the electrochemical behavior of Li metal and
the SEI layer thereon (Figure 6).

In terms of Li plating and stripping, operando studies have
been proven to be the optimal means to explore the dynamic
evolution of Li deposits. Multimodal characterization tech-
niques especially methods with different spatial resolutions
should be combined, in order to uncover the whole process
of Li plating and stripping from the initial nucleation, growth,
and dissolution. We emphasize that more attention should be
drawn on Li stripping and the re-deposition, which play impor-
tant roles during the long-term operation of LMBs but are rela-
tively less explored than plating. In addition, since conventional
characterization tools are generally infeasible to probe the
buried interphases as well as the bulk electrodes/electrolytes
in SSBs due to limited penetration depth, 3D characterization
methods like XCT, FIB-SEM, and SIMS are anticipated to play
important roles in uncovering the interfacial, structural, and
mechanical degradation in the bulk and/or at the interphases
from millimeter- to nanometer-scale.

Regarding the SEI layer, in situ analyses are essential to
acquire reliable information, considering that the SEI layer
is generally sensitive to air and moisture and its structure
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and chemistry are prone to be altered during sample prepa-
ration and transfer. Moreover, an operando mode that is able
to monitor the evolution of SEI would be invaluable to obtain
in-depth insights into the formation of SEI. In addition, irra-
diation damages from various beams, for example, electrons,
ions, and X-rays, are non-negligible and should be well con-
trolled and suppressed. On this basis, analysis tools that offer
nanometer-scale resolution and are operated under cryo-
genic conditions like cryo-EM!?% are ideal analytical tools for
investigating the SEI layer and thus will continue to play an
important role. Moreover, spectroscopic techniques like EDX
and EELSI3% will be indispensable to help determine the local
elemental distribution and chemistry correlated to the local
nanostructures.

4.3. Multiscale Simulation of Li Deposition and SEI Formation

Theoretical computation and simulation methods are rather
undeveloped for interpreting the processes related to Li deposi-
tion and SEI formation, given the fundamental physical- and
chemical principles of these processes are not well established.
Just a few theoretical methods have been developed based on
certain mathematic and physical models, and each can only
reveal very partial information on a limited spatial and temporal
scale.

Among the theoretical methods, DFT- and MD-based com-
putations are commonly used for revealing the thermody-
namics and physicochemical properties of the SEI layer, while
KMC, SPH, and PF are suitable to simulate the Li deposi-
tion behaviors. Multiscale simulation (Figure 7) is required to
ensure complementariness and obtain a more comprehensive
understanding of the chemical and structural evolution of both
Li deposition and SEI formation. The reliability of the results
shall be further validated with experiments.
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Quantum mechanical (QM) calculation based on the DFT
method obtains potential energy function. It can be used to
calculate the reaction potential energy surface and the physi-
cal and chemical properties of materials in the SEI.

AIMD generates finite-temperature dynamical trajectories
and thus allows chemical bond breaking and forming events
to occur and accounts for electronic polarization effects.
HAIR enables simulations of the initial chemical reactions
related to SEI formation, which may take up to 1 ns, far too
long for AIMD. The AIMD part of HAIR can describe the
localized electrochemical reactions accurately, while ReaxFF
MD could accelerate chemical reactions and mass transfer
with a much more affordable cost while keeping the QM
accuracy when the force field parameter is well trained.

MC methods, as a widespread class of computational algo-
rithms that depend on repeated random sampling to obtain
numerical value, are often applied to solve unsolvable physi-
cal and mathematical problems. The side reactions and ion
diffusion in the charge and discharge process may be simu-
lated by the constant voltage simulation method based on
GCMC to observe the gradual formation process of SEI film
with the increase of cycles.

PF substitutes boundary conditions at the interface of Li
dendrite growth by a partial differential equation for the
evolution of an auxiliary field (the phase-field) that takes the
role of an order parameter. This model equation is extremely
complex. Now PF has been developed into open-source soft-
ware such as MOOSE, FiPy, and PRISMS.

SPH is a computational method used for simulating the
mechanics of continuum media and has been used in
lithium dendrite growth, based on building mass continu-
ity and mass transport governing equations and solutions.
A Lagrangian particle-based SPH model also simulates the
cycling lithium dendrite growth in multiscale including time
and space.

