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Lithium metal batteries are promising candidates for meeting the increasing demand for next-generation
energy storage devices with high energy density; however, the problems of lithium dendrites and
unstable solid electrolyte interphases (SEls) for lithium anodes with nonagueous electrolytes severely
hinder their practical applications. The first step to address these issues is to establish a better
understanding about these phenomena. In this review, we first discuss the formation processes and
related mechanisms of dendritic lithium and SEls, which are revealed and supported by the specially
designed setups combined with various advanced characterization techniques including operando
scanning transmission electron microscopy (STEM) and deduced theoretical models. Because of the high
sensitivity of lithium metal anodes to the ambient environment, their microscopic characterization
remained challenging until the development of noninvasive cryogenic electron microscopy. Then, we
present the real-state atomic structures and chemical compositions of lithium dendrites and SEls by
cryogenic transmission electron microscopy (cryo-TEM) coupled with electron energy loss spectroscopy
(EELS). Based on these fundamental insights, various strategies including electrolyte engineering,
construction of artificial SEI layers, and use of three-dimensional hosts for lithium, introduced to solve
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1. Introduction

With the ever-increasing demand for advanced energy storage
devices with a high energy density (>500 W h kg™"), lithium
metal batteries have continued to attract enormous attention
because of the relatively high specific capacity (3680 mA h g™ ")
and low potential (—3.04 V versus the standard hydrogen elec-
trode) of lithium metal anodes."® The first commercial
rechargeable lithium metal batteries date back to the 1970s, but
these batteries were recalled several years later due to the
frequent fire and explosion accidents.”” In traditional lithium
metal batteries with liquid nonaqueous electrolytes, lithium
dendrites can be readily formed during the charge and
discharge cycling, especially when the lithium salt concentra-
tion is low or the substrate surfaces are not flat with some
protruding points, defects or boundaries’" (Fig. 1). As they
grow sharper and longer, the lithium dendrites can penetrate
through the polymer separator film, thereby resulting in short-
circuits and overheating of low-boiling organic solvents."”**
Because the formation of lithium dendrites is largely regulated
by the surface properties of the lithium anode, the solid
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lithium anode research are discussed.

electrolyte interphases (SEIs) theoretically have the potential to
inhibit lithium dendrite formation. However, the naturally
formed SEIs on lithium anodes are usually loose and unstable,
which cannot restrict lithium dendrite growth because of their
inferior mechanical and elastic properties."*?° Besides, low-
quality SEIs crack and regrow continuously during the
repeated lithium plating and stripping, leading to more growth
of lithium dendrites and severe waste of lithium metal and
electrolyte. Moreover, thick SEIs, “dead lithium” (e.g., broken
lithium dendrites from the root and lithium electrically isolated
by the surrounding SEIs) and porous lithium can block lithium
ion transport, resulting in low capacity, low coulombic effi-
ciency (CE) and poor cycling stability.>*~>¢

To revive lithium metal batteries, these two critical problems
of lithium dendrites and unstable SEIs related to the safety
concerns and cycling stability of batteries need to be solved.
Over the past few decades, many attempts have been made to
overcome these challenges, including, for example, electrolyte
or separator modification and electrode engineering.*”-*>
Although the results show that some methods can help improve
the battery performance to give higher CE, specific capacity and
cycling stability, there is still a long way to go before the prac-
tical application of lithium metal batteries can be realized. The
most critical reason is the limited in-depth understanding of
lithium dendrites and SEIs on lithium anodes until now, which
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Fig. 1 Schematic drawing illustrating the formation process of SEls and lithium dendrites during lithium battery cycling.

severely restricts the further development of lithium metal
batteries. Various characterization techniques have been
employed to reveal the formation processes and structures of
lithium dendrites and SEIs, for example, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atomic force
microscopy (AFM).***® However, the special treatment before
measurement (e.g,, washing and drying) and the inherent
sensitivity of lithium metal anodes to high energy sources (e.g.,
electron beams) cast doubt regarding how the obtained results
can be correlated with the real state of cycled lithium anodes to
provide high-resolution structural or morphological informa-
tion on lithium anodes. Benefiting from the development of
various characterization techniques, in situ/operando measure-
ments and characterization of the well-preserved morphology
with high resolution have achieved rapid growth in recent years,
giving us the opportunity to trace the formation mechanism
and obtain atomic morphology information on lithium
dendrites and SEIs after repeated cycling, and then explore the
corresponding solutions to the lithium anode
problems.*”**

In this review, we examine and provide a concise account of
the investigation of lithium metal anodes including the
formation mechanisms, chemical and electrochemical proper-
ties, morphology, crystal structures and mechanical properties
of lithium dendrites and SEIs on them. Furthermore, we have
reviewed strategies to inhibit lithium dendrite growth and
stabilize the SEI layers. Finally, we provide an outlook to future
directions of lithium metal anode research especially regarding
the design of high-performance lithium metal batteries with
high safety and cycling stability.

solve

2. Formation

In traditional lithium metal batteries with liquid nonaqueous
electrolytes, the formation of lithium dendrites and SEIs is
considered to occur simultaneously or the latter process occurs
earlier than the former one, which still remains controver-
sial.»* Lithium shows high chemical reactivity with almost all
nonaqueous electrolytes used in lithium batteries because of its
extremely low potential (lower than the reduction potentials of
most nonaqueous electrolyte solvents)." Previous XPS analyses

