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Abstract

With the fullness of time, metallic lithium (Li) as an anode could become highly promising for high-energy-density
batteries. Theoretically, using Li metal as the negative electrode can result in higher theoretical capacity and lower
oxidation voltage and density than in current commercially available batteries. During the charge/discharge
process, however, metallic Li shows unavoidable drawbacks, such as dendritic growth, causing capacity
degradation and a solid electrolyte interphase (SEI) layer derived from the side reactions between the Li metal
anode and the electrolyte, resulting in depletion of the electrolyte. The formation of a suitable SEl is crucial to avoid
the side reactions at the interface by circumventing direct contact. Unavoidable dendritic growth at the Li metal
anode can be controlled by its ionic conductivity. Furthermore, the SEl is also required as a mechanical
reinforcement for withstanding the volume change and suppressing dendritic growth in the Li metal anode. A
limiting factor due to complex SEI formation must be considered from the perspectives of chemical and mechanical
properties. To further enhance the cycling performance of Li metal batteries, an in-depth understanding of the SEI
needs to be achieved to clarify these issues. In this mini review, we focus on the SEI, which consists of various

deposited components, and discuss its ionic conductivity and mechanical strength for applications in electric
vehicles.

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

OCE www.energymaterj.com



https://creativecommons.org/licenses/by/4.0/
https://www.energymaterj.com
https://dx.doi.org/10.20517/energymater.2022.65
http://crossmark.crossref.org/dialog/?doi=10.20517/energymater.2022.65&domain=pdf

Page 2 of 13 Park et al. Energy Mater 2023;3:300005 | https://dx.doi.org/10.20517/energymater.2022.65

Keywords: Electrolyte additive, ionic conductivity, lithium dendrite, lithium metal battery, solid electrolyte
interphase (SEI), solid electrolyte

INTRODUCTION

Lithium (Li)-ion batteries play an important role in applications for extending the operating hours of small
information technology devices and the driving mileages of electric vehicles . In particular, although high-
energy-density batteries are desirable, commercial lithium-ion batteries based on a graphite anode cannot
provide sufficient energy density. Even if a newly developed structure or material is applied in the
electrodes, it is not easy to achieve a gravimetric energy density as high as 300 Wh kg"'. One method to
overcome this challenge is to replace the existing graphite or silicon additive anode!”. Li metal is an ideal
anode material for achieving high energy density, owing to its high theoretical capacity (3860 mAh g"), low
redox potential (-3.04 V vs. a standard hydrogen electrode) and low density (0.534 g cm?)"". Moreover, it is
known that the performance of Li metal batteries can be further enhanced by adapting high-voltage lithium
nickel cobalt manganese oxide cathodes. During Li plating and stripping, however, inherent dendritic
growth, uneven solid electrolyte interphase (SEI) formation and Li volume expansion are unavoidable issues
that trigger internal short-circuiting in Li metal batteries"”.

The electrolyte has a profound impact on the electrochemical cycling of the Li metal anode. On the surface
of Li metal, an SEI layer is formed by accumulating various decomposition products created by a chemical
reaction with the organic electrolyte’®*. This SEI layer provides passivation to prevent Li metal corrosion by
preventing contact between the electrolyte and the Li metal™. However, it is difficult to predict the
electrical properties of SEI layers because their heterogeneous phases vary depending on the type of organic
electrolyte!”'*. The primary issue is that Li electrodeposition is locally concentrated along any cracks in the
SEI layer, leading to various side reactions inside the electrode"*'. During repeated plating and stripping,
particles of inactive dead Li are gradually accumulated, resulting in performance degradation. Given these
difficulties, the utilization of metallic Li anodes still faces many challenges for commercial viability,
especially dendritic Li growth"”.

So far, various approaches have been developed to suppress dendritic Li growth. For example, electrolyte
additives have been used to achieve high ionic conductivity, separator design has been proposed to improve
dendritic blockage, interlayer coatings have been utilized to stabilize the Li metal surface and host
architectures that can store Li metal have been developed. Li is a highly active material that reacts with all
organic electrolytes, leading to SEI layer formation"**. In particular, the thickness of the SEI layer shows
unlimited growth until both the organic electrolyte and the metallic Li are entirely consumed. SEI growth
mechanisms are difficult to understand due to the variety of organic electrolytes utilized”. We know that
the high ionic conductivity (og;) of an SEI effectively suppresses the dendritic Li growth during Li plating
and stripping. Nevertheless, there remains doubt regarding which component entirely governs the og;,*. In
this mini review, we summarize the o, of each SEI phase and provide insights to understand and predict
the phenomenon of dendritic Li growth.

Solid electrolyte interphase

The SEI model was first suggested by Dey and further developed by Peled”>*". The SEI as a passivation layer
is known to be a unique feature with simultaneous ionic conductivity and insulating properties. It consists
of different heterogeneous components, such as semi-carbonates, polyolefins, lithium oxide (Li,O), lithium
carbonate (Li,CO,) and lithium fluoride (LiF), as shown in Figure 1"**". Significant effort has been devoted
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Figure 1. Schematic illustration of a Li dendrite with various SElI components. Owing to the cracks generated during the
charge/discharge process, Li metal is exposed to the electrolyte and a localized Li-ion flux occurs.

to further understanding the formation of the heterogeneous components. Spotte-Smith and co-workers
reported the formation mechanism of the key components of the SEI and gaseous byproducts through

computational reaction networks containing over million reactions and kinetic Monte Carlo simulations®.

