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Abstract: Solid-state lithium metal batteries (SLMBs), recognized as next-generation energy
storage systems for their high energy density and intrinsic safety, face commercialization
challenges stemming from interfacial instability, lithium dendrite proliferation, and rapid
capacity degradation in anode-free configurations. This review analyzes the underlying
mechanisms of performance deterioration in SLMBs: (1) the highly reactive lithium metal
engages in chemical or electrochemical side reactions with the solid-state electrolyte (SE),
leading to a continuous increase in interfacial impedance; (2) Volume fluctuations during
lithium deposition/stripping trigger mechanical contact failure; (3) Irreversible lithium
consumption in anode-free systems creates a self-amplifying degradation cycle. In order to
solve these issues, we focuses on three major modification strategies: (1) Three-dimensional
porous current collectors for homogeneous lithium-ion flux regulation and dendrite
suppression; (2) Constructing a gradient artificial interfacial layer to inhibit electron leakage
and promote ion transport; (3) Developing dynamic self-adaptive interfacial systems that
utilize in situ alloying reactions to achieve interface self-healing. In addition, the core
contradictions in anode-free systems are furtherly analyzed. Furthermore, we emphasize the
critical role of synergistic optimization between current collectors and interfacial layers in
enhancing lithium deposition reversibility. By elucidating the fundamental principles and
interdependencies of existing modification approaches, this review provides theoretical
guidance and innovative design principles for developing high-performance SLMBs with
extended cycle life and commercial viability.

Keywords: solid-state lithium metal batteries, anode-free, lithium dendrites, interfacial
engineering, three-dimensional current collector

1. Introduction

Along with the accelerated global transformation of the energy structure, high-energy-density and
high-safety energy storage technologies have become critical to supporting the development of clean
energy. Lithium-ion batteries (LIBs), as the current mainstream electrochemical energy storage
technology, have been widely applied in portable electronic devices and electric vehicles[1]. However,
because of the lithium-intercalation within the graphite anode in LIB, their development is
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constrained by low energy density, resulting in a specific capacity of only 372 mAh g'![2] and thereby
limiting further improvements in battery energy density [3].
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Figure 1: Challenges and modification strategies for the anode—electrolyte interface in SLMBs

Lithium metal anode (LMA) is regarded as the ideal choice for next-generation high-energy-
density batteries due to its exceptionally high theoretical specific capacity (3860 mAh g!) and the
lowest redox potential (-3.04 V vs. SHE). However, conventional liquid lithium metal batteries
(LMBs) face several challenges in practical applications. Firstly, the high reactivity of lithium metal
triggers continuous side reactions with the liquid electrolyte, leading to the formation of an unstable
solid electrolyte interphase (SEI) and thereby reducing coulombic efficiency (CE). Moreover, the
growth of lithium dendrites and the gradual accumulation of “dead lithium” during cycling decrease
the CE of the LMA, further exacerbating capacity fade. To solve these issues, LMBs require
additional lithium (N/P>1) to compensate for the lithium loss during cycling. Nevertheless, the use
of excess lithium increases safety risks and reduces the overall energy density of the LMBs [4-5].

As a result, under the dual requirements of safety and high energy density, the concept of anode-
free lithium metal batteries (AFLMBs) has emerged. In the initial state of AFLMBs, no active lithium
metal is present on the anode side. During the first charge, Li" is extracted from the cathode material
and deposit on the surface of the current collector (CC), forming a lithium metal layer. This design
not only eliminates the safety risks associated with excess lithium metal but also significantly
enhances the volumetric energy density of the battery. However, liquid-state AFLMBs still face
challenges such as electrolyte decomposition and flammability, particularly under high current
densities, which can rapidly deteriorate cycling performance. Additionally, the risk of internal short
circuits due to dendrite growth remains [6]. The emergence of SE has opened up new opportunities
for the development of AFLMBs. Compared with LE, SE is nonflammable, nonvolatile, and stable at
high temperatures. For certain solid lithium-ion conductors, they exhibit a lithium-ion transference
number (tri+) close to 1. More importantly, the high elastic modulus and mechanical strength of SE
can effectively suppress lithium dendrite growth, thereby enhancing battery safety and cycle life [7].
Anode-free solid-state lithium metal batteries (AFSSLBs) based on SE combine the high energy
density advantage of AFLMBs with the superior safety of SE, becoming a current research hotspot.

Although AFSSLBs exhibit tremendous application potential, their practical performance remains
constrained by issues such as poor solid—solid interfacial contact, degradation of the anode material
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structure, and compatibility problems between the SE and the current collectors. As shown in Figure
1, This review focuses on interfacial modification strategies between the SE and the anode, and
explores the key scientific and technical issues common to both SLMBs with abundant “lithium
inventory” and AFSSLBs. The aim is to provide theoretical guidance and practical solutions for the
development of future high-energy-density and high-safety batteries.