This journal is © The Royal Society of Chemistry 2022

of SEIs on lithium metal anodes have demonstrated that after
immersing lithium metal in nonaqueous electrolytes for a short
period of time (a few minutes), the nonaqueous electrolytes
spontaneously decompose to form SEI films on the lithium
anode.* After loading current, some components of the previ-
ously formed SEIs are further reduced to more stable species,
and the structures also have corresponding modifications.*
There are mainly three mechanisms to describe the formation
process of SEIs, i.e., the Pedel model, the mosaic model and the
coulombic interaction mechanism.” In the Pedel model, the
chemical the
nonaqueous electrolyte is stepwise and the formed SEIs present
an integral structure with point defects for ion migration. In the
mosaic model, reduction reactions of all components are
considered to take place at the same time and the decomposed
multiphase products deposit on the lithium anode in a disor-
derly manner to form mosaic-type SEIs. As for the coulombic
interaction mechanism, reduction products with double elec-
trical layers are stacked layer by layer to generate SEIs with
multilayer structures. Although these models based on XPS,
FTIR, and electrochemical spectroscopy results and theoretical
calculations have enabled researchers to explain the structure of
some SEIs, it is desirable to perform in-depth direct investiga-
tions on SEIs, which are currently still scarce. Hou et al. applied
mass-sensitive scanning transmission electron microscopy
(STEM) in the low-dose mode to visualize the evolution process
of SEIs.*® As shown in Fig. 2a, a double-layer SEI film is initially
formed when the electrolyte is spontaneously decomposed on
the electrode surface. The salient contrast difference indicates
that the brighter inner layer is composed of compact inorganic
compounds (e.g., LiF, Li,COj;, Li,O, etc.) and the outer layer
mainly contains organic decomposed products with a higher
mass density (e.g., ROLi, ROCO,Li, etc., where R stands for the
alkyl group). The twisted fine white line is the edge of the SEI
(Fig. 2a and b), illustrating the uneven and porous SEI film at
the early stage. Electrolytes can permeate through the porous
SEI film and contribute to generating a thicker SEI after
continuous decomposition reactions (Fig. 2c). Upon further
lithiation, the SEI gradually evolves into a thinner, compact and
uniform film (Fig. 2d), which is consistent with the activation
process in the lithium battery test. Finally, the failure of this SEI
is mainly related to the dissolution of the inorganic layer during

interaction between lithium anode and
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Fig. 2 Formation of SEls and lithium dendrites. (a—d) Time sequential high-angle annular dark-field STEM (HAADF-STEM) images of SEls.
Reproduced with permission.*¢ Copyright 2019, Wiley-VCH. (e) In situ optical photograph of lithium growth. (f) Theoretical interpretation of
lithium deposition during concentration polarization. (g) Voltage responses under various current densities. Reproduced with permission.*®

Copyright 2016, The Royal Society of Chemistry.

the repeated cycling. However, gold is applied in this experi-
ment instead of lithium metal to act as the electrode, which can
only provide some clues for the SEI evolution in lithium
batteries. Therefore, the real SEI formation process on the
lithium metal anode still awaits exploration. Besides, more
models are still needed to explain the increasingly complex SEI
phenomena in advanced battery systems (e.g., lithium-sulfur
and lithium-air batteries).

After initializing the charging process with current loading,
the lithium ions start being electrodeposited on the lithium
anode. Because lithium ions exist as solvated forms in the
liquid electrolyte, these solvated lithium ions need to shed the
solvent molecules first and are then reduced to atoms that are
usually adsorbed on the lithium anode surface.”” The reduced
lithium atoms diffuse and incorporate into the underlying
metal lattice to complete the nucleation process.” However,
affected by the rough SEI structures, lithium preferential
deposition results in dendritic lithium, which is inclined to
crack the fragile SEIs.? Reversibly, the broken SEIs provide more
nucleation sites for lithium dendrite growth. Therefore, the
instability of SEIs is a critical factor for the formation of lithium
dendrites. To reveal the lithium dendrite growth mechanism,
Bai et al. designed a capillary cell to realize the in situ observa-
tion of the lithiation process.*® As displayed in Fig. 2e, the
initially deposited lithium is present in mossy form, which has
no hazardous potential to penetrate through the separator,
causing the short circuit problem. After reaching a certain
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point, wispy lithium appears and starts to grow into fractal
lithium dendrites. These two different deposited lithium forms
are distinguished by Sand's time (£sanq), which was proposed by
Sand in 1901.*° At the early electrodeposition stage, the ionic
concentration remains steady and therefore lithium ions
deposit relatively smoothly from the root to generate mossy
lithium, which is a reaction-limited process. When ¢ = tgan4, the
ion concentration at the electrode decreases to zero, and thus
lithium starts to deposit and grow from the tip, leading to the
formation of lithium dendrites (Fig. 2f). Different from the
reaction-limited mossy lithium, the growth of lithium dendrites
is mainly determined by the ion diffusion rate, and therefore it
is a diffusion-limited process. In Sand's formula, ts,nq is
inversely proportional to the current density, meaning that high
current promotes the generation of lithium dendrites (Fig. 2g).
This is consistent with most reported experimental results.>***
However, there are also exceptions when the current density
increases beyond a threshold. For instance, in the lithium
battery systems proposed by Yan et al. and Li et al, the lithium
dendrite problem can be alleviated by the self-healing effect of
heat treatment and high current density, respectively.’>>
Combining the experimental and simulation results, the
authors have demonstrated that safe-level heating triggered by
high current density promotes flux and surface diffusion of
lithium, which makes adjacent dendritic particles fuse together
and therefore smoothens and stabilizes the dendrite surface.