Interestingly, the mechanisms of the formation of SEI components are affected by the potential of the Li
metal anode. Sun and co-workers verified that a bilayer SEI was formed when the potential of the Li metal
anode was below 0.1 V (vs. Li/Li*)"*. The inner layer was composed of more inorganic compounds, such as
Li,0, lithium nitride (Li,N), LiF, lithium hydroxide (LiOH) and Li,CO, (4.4% for SEI of Li metal anode at
0 V), whereas the outer layer was composed of more organic compounds, such as ROCO,Li, ROLi and
RCOO,Li (16.8% for SEI of Li metal anode at 0 V). Furthermore, when the potential of the Li metal anode
was below 0 V (vs. Li/Li"), inorganic components were primarily generated on the Li metal anode. Ideally,
the SEI requires high Li-ion conductivity, low electronic conductivity and high thermal and mechanical
stability for fast Li-ion kinetics, reduced electrolyte depletion and minimal volume expansion. As the
thickness of the SEI layer gradually increases during Li plating and stripping, its weak mechanical properties
are insufficient to accommodate the significant volume expansion of up to 300%"****'. If tiny cracks, known
as “hot spots”, exist on the SEI layer, they are directly exposed to the organic electrolytes, such as carbonate
and ether bases"*'*.. The uneven Li-ion flux then has a tendency towards local penetration and subsequently
accumulates at these spots, leading to inactive or dead Li and then to capacity and cyclability losses. In
addition to dead Li, dendritic Li growth is an unavoidable feature, which must be suppressed, because the
introduction of dendritic growth consumes both the Li anode and the electrolyte until cell failure.

In addition, the ionic conductivity of the SEI (og;) determines the morphology of the Li metal anode by
affecting the pathways of Li ions in the SEI layer, owing to the potential field caused by its low
conductivity””. Ma and co-workers reported the Li-ion transport mechanism in inorganic SEI components
such as LiF, Li,N, Li,O, LiOH and Li,CO.,. Interestingly, the bulk ionic conductivity of inorganic SEI
components is extremely low. However, relatively high ionic conductivities were found at the interface of
different types of inorganic SEI components. In particular, at the interface between LiF and Li,O, the ionic
conductivity (1.96 x 10* S cm™) is extremely improved compared to the bulk materials (5.2 x 107 and
10” S cm’, respectively). This indicates that the Li ions migrate through grain boundaries to increase the

ionic conductivity of the SEI®**9,

Figure 2A shows the process of Li deposition with a conventional electrolyte-deposited SEI with poor ionic
conductivity (< 10° S cm™). Initially, the SEI layer is formed owing to an unintended and unavoidable side
reaction between the electrolyte and the Li metal anode. Due to the formation of the SEI layer with low
ionic conductivity, Li ions intensively penetrate specific areas. Once Li ions are deposited on the Li metal
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Figure 2. Schematic illustration of Li metal dendrite growth process in conventional electrolyte (A) without and (B) with additives.

electrode, they form branch-shaped structures known as dendrites, more localized and non-uniform Li-ion
flux occurs, and as a result, dendrite formation is accelerated. To avoid dendrite growth by localized Li-ion
flux, intensive research has been undertaken to introduce additives into the electrolyte to improve the ionic
conductivity. Figure 2B shows the process of Li deposition with an artificial SEI, which has a high ionic
conductivity (> 10° S cm™). The localized Li-ion flux caused by the low ionic conductivity of the SEI layer is
diminished, and as a result, the Li metal grows uniformly, because Li ions are evenly deposited in all
areas"” .,

lonic conductivity measurements

Uneven Li deposition is well known to occur due to the heterogeneous ionic conductivity of the native SEI
on a Li metal surface. The ionic conductivity (og;) can be calculated by alternating current impedance
spectroscopy””*’. Experimentally, in this method, a sinusoidal potential is applied over a wide frequency
range to an electrochemical cell with blocking electrodes as ideal capacitors and its response is recorded. As
shown in Figure 3, a typical equivalent circuit for Li metal with an SEI can be classified into six components:
(i) bulk resistance of the cell (Ry,,); (ii) SEI resistance of the interfacial layer (Rg); (iii) charge transfer
resistance (Rqy); (iv) capacitance of the interfacial layer (CPEgy); (v) double-layer capacitance (CPEy, you0);
and (vi) Warburg component, reflecting the diffusional effects of Li on the host materials. The ionic
conductivity (o) is calculated by

1 1 a

(o] = —=——" 1
SEl pser Rsel Aact’ 0

where pg; is the specific ionic resistivity, Ry is the specific ionic resistance, d is the thickness and A, is the
active cross-sectional area. It should be noted that pg; and Ry, are the only material properties that are
independent of geometry. Han and co-workers calculated the ionic conductivity of a lithium-rich
antiperovskites (LiRAP) film (10* S cm™), which was considered as an artificial SEI. A LIRAP-ASEI with a
thickness of 1 um on copper (Cu, 1.6 cm in diameter) disks was used for EIS measurements and Rg; was
estimated to be 13 Q" Such values are not easy to evaluate from direct experiments***' and many
researchers have therefore suggested alternative approaches, i.e., theoretical calculations.

Notably, the oy, is governed by the accumulated components of the SEIL. The o is estimated to vary from
10" to 10" S cm™¥ ). A relatively low value is known to cause dendritic Li growth in Li metal anodes.
Among the components, LiF, Li,CO,, Li,O and Li,N are representative and correspond to ionic
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Figure 3. Schematic illustration of battery components, equivalent circuit model and Nyquist plot of the internal resistance of a Li-ion
battery. The diameters of the green and blue circles indicate Ry and RCT,respectively. The yellow line indicates the Warburg
impedance in the low-frequency region.

conductivities of 6.0 x 10°-5.2 x 107, 6.7 x 10®, 10°-10"* and 1.2 x 10* S cm”, respectively. The nature of the
SEI can provide clues to achieving insights into dendritic Li growth. Table 1 summarizes the experimental
and theoretical values of the Li-ion conductivity of the SEI layer derived from various additives. The organic
phases of the SEI can accommodate part of the electrolyte, thereby enhancing the Li-ion conductivity.

STRATEGIES FOR MINIMIZING DENDRITIC LITHIUM GROWTH

Electrolyte additives

During Li plating and stripping, an organic electrolyte is decomposed into Li,O, Li,CO,, LiF, LiOH and so
on. These components have poor Li-ion conductivity at the interface with Li metal. These components
affect cell performance due to their low ionic conductivity. Instead of the natural SEI, a new strategic,
artificial SEI with high ionic conductivity is required to suppress dendritic Li growth. In addition, it is also
capable of inhibiting dendritic Li growth with high mechanical strength"”..