Meso-scale Macro-scale

Length scale

Figure 7. An overview of simulation methods for understanding Li deposition and SEI formation on various spatial and temporal scales. Computa-
tion methods for SEI formation are cycled in red, while those for simulation of Li deposition are cycled in blue. Figures of KMC and SPH methods are
adopted from Ref. [131] (Reproduced with permission.®!l Copyright 2017, American Physical Society) and Ref. [132] (Reproduced with permission.l32

Copyright 2014, Elsevier), respectively.
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4.4. Machine Learning for a Fundamental Understanding of Li
Deposition/Dissolution and SEI Evolution, Material Discovery,
and Data Analysis

The intersection of multiple disciplines will generate new
knowledge. In recent years, machine learning and artificial
intelligence have grown increasingly mature. As an effective
tool, machine learning is increasingly applied to battery simu-
lation. In the foreseeable future, machine learning methods
will also play an active role in understanding dendrite growth
and SEI evolution, such as the comprehension of initial reac-
tions and structure of SEI with the help of such technique as
graph neural network (GNN) and data-driven automated meth-
odology.'*¥l Among them, significant progress has been made
in spectrum resolution, complex reaction prediction, and mate-
rial property prediction. These methods will be continuously
refined and used for complex, structure resolution and growth
mechanism studies, thus, providing a clearer physical picture,
which, however, still requires sufficient experimental data to
train the algorithm and simulation model. With the increasing
understanding of electrolyte structure, reaction interfaces, the
ultimate goal is to develop an end-to-end property prediction
model that connects atomic structure and device performance,
enabling the prediction of important experimental properties,
such as CE, directly from microstructure.

Apart from its potential application in first-principles,
atomistic and physics-based electrochemical modeling and
simulations, machine learning also has great potential in pre-
dicting new materials.'3¥ Compared with the conventional
trial-and-error methods for materials research, data-driven
machine learning models could remarkably accelerate the dis-
covery of battery materials with targeted properties, such as
novel electrolytes and Li electrodes that could enable the forma-
tion of a robust and stable SEI and dendrite-free Li plating.[**

In addition, imaging techniques (e.g., FIB/SEM, XCT, and
MRI) often require identifying and extracting complex features/
structures from the obtained images during data processing and
analysis, namely image segmentation. Classical segmentation
methods are often unsuccessful in effectively and accurately dis-
tinguishing the boundaries, where there are predominant changes
of features/textures but no apparent variations of intensities.!3¢!
Machine learning and deep learning have demonstrated their
capability of tackling the challenges related to image segmentation
in research on LIBs,'*]l and are anticipated to be widely employed
to address the Li anode associated issues in the near future.

4.5. Gap and Collaboration between Experimentalist and Theorist

The improvement of the theoretical basis of batteries requires
a close combination of experimental and theoretical simula-
tions. Happily, the importance of this combination has now
been recognized and some preliminary results are available.
However, if further improvement is desired, a closer combina-
tion of experiment and theory is needed. It is worth noting that
there is still a clear divide between the combination of experi-
mental and theoretical calculations. The device performance can
be obtained through experiments which is difficult to do with
theoretical simulations. At the same time, theoretical simulations
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can naturally obtain the atomic structure, which is difficult to do
experimentally. The complementariness between the two is also
what makes their combination challenging. A combination needs
to be found where the two can be combined and iterated on each
other. We think that the universal scientific prediction of the
theory could be such a combination. Experiments can produce
spectroscopic evolution of the SEI and dendrite growth processes.
Theoretical simulations can also make predictions of spectros-
copy based on the predicted structure and processes. In this way,
theory and experiment can be cross-validated at the spectroscopic
level. On the one hand, the theoretical model can be optimized
iteratively. On the other hand, accurate theoretical models can be
reversed to give atomic information for experimental reference.
The close cooperation between theory and experiment will be an
important driving force for the development of new theories.

5. Conclusion

In this perspective article, we highlight the recent under-
standings and observations on Li deposition/dissolution and
SEI formation, identify the major limitations and open ques-
tions during these processes, and provide our perspectives on
advanced characterization and theoretical simulation methods
to promote more in-depth and comprehensive understanding
of these processes. We also give an outlook into the cutting-
edge interdisciplinary research topics on Li metal anodes. This
article will push beyond the current understanding of Li depo-
sition/dissolution and SEI formation to accelerate the develop-
ment of Li metal anodes toward their application in practice.
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