This journal is © The Royal Society of Chemistry 2022
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The cycling stability and CE of lithium batteries are greatly
influenced by lithium dendrites and SEIs. Inactive lithium is
generally thought to consist of electrochemically formed
lithium compounds in the SEI and the electrically isolated
lithium metal (ie., dead lithium), of which the former is
assumed to be the main source of capacity loss and low CE.
Although there are some assumptions that unreacted lithium
also brings about lithium loss and decreases the CE, it is hard to
quantitatively distinguish these two lithium sources due to the
limited number of efficient characterization techniques. Fang
et al. designed a delicate titration gas chromatography (TGC)
system to quantify the amount of unreacted metallic lithium
based on the chemical reaction of 2Li + 2H,0 = 2LiOH + H, 1.>*
In this TGC system, the reacted lithium anode is first trans-
ferred to a sealed container. After the reaction with H,O added
by gas-tight syringe, the formed H, is measured by gas chro-
matography, and thus the amount of unreacted metallic lithium
can be calculated accordingly. The TGC results demonstrate
that it is the unreacted metallic metal other than lithium
compounds that dominates the capacity loss. However, the
formation of inactive lithium is intimately correlated with the
SEIs. Therefore, to explore advanced strategies to improve the
electrochemical performance of lithium metal batteries, the two
aspects of lithium dendrites and SEIs are regarded as a whole
part for studies in the following sections.

3. Morphology and surface chemistry

It is difficult to characterize the morphology of lithium
dendrites and SEIs with high resolution by common charac-
terization techniques. The major reasons are the unique struc-
tural and chemical properties of lithium metal anodes
including nanoscale morphology, multicomponent chemical
composition, reactivity with oxygen and moisture and high
sensitivity to the atmosphere and high-energy sources, such as
electron beams. Established morphological characterization
techniques such as optical microscopy and scanning probe
microscopy (e.g., AFM) are commonly used to minimize the
sample damage induced by the characterization process.>* >’
However, the low-resolution results and special electrode setup
make it difficult to achieve high-magnification structural iden-
tification and reveal the real situation of lithium dendrites and
SEIs in lithium metal batteries, respectively. The lithium anode
is cycled and evolves in liquid nonaqueous electrolyte, so its real
morphological and structural measurements should take the
liquid state into account, which is nonetheless challenging for
most characterization techniques.

Inspired by the application of cryogenic techniques in
biology, Zachman et al. froze the sample first using a cryogen to
preserve the initial structure of the lithium anode.*® Then,
combining the cryo-focused ion beam (cryo-FIB) and analytical
cryo-STEM, relatively high-resolution cross-sectional images of
the cycled lithium anode were obtained. As shown in Fig. 3a,
two different types (Types I and II) of lithium dendrites appear
at the same time after being cycled in commercial carbonate

This journal is © The Royal Society of Chemistry 2022
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electrolyte, which is different from the previous reports with
only one type (whisker-like or rod-like) of lithium dendrite in
one battery system (Fig. 2b and c).***® The difference may be
caused by the washing and drying operations in traditional
sample preparation, which change the original structure of the
cycled lithium anode to some extent. The Type I dendrite
presents an irregular ellipse-like shape and the average size is
about 5 pm (which can be classified into mossy lithium), while
the Type II lithium dendrite is more like a long (about 10 pum)
branch (i.e., dendritic lithium) with a length of hundreds of
nanometers (Fig. 3a). Furthermore, more information about the
spatial distribution of these dendrites is provided by the
reconstructed three-dimensional (3D) structures of these two
different dendrites based on the consecutive cross-sectional
images (Fig. 3d). An interesting phenomenon here is that
these two types of dendrite show a similar number of occur-
rences, implying that there is no preferred growth for any kind
of dendrite, which is correlated with their formation mecha-
nism. The main constituents of Type I and II dendrites are
partially oxidized lithium and LiH, respectively. LiH forms from
the reaction between the deposited lithium and organic elec-
trolyte. Because almost all organic electrolytes contain
hydrogen, there is a high chance to generate Type II lithium
dendrites during the charge and discharge process. However,
Type II dendrites can easily lead to low CE and high capacity
fading rate for the following reasons: (1) LiH is fragile, (2) LiH
has low conductivity, and (3) Type II dendrites have limited
contact area with the current collector, all of which result in
a high portion of “dead lithium”. Except the inactive lithium
and lithium dendrites, the pulverization of the lithium anode is
another severe factor that leads to its failure during the repeated
charge and discharge process. However, the origin of the
pulverization remains controversial. L. F. Kourkoutis identified
dendritic LiH in the pulverized lithium anode, which might
result in capacity fading.*® Nevertheless, no LiH is detected in
the studies by Yi Cui et al. and Y. S. Meng et al.>** Considering
the situation that the results from Yi Cui et al. and Y. S. Meng
et al. are based on the Li/Cu half cells, G. Xu et al. adopted the
practical Li/LiCoO, batteries to unravel the presence of LiH.*
Through the on-line gas analysis mass spectrometry system
with a differential electrochemical mass spectrometry system
and D,O titration gas analysis mass spectrometry system, LiH is
confirmed to be the dominant species related to the lithium
pulverization. The continuous electrolyte and electrode para-
sitic reactions give rise to the formation of H,, which can
actively react with lithium to generate LiH. To regulate the
lithium growth, Z. Ju et al. applied a biomacromolecular matrix
from the inner film of the eggshell as the medium to suppress
lithium dendrites.®* Specifically, this biomacromolecular matrix
is a trifluoroethanol-modified eggshell membrane. It possesses
a three-dimensional porous structure with a thickness of about
90 um, which is composed of cross-linked protein fibers. The
main elements of the modified eggshell membrane are C, N, O,
S and F. As shown in Fig. 3e, a lithium sphere was deposited and
grew preferentially along the (110) direction after the
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Fig. 3 Lithium dendrite characterization by cryogenic techniques. (a) Two distinct dendrites referred to as Types | and Il by cryo-FIB and cryo-
SEM. Reproduced with permission.*® Copyright 2018, Springer Nature Ltd. (b) Whisker-like lithium cryo-SEM image. Reproduced with permis-
sion.>* Copyright 2019, Springer Nature Ltd. (c) Rod-like lithium cryo-SEM image. Reproduced with permission.>® Copyright 2017, American
Association for the Advancement of Science. (d) Reconstructed 3D structures of lithium dendrites. (e) Cryo-TEM images of a lithium microsphere
and its corresponding atomic structure. Reproduced with permission.®* Copyright 2020, Springer Nature Ltd. (f) Atomic structure of a lithium
dendrite obtained by cryo-TEM. Reproduced with permission.>® Copyright 2017, American Association for the Advancement of Science.
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Fig. 4 Characterization of SEls by cryogenic techniques. (a—d) Cryo-STEM images (a and b) and corresponding cryogenic electron energy loss
spectroscopy (cryo-EELS) mapping (c and d) of two lithium dendrites and SEls. Reproduced with permission.5® Copyright 2018, Springer Nature
Ltd. (e) Mosaic SEl atomic structure and (f) atomic structure of multilayer SEls. Reproduced with permission.®® Copyright 2017, American
Association for the Advancement of Science. (g and h) Atomic mosaic structure of the SEl in the vinylene carbonate-treated lithium deposition
system. Reproduced with permission.®? Copyright 2020, American Chemical Society.
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biomacromolecular treatment. In contrast, dendritic lithium
was observed on the pure lithium metal surface, and the atomic
structures from cryo-TEM show that lithium dendrites grow
along two different directions, (110) and (211), and the growth
direction can be changed from (110) to (211) in the kinked
regions (Fig. 3f).