Interestingly, high ionic conductivity at the Li metal interface decreases the overpotential during Li plating
and stripping, thereby stabilizing the SEI. For this purpose, stable SEI components, such as Li,N, lithium
sulfide (Li,S), lithium aluminate (LiALO,), lithium phosphide (Li,P) and ternary lithium aluminum fluoride
(Li,AlF,), have been developed using various combinations of Li additives. In particular, Li salts, including
lithium nitrate (LiNO,) and Li,S,, are widely used to improve the interfacial stability of Li metal anodes in
ether-based electrolytes'*”. In detail, LINO, decomposes into Li,N and Li,O, and Li,N is the key component
due to its high ionic conductivity (1.2 x 10* S cm™) for this purpose. Lithium bis(fluorosulfonyl)imide
(LiFSI)-LiNO, in a dimethyl ether electrolyte was found to minimize the dendritic Li growth. This is
strongly related to the high ionic conductivity of the LiF- and Li,N-rich SEI layers. Moon and co-workers
reported a correlation between SEI thickness and ionic conductivity, as shown in Figure 4A. Regardless of
the thickness of the SEI, the Li,N-rich SEI layer introduced a small potential change, resulting in uniform Li
growth”. In addition, a thicker Li,N SEI layer causes higher ionic conductivity, although the LiNO,
additive has the feature of low solubility in carbonate-based electrolytes'*”. Moreover, carbonate-based
electrolytes have stronger reactivity than ether-based ones toward Li metal.

Recently, significant efforts to use LINO, additives in carbonate-based electrolytes have been made to enable
the adoption of high-voltage batteries. Even if LiNO, is incompletely dissolved in a carbonate-based
electrolyte, the highly concentrated LINO, additive in ethylene carbonate and diethyl carbonate yielded a
stable SEI and outstanding cell performance during Li plating and stripping. Figure 4B summarizes the
solubility of the LiNO, additive in different carbonate-based electrolytes'®”. The maximum concentration of
NO, was investigated in different carbonate-based electrolytes through colorimetry by cadmium reduction
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Table 1. lonic conductivity of natural SEI and artificial SEI components

SEl components lonic conductivity (S cm™) Ref.
LiF 6.0%x10°-52x10"° [50,51]
LiF-Li,CO, 3.0x10°-3.0x107 [52]
Li,O 10°-10™ [50,53]
Li,CO;, 6.7%10° [52]
Li,EDC 45x%x10° [54]
LisN 12x10™ [55]
PEO, -5%Li;Sis 3.9x107° [56]
LiZrO(NO5), 23%10° [571
LiAlLOg 32x10° [58]
SPVA 159 x10°° [59]
Li,p 10 [60]
LIRAP film 10" [44]
LiF/Li,Sb-5 layer 1.01x10° [61]
[LINBHI, 6.6x10° [62]
Li,S 10° [63]
Li,AlF, 10° [64]
FE-Li/Na 11x107° [65]
FE-Li 457%x10° [65]
LIPON 11x10%1.4 %10 [46,66]

Li,EDC: Dilithium ethylene decarbonate; PEO: poly(ethylene oxide); SPVA: sulfonated poly(vinyl alcohol); LiRAP: lithium-rich anti-perovskite;
FE: fluorinated etching; LIPON: lithium phosphorus oxynitride.
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Figure 4. (A) Contour plot of deposition factor as a function of ionic conductivity and thickness of SEI layer. Reproduced from Ref.*”?
with permission from the Royal Society of Chemistry. (B) Solubility of LINOj in different carbonate-based electrolytes. Reproduced from
Ref.[* with permission from Nature.

using a discrete analyzer. The solubility of the LiNO, additive in carbonate-based electrolyte is one order of
magnitude smaller than that in an ether-based one. On decreasing the concentration of LiPF,, the solubility
of NO, noticeably increases, which is known as the “common-ion effect”. Brown and co-workers found
that using phosphate solvents increases the solubility of additives in carbonate-based electrolytes.
Specifically, triethyl phosphate significantly increases the solubility of LINO,, resulting in an improvement
in the capacity retention and Coulombic efficiency””.
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In addition to LiNO,, Li,S, is a potential additive candidate that forms Li,$ and Li,S,. The ionic conductivity
of bulk Li,S is extremely low (~10%* S cm™). However, when Li,S exists as a thin layer at the interface, owing
to the grain boundaries, dislocations, interfaces and amorphous content, its ionic conductivity (10° S cm™)
is higher than other common SEI components, such as Li,CO, (10* S cm™) and LiF (3 x 10° S cm™)"”. The
Li,S, additive also results in a mechanically dense and thick SEI layer on the surface of Li metal, because Li
metal reacts with Li,S, to form an insoluble component”. Note that the passivation layer derived from the
LiNO, additive is less solid. Some synergistic effects can be expected from using dual LiNO,-Li,S,. This
approach causes flat Li plating without dendritic Li growth in ether-based electrolytes. This feature cannot
be achieved using only LiNO,". In a similar manner, dendritic Li growth can be inhibited by using a dual-
layer composed of an organic layer and an inorganic layer. Zhang and co-workers reported a uniform and
compact dual-layer SEI with organic components (e.g., ROLi and ROCO,Li) on the top layer and inorganic
components (e.g., LiF and Li,CO,) on the bottom layer. This organic amorphous polymer layer increases the
Li-ion diffusivity and avoids damage based on its flexibility and the inorganic LiF-Li,CO, layer contributes
to forming the ordered Li nucleation and prevents side reactions by preventing contact between the
electrolyte and Li metal "7,

SEl mechanical properties

When some mechanical damage or breakage occurs at the weak natural SEI of Li metal electrodes, the Li
metal suffers severe loss of its passivation layer, resulting in the degradation of cell performance. In some
cases, thermal runaway can arise at some local points on the electrode. In considering cell design, in
addition to its ionic conductivity, the mechanical properties of the SEI are some of the primary factors.
Recently, Xia and co-workers characterized the SEI layers in carbonate- and ether-based electrolytes with
the aid of a cryogenic electron microscope™. Each organic component was determined during Li plating
and stripping. From density functional theory calculations, a single SEI component derived from different
electrolytes was predicted. The authors found correlations between the SEI components and mechanical
properties and argued that carbonate-based electrolytes are preferable.