Coupled with cryo-TEM, electron energy loss spectroscopy
(EELS) with better resolution for light elements than energy
dispersive spectroscopy (EDS) works under cryogenic condi-
tions to reveal the chemical compositions and distributions of
SEIs. As shown in Fig. 4, influenced by the difference of
lithium dendrites, SEIs also show various morphologies.
Specifically, SEIs around Type I dendrites are about 300 to
500 nm thick, and are mainly composed of lithium ethylene
dicarbonate with bubbles from ethylene gas, which is a kind
of by-product from ethylene carbonate during the production
of lithium ethylene dicarbonate (Fig. 4a). Besides, there is
a large fluorine-rich structure up to micrometers in size
around Type I dendrites and it is surrounded by SEIs.
However, Type II SEIs are compact and thin (approximately
20 nm thick) with Li,O and LiOH-H,O as the main compo-
nents (Fig. 4b). Besides lithium dendrites, SEIs are also largely
influenced by electrolyte compositions, because SEIs are
essentially decomposed products of electrolytes. In commer-
cial carbonate electrolytes with fluorine-containing salts, SEIs
mainly contain Li,COj3, Li,O and LiF, and present as “mosaic
SEIs”. As shown in Fig. 4e, Li,CO; and Li,O crystalline
nanoparticles are dispersed in an organic polymer matrix.
However, after adding a small amount of fluoroethylene
carbonate (FEC), which is a common electrolyte additive to
improve the performance of lithium metal batteries, “multi-
layer SEIs” appear. The inner layer is a polymer matrix and the
outer one is composed of large Li,O grains with clear lattice
fringes (Fig. 4f). Different from FEC, vinylene carbonate
(another common additive to achieve high CE for lithium
batteries) promotes the formation of mosaic-like SEIs with
Li,CO; and Li,O nanoparticles after slight oxidation with
lithium metal (Fig. 4g and h).*> Although carbonate-based
electrolytes are commonly used in lithium batteries, SEIs
formed from them are always thick, unstable and fragile,
leading to low CE and fast capacity fading. As an alternative,
ether-based electrolytes are introduced and widely used in
lithium-sulfur and lithium-oxygen batteries, because they
always show high efficiency (>98%) and efficient dendrite
suppression. On the basis of the XPS and SIMS analyses, it has
been demonstrated that except the inorganic components
(e.g., Li,CO3, Li,O, LiOH, LiF, etc.) and organic species (e.g.,
RCOOLi and RCH,OLi), oligomers are also formed in some
ether-based electrolytes, which show high flexibility and good
conformity with the lithium metal to accommodate the
lithium volume variations and suppress lithium dendrites
during the continuous plating and stripping process.'>** The
chemical properties and structures of SEIs are determined by
the electrolytes including the concentration, salts and
solvents, which provide a valuable opportunity to modify SEIs
and therefore improve the lithium battery performance.

This journal is © The Royal Society of Chemistry 2022
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4. Strategies to improve the lithium
metal anode

As summarized above, lithium dendrites and low-quality SEIs
are two main problems causing the low CE, heat throwaway,
and severe side reactions at the side of lithium anodes. Based
on the fundamental understanding, a lot of efforts have been
made to block lithium dendrite growth by physical shielding or
regulating the lithium ion flux. Generally, there are four typical
ways to solve these problems and improve the lithium metal
battery performance: (1) electrolyte engineering, (2) construct-
ing artificial SEI layers and (3) a three-dimensional (3D) lithium
framework, and (4) using solid state electrolytes. As the lithium
dendrites and SEIs are intimately correlated, all these
mentioned strategies have the potential to simultaneously
address these two issues of lithium anodes.

4.1. Electrolyte engineering

As discussed before, the components of the liquid nonaqueous
electrolyte play an important role in regulating the lithium
deposition and SEI formation, and therefore various kinds of
electrolyte system have been reported to suppress lithium
dendrites and stabilize the SEI layers, which can be classified
into (1) additive-assisted electrolytes, (2) high concentration
electrolytes (HCEs), (3) localized high concentration electrolytes
(LHCEs) and (4) liquefied gas electrolytes proposed recently by
Meng et al exhibiting excellent performance under low-
temperature working conditions.