Recently, detailed electro-chemo-mechanical modelling was implemented using the finite element method
to provide beneficial information for the SEI. The aim was to determine the correlation between the
mechanical properties of an artificial SEI and Li deposition. The results showed that the mechanical
properties of the SEI are governed by uneven Li deposition, such as in whiskers, tresses, globules and
dendrites™. If the ionic conductivity of the SEI is improved, reaching a certain level, mechanical stress
cannot be concentrated, resulting in even Li deposition. However, Figure 5 shows that, except for
polyvinylidene difluoride, a critical value (og/0peuo) Of > 0.1 was not found. According to their
calculations, a Young’s modulus (Eg;) of 4 GPa as a threshold value is a critical point for the deposition of
uniform Li growth. Therefore, the ionic conductivity of an artificial SEI needs to be improved without
degradation of its mechanical strength. We need to find an artificial SEI to meet the conditions of the
threshold values of oy /0pecroqe > 0-1 and Egy > 4 GPa. This is a new strategic method of testing artificial SEIs
on other metallic anodes'™.

Solid electrolytes

In spite of the various attempts to suppress dendritic Li growth in liquid electrolytes, unexpected growth
still constantly occurs. As a principal solution to replacing liquid electrolytes, many studies are underway to
suppress dendritic growth by utilizing solid electrolytes. As shown in Figure 6A, when a liquid electrolyte is
used in a Li metal battery, an SEI is formed due to side reactions, and subsequently, the low ionic
conductivity of the SEI leads to dendritic Li growth. In contrast, using solid electrolytes with adequate
mechanical properties minimizes dendritic growth®!. Note that the electrochemical performance of the
battery is inferior to that of the liquid electrolyte due to the lack of ionic conductivity, as shown
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Figure 6. (A) Schematic illustration of dendritic Li growth in solid and liquid electrolytes. (B) Li-ion conductivity in various types of solid
electrolytes. Reproduced from Ref."®? with permission from Elsevier.

in Figure 6B. To further improve the ionic conductivity in the solid electrolyte, various structures have been
tested. It is well known that solid electrolytes can be classified as sodium superionic conductors
(NASICONSs), garnets, perovskites, lithium superionic conductors (LiSICONSs), lithium phosphorus
oxynitride (LIPON), Li,N, sulfides, argyrodites and anti-perovskite structures.

The argyrodite type with the formula Li,PS.X (X = Cl, Br or I) has attracted significant attention among the
solid electrolyte candidates because of its high ionic conductivity and stability at the Li metal interface. The
argyrodite-type solid electrolyte spontaneously reacts with moisture, however, and generates toxic H,S
gas™. To reduce the generation of H,S, Cho and co-workers proposed a natural zeolite as a functional
additive™!. To investigate the effect of zeolite nanoparticles, pristine Li,PS.Cl and zeolite embedded Li,PS.Cl
were exposed to humid air (relative humidity (RH) = 50%). The initial ionic conductivity values were
estimated to be 1.31 x 10” and 1.27 x 107 S cm ', respectively. After exposure for 1 h in humid air conditions
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Figure 7. Schematic summary of the Li metal battery focusing on its advantages, dendritic Li growth, artificial SEI layers and solid
electrolytes.

(RH = 50%), the Li-ion conductivity of the pristine Li,PS,Cl was 0.23 x 10° S cm™ while the zeolite
embedded Li,PS.Cl was 0.39 x 10° S cm™. The decrease in ionic conductivity was reduced in the zeolite-
embedded Li,PS,Cl because the continuous contact between H,O and Li,PS.Cl was significantly reduced,
since porous zeolite nanoparticles adsorb H,S and H,O effectively in their porous structure.

PERSPECTIVE AND OUTLOOK

Enormous research and development efforts have been focused on batteries since they are the energy
storage devices of many electronic devices and have become ubiquitous in our daily lives. Ultimately,
consumers are demanding electronic devices with high-capacity and lightweight batteries. To meet these
requirements, it is necessary to construct batteries using Li metal as the anode, which has advantages such as
high theoretical capacity and energy density and low oxidation potential. To commercialize these attractive
Li metal batteries, however, it is necessary to suppress the inevitable growth of Li dendrites. Dendritic Li
growth is intensified by localized Li-ion flux through cracks in the SEI. This repeated Li growth creates
isolated "dead Li", which dramatically reduces the capacity of the battery. In this mini review, we have
summarized the SEI layer, which affects the dendritic Li growth, and focused on electrolyte additives in
terms of ionic conductivity, mechanical strength and solid electrolytes as a solution to suppress dendritic Li
growth, as summarized in Figure 7. To suppress the growth of Li dendrites, the primary key points are
achieving increased ionic conductivity of the SEI layer and improved mechanical stability, which is an
inherent property of the SEI. In particular, to utilize Li metal as an anode, it is essential to research additives,
which generate SEI components, such as Li,N and Li,S. These obtain higher ionic conductivity than other
SEI components. In addition to these SEI components, an accurate understanding of bilayers and new
research insights into additives compatible with each layer are required.

From the mechanical perspective, the use of solid electrolytes is an essential technique to overcome these
technical issues. Solid electrolytes can inhibit dendritic Li growth with their robust mechanical strength.
However, they have crucial drawbacks, such as low ionic conductivity, compared to liquid electrolytes and
contact loss problems with active materials. Argyrodite-type solid electrolytes are emerging as a solution
with high ionic conductivity. Note that argyrodite solid electrolytes spontaneously react with moisture in
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the air and generate toxic H,S gas, which is harmful to the human body. To apply them to actual

commercial batteries, additives, such as a natural zeolite, that reduce the amount of H,S gas should be

studied. To achieve a Li metal battery with perfect high capacity and stable operation, an in-depth

understanding of the SEI is essential. In particular, various SEI components can be generated through

chemical additives, so further research on additives with a focus on ionic conductivity and mechanical

properties is crucial. As an alternative approach, solid electrolytes can also be a solution if the low ionic

conductivity is overcome through atomic substitution and the interfacial problem is solved using coatings.

DECLARATIONS

Authors’ contributions

Proposed the topic of this review: Kim JH, Han SA

Prepared the manuscript: Park S, Chaudhary R, Qutaish H

Collectively discussed and revised the manuscript: Moon J, Park MS, Kim JH

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023

REFERENCES

1.
2.

10.

Kim JH. Grand challenges and opportunities in batteries and electrochemistry. Front Batter Electrochem 2022;1:1066276. DOI
Chang H, Wu YR, Han X, Yi TF. Recent developments in advanced anode materials for lithium-ion batteries. Energy Mater
2021;1:100003. DOI

Yang Y, Okonkwo EG, Huang G, Xu S, Sun W, He Y. On the sustainability of lithium ion battery industry - A review and perspective.
Energy Stor Mater 2021;36:186-212. DOI

Lee J, Moon J, Han SA, et al. Everlasting living and breathing gyroid 3D network in Si@SiO,/C nanoarchitecture for lithium ion
battery. ACS Nano 2019;13:9607-19. DOI PubMed

Bi Z, Guo X. Solidification for solid-state lithium batteries with high energy density and long cycle life. Energy Mater 2022;2:200011.
DOI

Kitsche D, Tang Y, Ma Y, et al. High performance all-solid-state batteries with a Ni-rich NCM cathode coated by atomic layer
deposition and lithium thiophosphate solid electrolyte. ACS Appl Energy Mater 2021;4:7338-45. DOI

Jungjohann KL, Gannon RN, Goriparti S, et al. Cryogenic laser ablation reveals short-circuit mechanism in lithium metal batteries.
ACS Appl Energy Mater 2021;6:2138-44. DOI

Xiao Y, Xu R, Xu L, Ding JF, Huang JQ. Recent advances in anion-derived SEIs for fast-charging and stable lithium batteries. Energy
Mater 2021;1:100013. DOI

Soto FA, Mzrzouk A, EIMellouhi F, Balbuena. Understanding ionic diffusion through SEI components for lithium-ion and sodium-ion
batteries: insights from first-principles calculations. Chem Mater 2018;30:3315-22. DOI

Ramasubramanian A, Yurkiv V, Foroozan T, Ragone M, Shahbazian-yassar R, Mashayek F. Stability of solid-electrolyte interphase


https://dx.doi.org/10.3389/fbael.2022.1066276
https://dx.doi.org/10.20517/energymater.2021.02
https://dx.doi.org/10.1016/j.ensm.2020.12.019
https://dx.doi.org/10.1021/acsnano.9b04725
http://www.ncbi.nlm.nih.gov/pubmed/31380622
https://dx.doi.org/10.20517/energymater.2022.07
https://dx.doi.org/10.1021/acsaem.1c01487
https://dx.doi.org/10.1021/acsenergylett.1c00509
https://dx.doi.org/10.20517/energymater.2021.17
https://dx.doi.org/10.1021/acs.chemmater.8b00635

Park et al. Energy Mater 2023;3:300005 | https://dx.doi.org/10.20517/energymater.2022.65 Page 11 of 13

11.

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

(SEI) on the lithium metal surface in lithium metal batteries (LMBs). ACS Appl Energy Mater 2020;3:10560-67. DOI

Hu Z, Zhang S, Dong S, et al. Poly(ethyl a-cyanoacrylate)-based artificial solid electrolyte interphase layer for enhanced interface
stability of Li metal anodes. Chem Mater 2017;29:4682-89. DOI

Schwager P, Biilter H, Plettenberg I, Wittstock. Review of local in situ probing techniques for the interfaces of lithium-ion and lithium-
oxygen batteries. Energy Technol 2017;4:1472-85. DOI

Liu T, Lin L, Bi X, et al. In situ quantification of interphasial chemistry in Li-ion battery. Nat Nanotechnol 2019;14:50. DOIL

Diddens D, Appiah WA, Marbrouk Y, Heuer A, Vegge T, Bhowmik A. Modeling the solid electrolyte interphase: machine learning as
a game changer? Adv Mater Interfaces 2022;9:2101734. DOI

Lee HJ, Kim HR, Lee KJ, et al. Crack healing mechanism by application of stack pressure to the carbon-based composite anode of an
all-solid-state battery. ACS Appl Energy Mater 2022;5:5227-35. DOI

Liu L, Guan P. Phase-field modeling of solid electrolyte interphase (SEI) evolution: considering cracking and dissolution during
battery cycling. ECS Trans 2018;85:1041-51. DOIL

Chen L, Fan X, Ji X, Chen J, Hou S, Wang C. High-energy Li metal battery with lithiated host. Joule 2019;3:732-44. DOI

Kang D, Jin D, Moon J, et al. AgNO;-preplanted Li metal powder electrode: preliminary formation of lithiophilic Ag and a Li;N-rich
solid electrolyte interphase. Chem Eng J 2023;452:139409. DOIL

Kang DW, Moon J, Choi HY, Shin HC, Kim BG. Stable cycling and uniform lithium deposition in anode-free lithium-metal batteries
enabled by a high-concentration dual-salt electrolyte with high LiNO; content. J Power Sources 2021;490:229504. DOI

Choi SH, Hyeon YH, Shin HR, et al. Critical role of surface craters for improving the reversibility of Li metal storage in porous carbon
frameworks. Nano Energy 2021;88:106243. DOI