Halogen containing compounds are commonly used
additives in carbonate electrolytes, such as hydrofluoric acid
(HF), fluoroethylene carbonate (FEC), vinylene carbonate
(VC), silicon tetrachloride (SiCly), thionyl chloride (SOCl,),
tris(2,2,2-trifluoroethyl) borate (TTFEB) and CsPF.**7° One
common feature of these various additives is that they can
form lithium halides (LiF or LiCl) within the SEI layers
through chemical reactions with lithium metal, and previous
reports have demonstrated that high lithium halide content is
thermally favorable for the reactions in SEIs, inducing
uniform lithium deposition.” In addition, introduction of
halogen-free compounds into the electrolyte can also produce
lithium halides, improve SEI quality and therefore alleviate
the lithium dendrite problem. For example, Qian et al. re-
ported that a trace amount of water leads to the decomposi-
tion of LiPF¢ to HF, which further reacts with lithium metal to
form LiF-rich SEI layers.”” However, these functionalized SEIs
strongly depend on the amount of additives in the electrolyte,
so if the additives are consumed during the long-term cycling
process, lithium dendrites and unstable SEIs will reappear.
To address this challenge, Wang et al. introduced a small
amount of lithium iodide (LiI) into an ether-based electrolyte
to induce organic solvent polymerization, in situ forming
flexible oligomers within SEIs.”® Therefore, the obtained SEI
layers possess both high elasticity and excellent ionic
conductivity, which not only suppress lithium dendrites, but
also promote lithium ion transport. More importantly, this
electrolyte has the potential to be applied in long lifespan
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lithium batteries because of the low reliance on additive
concentrations.

Because most undesired organic components (e.g,
ROCOOLi and RCOOL]) in SEI layers originate from organic
solvents, increasing the salt concentration to produce more
inorganic products within SEIs becomes an effective way to
achieve thin, dense and highly ion-conductive SEI layers.” Fan
et al. reported a high concentration electrolyte with 10 M
lithium bis(fluorosulfonyl)imide (LiFSI) dissolved in a binary
solvent of ethylene carbonate (EC) and dimethyl carbonate
(DMC) applied in lithium metal batteries to construct high-
quality SEIs (Fig. 5). Compared with the diluent electrolyte
(1 M LiFSI), SEIs from the high concentration electrolyte show
a higher F and S content but a lower C and O content, which
indicates that the high concentration of LiFSI contributes to
more LiF formation but less adverse organic species (Fig. 5a and

View Article Online

Review

b). LiF has been verified to play critical roles in blocking the side
reactions and promoting lithium ion transport; therefore, the
deposited lithium in high concentration electrolyte displays
a round-shape morphology. However, dendritic lithium appears
in dilute electrolyte (Fig. 5¢ and d). Furthermore, through AFM
measurements, Wang et al. demonstrated that high concen-
tration LiFSI helps to create high-modulus SEIs, which act as
strong physical shields to further suppress lithium dendrites.”
Therefore, similar to other additives in an electrolyte, the role of
high concentration electrolyte is to modify the SEI structure and
promote the generation of favorable inorganic salts (e.g., LiF).
Despite the ability to fabricate high-quality SEI layers, high
concentration electrolytes have limitations in practical applica-
tions, for example, poor ionic conductivity, poor wetting capability
and high viscosity.””” In recent years, localized high concentra-
tion electrolytes applying diluent to dilute high concentration
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Fig. 5 High concentration electrolyte strategy to improve lithium anodes. (a) XPS profiles for SElIs of lithium metal cycled in concentrated and
dilute electrolytes; (b) elemental concentrations obtained from the XPS results; (c and d) surface morphologies of the lithium anode cycled in
concentrated (c) and dilute electrolytes (d). Reproduced with permission.”* Copyright 2018, Elsevier Inc.
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electrolytes have attracted intense research interest.”*®' In this
system, the diluent is inert enough to dissolve the salts but
miscible with the solvent; therefore the solvation structure of the
high concentration electrolyte is preserved well, while the salt
concentration and viscosity are lowered to a practical level. For
example, Ren et al. introduced a non-solvating fluorinated ether of
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) to
dilute highly viscous tetramethylene sulfone.” In this sulfone-
based localized high concentration electrolyte system, not only
have the viscosity and separator wettability been improved
(Fig. 6a), but the side reactions at the lithium anode have also
been greatly suppressed, and therefore, the resulting SEI layers are
flat and thin. Furthermore, fewer carbides and a higher concen-
tration of LiF and Li,N were detected by depth profiling XPS in
high concentration electrolyte and localized high concentration
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electrolyte, when compared with diluent electrolyte. It is demon-
strated that the diluent can retain its unique properties to create
highly ion conductive and uniform SEIs while circumventing the
limitations of high concentration electrolyte (Fig. 6b-d).
Nonetheless, the low temperature working ability and infe-
rior rate capability are big challenges that hinder the practical
application of localized high concentration electrolyte.
Recently, a liquefied gas electrolyte has been developed, which
possesses excellent stability with lithium anodes and low
viscosity to facilitate lithium ion transport at low tempera-
ture.®>® In a liquefied gas electrolyte study by Yang et al., a high
pressure-liquefied mixture of fluoromethane and carbon
dioxide acts as the solvent. LiTFSI and tetrahydrofuran (THF)
are the salt and cosolvent, respectively. Because of the high
stability with lithium anodes, lithium deposition induced by the
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Fig. 6 Application of localized high concentration electrolyte and liquefied gas electrolyte in improving the lithium anode. (a) Wettability test of
electrolytes to the separator; (b—d) XPS depth-profiling analysis of SEls. Reproduced with permission.”® Copyright 2018, Elsevier Inc. (e and f)
Cryo-FIB characterization and 3D construction of a cycled lithium anode in traditional carbonate electrolyte (e) and liquefied gas electrolyte (f).

Reproduced with permission.®* Copyright 2019, Elsevier Inc.
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liquefied gas electrolyte is denser and much more uniform than
that in conventional carbonate-based electrolyte (Fig. 5e and f).
Besides, the electrochemical performance of liquefied gas
electrolyte-based lithium batteries is well maintained at low
temperature (down to —60 °C) owing to the low melting point
and low viscosity of the electrolyte, therefore improving the
electrolytic conductivity and low interfacial resistance of
lithium batteries.

4.2. Artificial SEI layers

The natural SEIs formed from the reactions between the lithium
metal anode and liquid electrolyte are always fragile, loose and
thick, and thus not only block ion transport, but also exacerbate
the lithium dendrite growth. Therefore, a lot of efforts have
been devoted to construct artificial SEIs with excellent robust-
ness and ionic conductivity on a lithium anode to accommodate
the infinite volume variations of lithium metal, suppress
lithium dendrites and promote lithium ion transport.**
According to the chosen materials, artificial SEI layers can be
divided into two categories: inorganic and organic SEIs.**
Inorganic artificial SEI layers such as metal oxides (Al,0; and
Li;PO,), sulfides, and LiPON have been proven to have
remarkable mechanical properties, good electrochemical
stability over a wide potential window, and efficient lithium ion
transport pathways, but the intrinsic brittleness and inferior
conformity with the lithium metal make inorganic artificial SEI
layers crack easily during the continuous charge and discharge
process, resulting finally in the failure of lithium metal
batteries.**** As for the organic SEI layers, although polymer-
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based products show a poor mechanical modulus and rela-
tively low ionic conductivity, their excellent flexibility and
processability effectively modulate lithium ion diffusion,
restrict lithium dendrite growth and therefore improve the
electrochemical performance of lithium metal batteries.*

In order to combine the advantages of both inorganic and
organic artificial SEI layers, efforts to fabricate inorganic and
organic hybrid artificial SEI layers have received more and more
attention recently.” For example, Gao et al. developed polymer-
inorganic SEIs based on poly(vinylsulfonyl fluoride-ran-2-vinyl-
1,3-dioxolane) (P(SF-DOL)) lithium salts embedded with LiF
nanoparticles and graphene oxide (GO) nanosheets, in which
the dense polymer-nanoparticle part provides effective passiv-
ation, and GO nanosheets serve as the mechanical support
because of their superior tenacity and mechanical strength.
Different from the spontaneously formed SEIs, the components
of these hybrid artificial SEIs mainly contain -SO,-Li, -C-O-Li
and LiF from the high resolution XPS results (Fig. 7a). From the
SEM and optical profilometry results, the artificial SEIs effec-
tively suppress lithium dendrites and maintain a flat surface
after long-term cycling (Fig. 7b-d). In addition, because of the
excellent ionic conductivity and liquid electrolyte swelling
behavior, this kind of hybrid artificial SEI layer efficiently
improves the battery performance under lean electrolyte
conditions. Furthermore, the advantageous on-site formation
process endows the SEI layers with good homogeneity.

Because of the better conformity with the lithium metal anode
and a relatively simple fabrication process, iz situ SEI formation is
another hot research direction in the field of artificial SEI layers.”

Electrolyte
Electrolyte

Electrolyte

Electrolyte

Fig. 7 Artificial SEls. (a—d) High-resolution XPS spectra (a), SEM pictures (b and c) and optical profilometry image (d) of the hybrid artificial SEI
layer. Reproduced with permission.®® Copyright 2019, Springer Nature Ltd. (e and f) In situ AFM characterization of pristine lithium (e) and LiPPA—
lithium (f) during the plating and stripping process. Reproduced with permission.®> Copyright 2018, Wiley-VCH. (g) Schematic and operando
optical microscopy images of the self-regulated lithium metal growth process; (h) COMSOL Multiphysics simulation of the lithium metal
deposition process. Reproduced with permission.®® Copyright 2020, American Chemical Society.
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Li et al. fabricated a lithium polyacrylic acid (LiPPA) SEI layer by
an in situ method.” Furthermore, with the help of the in situ AFM
characterization technique, it can be clearly detected that a lot of
dendritic structures are generated on the pristine lithium plate
during the plating and stripping process (Fig. 7e). In contrast,
after being coated with LiPPA, the lithium anode surface remains
flat and uniform during the whole working process (Fig. 7f),
which proves that the in situ formed polymer film is robust
enough to suppress the lithium dendrite growth.

Although the goal of introducing artificial SEI layers with
relatively high mechanical strength is to resist rupture by the
lithium dendrites, some artificial SEIs are likely to be damaged
in practical applications, especially inorganic artificial SEIs
after long-term cycling.”® Recently, Han et al. reported a special
kind of artificial SEI based on lithium-rich anti-perovskites,
which has self-regulating capability. Through characterization
by operando optical microscopy, the self-regulated process is
vividly monitored (Fig. 7g). Specifically, different from the
traditional SEIs formed from the reduction reaction between
lithium metal and liquid nonaqueous electrolyte, these self-
regulated artificial SEIs interact with the protruding lithium
dendrite after being cracked to form a SEI-like structure, which
acts as an adhesive to bind the spliced artificial SEIs and
suppress the further growth of lithium dendrites. With the help
of COMSOL Multiphysics simulation, it is verified that the newly
formed SEI-like structure after self-healing can efficiently
regulate the lithium ion diffusion and therefore solve the
lithium dendrite problem, improving the cycling stability of
lithium metal batteries (Fig. 7h).