Lee J, Choi SH, Qutaish H, et al. Structurally stabilized lithium-metal anode via surface chemistry engineering. Energy Stor Mater
2021;37:315-24. DOI

Kim J, Lee J, Yun J, et al. Functionality of dual-phase lithium storage in a porous carbon host for lithium-metal anode. Adv Funct
Mater 2020;30:1910538. DOI

Qutaish H, Suh JH, Han SA, Kim S, Park MS, Kim JH. Regulation of ionic conductivity and lithium affinity of porous carbon
framework in Li metal batteries through oxidized nitrogen groups. Appl Surf Sci 2022;605:154757. DOI

Yang T, Sun Y, Qian T, et al. Lithium dendrite inhibition via 3D porous lithium metal anode accompanied by inherent SEI layer.
Energy Stor Mater 2020;26:385-90. DOI

An D. Film formation on lithium anode in propylene carbonate. J Electrochem Soc 1970;117:C248-&. DOI

Peled E. The Electrochemical behavior of alkali and alkaline earth metals in nonaqueous battery systems-the solid electrolyte
interphase model. J Electrochem Soc 1979;126:2047-51. DOI

An SJ, Li J, Daniel C, Mohanty D, Nagpure S, Wood D. The state of understanding of the lithium-ion-battery graphite solid electrolyte
interphase (SEI) and its relationship to formation cycling. Carbon 2016;105:57-76. DOI

Spotte-Smith EWC, Kam RL, Barter D, et al. Toward a mechanistic model of solid-electrolyte interphase formation and evolution in
lithium-ion batteries. ACS Energy Lett 2022;7:1446-1453. DOI

Sun SY, Yao N, Jin CB, et al. The crucial role of electrode potential of a working anode in dictating the structural evolution of solid
electrolyte interphase. Angew Chem Int Ed 2022;61:¢202208743. DOI

Bedrov D, Borodin O, Hooper JB. Li" transport and mechanical properties of model solid electrolyte interphases (SEI): insight from
atomistic molecular dynamics simulations. J Phys Chem C 2017;121:16098-109. DOI

Yu Q, Jiang K, Yu C, et al. Recent progress of composite solid polymer electrolytes for all-solid-state lithium metal batteries. Chin
Chem Lett 2021;32:2659-78. DOI

WuM, LiY, Liu X, Yang S, Ma J, Dou S. Perspective on solid-electrolyte interphase regulation for lithium metal batteries. SmartMat
2021;2:5-11. DOI

Liu G, Lu W. A Model of concurrent lithium dendrite growth, SEI growth, SEI penetration and regrowth. J Electrochem Soc
2017;164:A1826-33. DOI

LiC,LiY, Chen Z, Zhou Y, Bai F, Li T. Hybrid diluents enable localized high-concentration electrolyte with balanced performance
for high-voltage lithium-metal batteries. Chin Chem Lett 2022:107852. DOI

Xie J, Sun S, Chen X, et al. Fluorinating the Solid electrolyte interphase by rational molecular design for practical lithium-metal
batteries. Angew Chem Int Ed 2022;61:¢202204776. DOI

Ma X, Shen X, Chen X, et al. The origin of fast lithium-ion transport in the inorganic solid electrolyte interphase on lithium metal
anodes. Small Struct 2022;3:2200071. DOI

Vu TT, Kim BG, Kim JH, Moon J. Suppression of dendritic lithium-metal growth through concentrated dual-salt electrolyte and its
accurate prediction. J Mater Chem A 2021;9:22833-41. DOI

Wang X, Zeng W, Hong L, et al. Stress-driven lithium dendrite growth mechanism and dendrite mitigation by electroplating on soft
substrates. Nat Energy 2018;3:227-35. DOIL

Hao F, Verma A, Mukherjee PP. Mechanistic insight into dendrite-SEI interactions for lithium metal electrodes. J Mater Chem A
2018;6:19664-74. DOI

Pathak R, Chen K, Gurung A, et al. Fluorinated hybrid solid-electrolyte-interphase for dendrite-free lithium deposition. Nat Commun
2020;11:93. DOI

Cheng X, Yan C, Zhang X, Liu H, Zhang Q. Electronic and ionic channels in working interfaces of lithium metal anodes. ACS Energy


https://dx.doi.org/10.1021/acsaem.0c01605
https://dx.doi.org/10.1021/acs.chemmater.7b00091
https://dx.doi.org/10.1002/ente.201600141
https://dx.doi.org/10.1038/s41565-018-0284-y
https://dx.doi.org/10.1002/admi.202101734
https://dx.doi.org/10.1021/acsaem.2c00603
https://dx.doi.org/10.1149/08513.1041ecst
https://dx.doi.org/10.1016/j.joule.2018.11.025
https://dx.doi.org/10.1016/j.cej.2022.139409
https://dx.doi.org/10.1016/j.jpowsour.2021.229504
https://dx.doi.org/10.1016/j.nanoen.2021.106243
https://dx.doi.org/10.1016/j.ensm.2021.02.019
https://dx.doi.org/10.1002/adfm.201910538
https://dx.doi.org/10.1016/j.apsusc.2022.154757
https://dx.doi.org/10.1016/j.ensm.2019.11.009
https://dx.doi.org/10.1149/1.1557966
https://dx.doi.org/10.1149/1.2128859
https://dx.doi.org/10.1016/j.carbon.2016.04.008
https://dx.doi.org/10.1021/acsenergylett.2c00517
https://dx.doi.org/10.1002/anie.202208743
https://dx.doi.org/10.1021/acs.jpcc.7b04247
https://dx.doi.org/10.1016/j.cclet.2021.03.032
https://dx.doi.org/10.1002/smm2.1015
https://dx.doi.org/10.1149/2.0381709jes
https://dx.doi.org/10.1016/j.cclet.2022.107852
https://dx.doi.org/10.1002/anie.202204776
https://dx.doi.org/10.1002/sstr.202200071
https://dx.doi.org/10.1039/d1ta06294h
https://dx.doi.org/10.1038/s41560-018-0104-5
https://dx.doi.org/10.1039/c8ta07997h
https://dx.doi.org/10.1038/s41467-019-13774-2

Page 12 of 13 Park et al. Energy Mater 2023;3:300005 | https://dx.doi.org/10.20517/energymater.2022.65

42.