4.3. 3D framework hosts

Although the methods of electrolyte engineering and
construction of artificial SEI layers have shown great promise to
regulate lithium plating and stripping, construct stable SEIs
and suppress lithium dendrites, the infinite volumetric varia-
tion of lithium metal during the working process because of its
intrinsic “hostless” feature is still a huge challenge. Therefore,
various 3D framework hosts have been proposed and widely
studied in recent years. Furthermore, introduction of a 3D host
framework can decrease the effective current density and
regulate the lithium flux.***®

Because of the cost effectiveness and good conductivity,
various metal-based 3D frameworks with different porosities
and modifications are used as porous current collectors for
lithium anodes. For example, the nickel foam reported by Chi
et al. was directly put on molten lithium to fabricate a Li-Ni
composite, in which all the large pores of the nickel foam were
filled with molten lithium, and the composite surface was
relatively smooth (Fig. 8).°” Owing to the four advantages of
nickel foam, ie., (1) low surface energy to facilitate lithium
infusion, (2) high thermal stability to withstand the high
temperature during the lithium infusion process, (3) high
porosity to accommodate sufficient lithium metal and (4)
interconnected electronic and ionic pathways to promote fast
electron and ion transport, lithium dendrites are efficiently
inhibited and the full cells based on the Li-Ni anode show
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improved rate capability, low polarization and reduced internal
resistance (Fig. 8a-c). It has been demonstrated that the pore
structure (e.g., pore size and distribution of the pores) of the
metal-based framework has a strong influence on the capability
of the hosts to regulate lithium deposition and SEI formation;
however, it is not possible for most metal-based 3D frameworks
to precisely control the pore structures because of the complex
processes. Zhao et al. therefore developed an electrochemical
etching method to prepare 3D compact copper with uniform
porous structures.” The obtained uniform and smooth porous
copper network helps to form a stable SEI layer and regulate
smooth lithium plating and stripping to inhibit lithium
dendrite growth. Therefore, the full cells paired with LiFePO,
show enhanced rate performance and cycling stability.
However, a big problem of the metal-based framework is the
high weight of metal materials, which significantly decreases
the energy density of lithium batteries.

Compared to metal-based 3D frameworks, carbon-based
frameworks not only have the advantage of being lightweight
but also possess high surface area with porous structures,
especially for nanocarbon materials including carbon nano-
tubes (CNTs) and graphene. For example, Sun et al. applied
a robust CNT paper as a freestanding host to accommodate
lithium deposition.”” Because of the excellent flexibility and
mechanical properties, the CNT paper efficiently inhibits the
growth of lithium dendrites and withstands the volume change
of lithium during the continuous charge and discharge process.
It is interesting to note that the deposited lithium on the CNT
surface cannot be completely peeled off after the stripping
operation, and thus the CNT framework with the lithium
residue can act as a pre-lithiated host for future use. Inspired by
this idea, Yang et al. utilized the pre-lithiation behavior of the
CNT sponge to improve the affinity of the host framework with
the deposited lithium.'® Besides, the highly porous CNT
sponge provides a high density of lithium nucleation sites and
promotes uniform lithium deposition. As a result, dendrite-free
lithium plating is realized with the support of the porous CNT
sponge with “pre-lithiation” behavior.

Another critical factor that influences lithium nucleation
and growth is the affinity of lithium metal to the substrate
surface, which is also called lithiophilicity. Previous research
has demonstrated that the lithiophilic surface is correlated with
the lower plating overpotential of lithium metal compared with
the lithiophobic surface, which favors lithium wetting on the
substrate and uniform growth.*®* Unfortunately, pristine carbon
host materials and the most commonly used copper networks
are usually lithiophobic. Therefore, Huang et al. developed 3D
nanoporous nitrogen-doped graphene to improve the lith-
iophilic properties of the graphene framework.'”> Owing to the
properties of high surface area, good electrical conductivity and
excellent affinity to lithium deposition, dendrite-free lithium
plating and stripping are guaranteed, and furthermore, the
large volume variations of lithium metal during the battery
working process are efficiently accommodated (Fig. 8d). As for
the copper host, Zhai et al. reported a hybrid structure of arti-
ficial SEIs on the 3D copper network to promote uniform
lithium deposition and therefore improve the lithium anode
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Fig. 8 3D host framework. (a) Cross-sectional SEM images of the cycled Li—Ni anode; (b) rate capability of full cells paired with Li4TisO1, (LTO);
(c) resistance measurement of full cells after 100 cycles. Reproduced with permission.®” Copyright 2017, Wiley-VCH. (d) SEM images of 3D
nanoporous nitrogen-doped graphene before and after lithium plating. Reproduced with permission.*®* Copyright 2019, Wiley-VCH. (e)
Schematic of lithium deposition behavior on 3D porous copper; (f and g), COMSOL Multiphysics simulations of potential distribution (f) and
lithium flux (g); (h) SEM image of the hybrid 3D host framework after continuous lithium plating. Reproduced with permission.*®? Copyright 2020,

Wiley-VCH.

performance at a high current density.'” As shown in Fig. 8e,
the naturally formed unstable SEIs on 3D porous copper result
in sluggish lithium ion transport and preferential lithium
deposition, especially at a high charge and discharge rate, and
therefore, it is necessary to further construct stable SEIs on a 3D
current collector. In this report, Cu,S nanowires were grown on
the copper skeleton and utilized as the artificial SEIs. Benefiting
from the compositional uniformity and high lithium ion
conductivity, the hybrid 3D host framework with artificial SEIs
facilitates rapid lithium ion transport, uniform potential
distribution and flat lithium deposition (Fig. 8f-h). Recently,
Liu et al. found that reduced graphene oxide (r-GO) with initial
lithiophilicity exhibited an increasing nucleation overpotential
with cycling of the lithium battery.*** This is mainly because r-
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GO possesses catalytic activity that is favorable for the forma-
tion of natural SEIs, which impedes the smooth deposition and
growth of lithium metal. Therefore, more attention should be
paid to avoiding the introduction of catalysts that promote SEI
formation when designing lithiophilic host materials for
lithium metal anodes.