43.

44,

45.

46.

47.
48.

49.

50.

S1.

52.

53.
54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lett 2018;3:1564-70. DOI

Hou Z, Zhang J, Wang W, Chen Q, Li B, Li C. Towards high-performance lithium metal anodes via the modification of solid
electrolyte interphases. J Energy Chem 2020;45:7-17. DOI

Momma T, Matsunaga M, Mukoyama D, Osaka T. Ac impedance analysis of lithium ion battery under temperature control. J Power
Sources 2012;216:304-7. DOI

Han B, Feng D, Li S, et al. Self-regulated phenomenon of inorganic artificial solid electrolyte interphase for lithium metal batteries.
Nano Lett 2020;20:4029-37. DOI

Liu L, Zhu M. Modeling of SEI layer growth and electrochemical impedance spectroscopy response using a thermal-electrochemical
model of Li-ion batteries. ECS Trans 2014;61:43-61. DOI

Vadhva P, Hu J, Johnson M, et al. Electrochemical impedance spectroscopy for all-solid-state batteries: theory, methods and future
outlook. ChemElectroChem 2021;8:1930-47. DOI

Peled E, Menkin S. Review SEI: past, present and future. J Electrochem Soc 2018;164:A1703-19. DOI

Kang DW, Park SS, Choi HJ, et al. One-dimensional porous Li-confinable hosts for high-rate and stable li-metal batteries. 4CS Nano
2022;16:11892-901. DOI

Wenzel S, Sedlmaier S J, Dietrich C, Zeier W, Janek J. Interfacial reactivity and interphase growth of argyrodite solid electrolytes at
lithium metal anodes. Solid State Ton 2018;318:102-12. DOI

Guo R, Gallent BM. Li,O solid electrolyte interphase: probing transport properties at the chemical potential of lithium. Chem Mater
2020;32:5525-33. DOI

Li C, Guo X, Gu L, Samuelis D, Maier J. Ionic space-charge depletion in lithium fluoride thin films on sapphire (0001) substrates. Adv
Funct Mater 2011;21:2901-05. DOI

Pan J, Zhang Q, Xiao X, Cheng Y, Qi Y. Design of nanostructured heterogeneous solid ionic coatings through a multiscale defect
model. ACS Appl Mater Interfaces 2016;8:5687-93. DOI

Lorger S, Usiskin R, Maier J. Transport and charge carrier chemistry in lithium oxide. J Electrochem Soc 2019;166:A2215-20. DOI
Muralidharan A, Chaudhari MI, Pratt LR, Rempe SB. Molecular dynamics of lithium ion transport in a model solid electrolyte
interphase. Sci Rep 2018;8:10736. DOI

Li W, Wu G, Aratijo CM, et al. Li' ion conductivity and diffusion mechanism in a-Li;N and b-Li;N. Energy Environ Sci 2010;3:1524-
30. DOI

Liu Y, Hu R, Zhang D, et al. Constructing Li-rich artificial SEI layer in alloy-polymer composite electrolyte to achieve high ionic
conductivity for all-solid-state lithium metal batteries. Adv Mater 2021;33:2004711. DOI

Chen C, Liang Q, Wang G, Liu D, Xiong X. Grain-boundary-rich artificial SEI layer for high-rate lithium metal anodes. Adv Funct
Mater 2021;32:2107249. DOI

Miyakawa S, Matsuda S, Tanibata N, et al. Computational studies on defect chemistry and Li-ion conductivity of spinel-type LiAl;O4
as coating material for Li-metal electrode. Sci Rep 2022;12:16672. DOI

Wang R, Han H, Liu F, et al. Sulfonated poly(vinyl alcohol) as an artificial solid electrolyte interfacial layer for Li metal anode.
Electrochim Acta 2022;406:139840. DOI

Luo Z, Li S, Yang L, et al. Interfacially redistributed charge for robust lithium metal anode. Nano Energy 2021;87:106212. DOI

Hu A, Chen W, Du X, et al. An artificial hybrid interphase for an ultrahigh-rate and practical lithium metal anode. Energy Environ Sci
2021;14:4115-24. DOI

Wang Z, Wang Y, Zhang Z, et al. Building artificial solid-electrolyte interphase with uniform intermolecular ionic bonds toward
dendrite-free lithium metal anodes. Adv Funct Mater 2020;30:2002414. DOI

Chen H, Pei A, Lin D, et al. Uniform high ionic conducting lithium sulfide protection layer for stable lithium metal anode. Adv Energy
Mater 2019;9:1900858. DOI

Hu J, Chen K, Li C. Nanostructured Li-rich fluoride coated by ionic liquid as high ion-conductivity solid electrolyte additive to
suppress dendrite growth at Li metal anode. ACS Appl Mater Interfaces 2018;10:34322-31. DOI

Wang Y, Liu F, Fan G, et al. Electroless formation of a fluorinated Li/Na hybrid interphase for robust lithium anodes. J Am Chem Soc
2021;143:2829-37. DOI

Li J, Dudney NJ, Nanda J, Liang C. Artificial solid electrolyte interphase to address the electrochemical degradation of silicon
electrodes. ACS Appl Mater Interfaces 2014;6:10083-88. DOI

Han SA, Qutaish H, Park MS, Moon J, Kim JH. Strategic approaches to the dendritic growth and interfacial reaction of lithium metal
anode. Chem Asian J2021;16:4010-17. DOI

Yan C, Yao YX, Chen X, et al. Lithium nitrate solvation chemistry in carbonate electrolyte sustains high-voltage lithium metal
batteries. Angew Chem Int Ed 2018;57:14055-59. DOI

Liu YY, Lin DC, Li YZ, et al. Solubility-mediated sustained release enabling nitrate additive in carbonate electrolytes for stable
lithium metal anode. Nat Commun 2018;9:3656. DOI

Brown ZL, Heiskanen S, Lucht BL. Using triethyl phosphate to increase the solubility of LiNO; in carbonate electrolytes for
improving the performance of the lithium metal anode. J Electrochem Soc 2019;166:A2523-27. DOI

Guo Y, Cheng J, Zeng J, et al. Li,CO;: insights into its blocking effect on Li-ion transfer in garnet composite electrolytes. ACS Appl
Energy Mater 2022;5:2853-61. DOI

Camacho-Forero LE, Balbuena PB. Exploring interfacial stability of solid-state electrolytes at the lithium-metal anode surface. J


https://dx.doi.org/10.1021/acsenergylett.8b00526
https://dx.doi.org/10.1016/j.jechem.2019.09.028
https://dx.doi.org/10.1016/j.jpowsour.2012.05.095
https://dx.doi.org/10.1021/acs.nanolett.0c01400
https://dx.doi.org/10.1149/06127.0043ecst
https://dx.doi.org/10.1002/celc.202100108
https://dx.doi.org/10.1149/2.1441707jes
https://dx.doi.org/10.1021/acsnano.2c01309
https://dx.doi.org/10.1016/j.ssi.2017.07.005
https://dx.doi.org/10.1021/acs.chemmater.0c00333
https://dx.doi.org/10.1002/adfm.201100303
https://dx.doi.org/10.1021/acsami.5b12030
https://dx.doi.org/10.1149/2.1121910jes
https://dx.doi.org/10.1038/s41598-018-28869-x
https://dx.doi.org/10.1039/c0ee00052c
https://dx.doi.org/10.1002/adma.202004711
https://dx.doi.org/10.1002/adfm.202107249
https://dx.doi.org/10.1038/s41598-022-20289-2
https://dx.doi.org/10.1016/j.electacta.2022.139840
https://dx.doi.org/10.1016/j.nanoen.2021.106212
https://dx.doi.org/10.1039/d1ee00508a
https://dx.doi.org/10.1002/adfm.202002414
https://dx.doi.org/10.1002/aenm.201900858
https://dx.doi.org/10.1021/acsami.8b12579
https://dx.doi.org/10.1021/jacs.0c12051
https://dx.doi.org/10.1021/am5009419
https://dx.doi.org/10.1002/asia.202101108
https://dx.doi.org/10.1002/anie.201807034
https://dx.doi.org/10.1038/s41467-018-06077-5
https://dx.doi.org/10.1149/2.0991912jes
https://dx.doi.org/10.1021/acsaem.1c03529

Park et al. Energy Mater 2023;3:300005 | https://dx.doi.org/10.20517/energymater.2022.65 Page 13 of 13

73.
74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Power Sources 2018;396:782-90. DOI

Lorger S, Narita K, Usiskin R, Maier J. Enhanced ion transport in Li,0 and Li,S films. Chem Commun 2021;57:6503-06. DOI
Aurbach D, Pollak E, Elazari R, Salitra G, Kelley CS, Affinito J. On the surface chemical aspects of very high energy density,
rechargeable Li-sulfur batteries. J Electrochem Soc 2009;156:A694-A702. DOI

Li W, Yao H, Yan K, et al. The synergetic effect of lithium polysulfide and lithium nitrate to prevent lithium dendrite growth. Nat
Commun 2015;6:7436. DOI

Sun Y, Zhao C, Adair KR, et al. Regulated lithium plating and stripping by a nano-scale gradient inorganic organic coating for stable
lithium metal anodes. Energy Environ Sci 2021;14:4085-94. DOI

Yan C, Cheng X, Tian Y, et al. Dual-layered film protected lithium metal anode to enable dendrite-free lithium deposition. Adv Mater
2018;30:1707629. DOI

Yuan S, Weng S, Wang F, et al. Revisiting the designing criteria of advanced solid electrolyte interphase on lithium metal anode under
practical condition. Nano Energy 2021;83:105847. DOI

Frenck L, Sethi GK, Maslyn JA, Balsara NP. Factors that control the formation of dendrites and other morphologies on lithium metal
anodes. Front Energy Res 2019;7:115. DOI

Liu Y, Xu X, Kapitanova OO, et al. Electro-Chemo-Mechanical modeling of artificial solid electrolyte interphase to enable uniform
electrodeposition of lithium metal anodes. Adv Energy Mater 2022;12:2103589. DOI

Han SA, Qutaish H, Lee JW, Park MS, Kim JH. Metal-organic framework derived porous structures towards lithium rechargeable
batteries. EcoMat 2022;5:€12283. DOI

Zheng F, Kotobuki M, Song S, Lai MO, Lu L. Review on solid electrolytes for all-solid-state lithium-ion batteries. J Power Sources
2018;389:198-213. DOI

Lee D, Park KH, Kim SY, et al. Critical role of zeolites as H,S scavengers in argyrodite Li;PS;Cl solid electrolytes for all-solid-state
batteries. J Mater Chem A 2021;9:17311-16. DOI


https://dx.doi.org/10.1016/j.jpowsour.2018.06.092
https://dx.doi.org/10.1039/d1cc00557j
https://dx.doi.org/10.1149/1.3148721
https://dx.doi.org/10.1038/ncomms8436
https://dx.doi.org/10.1039/d1ee01140e
https://dx.doi.org/10.1002/adma.201707629
https://dx.doi.org/10.1016/j.nanoen.2021.105847
https://dx.doi.org/10.3389/fenrg.2019.00115
https://dx.doi.org/10.1002/aenm.202103589
https://dx.doi.org/10.1002/eom2.12283
https://dx.doi.org/10.1016/j.jpowsour.2018.04.022
https://dx.doi.org/10.1039/d1ta04799j