For most 3D porous electrodes, there is a trade-off between
the volumetric capacity and gravimetric capacity. Although the
application of 3D hosts favors fast lithium ion transport,
promotes sufficient reactions of metallic lithium anodes and
improves the gravimetric capacity and cycling stability of
lithium batteries, their loose and porous structures lead to low
volumetric capacity and cell energy. As a result, some strategies
to increase the loading amount and optimize the loading

This journal is © The Royal Society of Chemistry 2022
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method of lithium have been developed to densify the 3D
porous lithium anodes while keeping the high specific capacity
of batteries. For example, Zhang et al. increased the lithium
plating amount by extending the plating time and the obtained
densified lithium anode based on 3D carbon nanofiber hybrids
exhibited a high volumetric capacity of 1600 mA h cm™>.1% Lj
et al. and Liang et al. adopted the method of pressing lithium
with a punching machine and melting infusion, respectively, to
load lithium metal into the 3D hosts compactly.'***"

5. Conclusions and perspectives

Among various potential metal anodes, such as potassium,
sodium, aluminum, magnesium, zinc, etc., lithium is still
considered as the most ideal anode for many high-energy
density battery systems, such as lithium-sulfur, lithium-air
and next-generation lithium ion batteries. With in-depth
understanding of lithium dendrites and SEIs and their forma-
tion mechanism, chemical properties, microstructures and
morphologies through various characterization techniques, the
electrochemical performance parameters of lithium batteries
including energy density, rate capability and cycling stability
have been significantly improved by various strategies (e.g.,
electrolyte engineering, current collector modification, and
construction of artificial SEIs). However, some critical issues
regarding the understanding of lithium anodes via character-
ization techniques and practical lithium batteries still await
more efforts. These are summarized as follows:

(1) It has been widely accepted that SEIs greatly affect lithium
deposition, but our understanding of SEIs is still limited. For
example, SEIs can be formed before and after current loading,
and their structures and compositions are different, but the
accurate transformation process is unknown. This process may
influence dendritic lithium formation, because they happen in
tandem after the current is loaded. Therefore, more advanced
operando characterization techniques should be designed to
track this process in working lithium batteries.

(2) The chemical properties of SEIs are always detected by
XPS with its advanced depth profile measurement; however, the
pre-treatment (e.g., washing and drying the sample) may change
or damage the initial SEIs, not reflecting the real condition of
SEIs in the batteries. Besides, because of the possible X-ray
induced beam damage (e.g., on organic components in partic-
ular), the potential influence of the X-ray based characterization
methods on SEIs should be evaluated carefully as well.***'%°
Therefore, cryogenic XPS should be developed and combined
with cryo-TEM to reveal more accurately the structural and
chemical state of SEIs.

(3) AFM is a powerful tool, which has not only been used to
characterize electrode interfaces in liquid but also offers a way to
obtain site-specific mechanical and resistance information on
SEIs."'>'™ However, because AFM imaging typically requires
relatively smooth sample surfaces, the electrodes studied by AFM
are usually thin films, nanofibers/nanopillars and nanoparticles
supported by flat substrates, which differ from the most
commonly applied 3D bulk electrodes in real lithium batteries.
Therefore, it is desirable for AFM measurements to be adapted

This journal is © The Royal Society of Chemistry 2022
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and/or coupled with other characterization techniques to
uncover the topological, morphological and chemical changes of
3D electrode materials during the battery working process.

(4) The electrolyte plays a critical role in lithium metal
batteries. Generally, an ideal electrolyte should perform the
following functions: (1) enable high CE, (2) guarantee good
operation under lean electrolyte conditions, (3) ensure high
stability and safety at high voltage and (4) allow as low a salt
concentration as possible at the same time to limit the cost.
However, no electrolyte can simultaneously meet these
requirements now. Therefore, future efforts for electrolyte
engineering should follow this direction and explore high-
performance electrolyte systems to promote the early revival
of lithium metal batteries.

Except the safety and cycling stability of the lithium metal
anode, other factors (e.g, the electrolyte amount, the lithium
thickness, and the depth of discharge) with critical importance
for practical applications of lithium batteries also deserve atten-
tion from both the academia and industry. Different from the lab-
scale coin cells in which the electrolyte dosage is usually omitted,
the amount of electrolyte added in the real battery packs directly
determines the battery energy density. Therefore, more efforts
should be devoted to developing high-performance lithium metal
batteries with lean electrolytes. Similarly, excessive lithium is
usually utilized in coin cells to compensate for the lithium waste
by the formation of SEIs and other side reactions. However,
recent studies found that the more lithium used, the more side
reactions occur and thus thicker SEIs are generated.'**> Besides,
thick lithium leads to large volume variations and severe elec-
trolyte consumption, which limit the battery performance under
lean electrolyte conditions. Therefore, optimization of the lithium
thickness is also a critical step to realize the practical applications
of lithium metal batteries. In the discharge process of lithium
batteries, lithium ion alloying/insertion brings about changes in
the crystalline structure of electrode materials, some of which
take place during deep discharge and are irreversible and there-
fore cause capacity loss. Hence, the depth of discharge is another
important factor closely correlated with the cycling stability of
lithium batteries. Specifically, the deeper the depth of discharge,
the more irreversible phase transformations take place. Thus,
optimizing the depth of discharge to explore the balance between
higher energy density induced by full discharge and better cycling
stability achieved under partial discharge conditions is pivotal for
specialized applications. Nowadays, most of the studies on
lithium battery performance are based on miniature coin cells
with excess lithium foil and electrolyte, which cannot reflect the
real working conditions of high-energy density lithium batteries.
Therefore, practical scaled-up pouch cells should be reevaluated.
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