2.  Causes of capacity loss

AFSSLBs significantly enhance the intrinsic safety of batteries by completely eliminating the design
of excessive lithium metal anodes. Whereas, their performance degradation fundamentally stems
from the kinetic imbalance of lithium supply and consumption. Unlike the "lithium inventory"
buffering mechanism in SLMBs, the active lithium of AFSSLBs totally relies on the limited
extraction from the cathode materials (such as NCM or lithium-rich manganese-based materials),
while AFSSLBs lack the "lithium inventory" compensation mechanism present in traditional LMBs.
This design makes the reversibility of lithium deposition/stripping become the decisive factor for
system stability. If irreversible reactions occur at the anode interface (such as the formation of dead
lithium or interfacial side reactions), it will directly contribute to continuous loss of active lithium
and capacity loss (Figure 2). Experimental results confirm that the capacity loss in AFSSLBs is
primarily attributed to two interconnected mechanisms: (1) The low coulombic efficiency of the
highly reducing LMA (typically <99 %, resulting in a loss of approximately 1% active lithium per
cycle) will significantly shortens cycle life; (2) The continuously increasing overpotentials during
cycling induce dynamic reformation of the solid electrolyte interphase (SEI), with in-situ impedance
spectroscopy analysis showing that the interfacial impedance increases by about 15% per cycle[8].
Notably, the mechanical stress accumulation of the rigid SEI in solid-state batteries leads to the
expansion of microcracks, forming local barriers to lithium ion transport (Apri+ >0.2 eV), which
further exacerbates the spatially uneven deposition of lithium. This "SEI damage-deposition
distortion" positive feedback mechanism results in an exponential decay in capacity retention[9].
Therefore, understanding the coupling of these two mechanisms is key to developing solutions.
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Figure 2: Battery architecture diagrams of LMBs, SLMBs, and AFSSLBs

2.1. Interfacial reaction induced by the highly reductive lithium anode

In liquid-state LMBs,the low redox potential of LMA (-3.04 V vs. SHE) continuously drives the
reduction of ether/ester-based electrolytes, forming SEI composed of inorganic compounds such as
Li,0, LiS, LisN. Although this passivation layer exhibits ionic conductivity, its electronic insulating
properties are theoretically expected to suppress the continuous decomposition of the electrolyte [10].
This is of significant importance for enhancing the cycle life and safety of liquid-state LMBs.
However, in SE matrices commonly used in SLMBs (e.g., LisPSsCl), reducible metal elements such
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as Ge, Ti, and Al are existing. XPS analysis indicates that these elements are reduced to their metallic
states (e.g., Ge°) during cycling and subsequently react with Li to form highly conductive lithium
alloys (e.g., Li»»Ges) through alloying reactions, leading to ongoing interfacial reduction [11].
Although the solid—solid contact in SLMBs reduces the active reaction area, the uneven deposition
on the current collector causes the rough morphology of the deposited lithium metal to trigger
localized hotspot reactions with SE [12]. Moreover, once the deposited lithium reacts with the solid
electrolyte, there is no surplus lithium reserve in SLMBs to replenish it, resulting in a rapid and
irreversible capacity loss. What is noticeable is that polymer SE (e.g., PEO-LiTFSI) can improve
interfacial contact through the flexibility of their molecular chains. Their apparent electrochemical
window (>4 V vs. Li/Li") can effectively suppresses electrolyte decomposition. Synchrotron imaging
has shown that the thickness of the interfacial by-product is only one-third that of sulfide electrolytes
[13]. By introducing an artificial SEI design (such as a LizN modification layer), the overpotential for
lithium deposition can be reduced by over 60%, thereby providing a significant optimization pathway
for interfacial engineering.

2.2. Volume expansion effect

In conventional LMBs, the volume expansion of active materials is one of the key factors affecting
cycling performance. Nevertheless, irreversible volume changes also occur between the electrolyte
and electrode materials in SLMBs, which further compromise battery stability. During the charging
process, lithium metal deposits irregularly on the anode and gradually accumulates, leading to
continuous internal expansion of the battery. Moreover, due to the rigidity of the SE, the effects of
volume change are further amplified. During discharging, the consumption of lithium metal on the
anode results in a corresponding reduction in volume. Although deposited lithium can partially offset
the volume loss, the non-fluidity of SE combined with the uneven growth of lithium dendrites
gradually leads to the formation of voids between the electrode and the electrolyte during cycling,
ultimately resulting in structural failure and even potential short circuits [14]. These issues severely
affect the long-term cycling stability of the battery. Particularly under deep discharge conditions, if
SE is unable to accommodate the volume changes of the lithium anode, significant fluctuations in
battery thickness may occur. Moreover, the lithium metal on the anode side may also undergo side
reactions with components, further exacerbating the issue of volume expansion.
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Figure 3: Net stress changes induced by constant current in SLMBs with different electrode
configurations: (a) LTO/SE||SE||[LCO/SE (b) LTO/SE||SE|[NCM-811/SE (c) Li||SE||[NCM-811/SE (d)
LiCe/SE|INCM-811/SE. [15]

As shown in Figure 3, Koerver et al. [15] studied the pressure variations in all-solid-state lithium
batteries with different electrode configurations during charge—discharge cycles and found that the
battery pressure exhibits periodic changes throughout the cycling process. With continued charge—
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discharge cycling, the combined effects of lithium dendrite growth and interfacial side reactions
further intensify the structural failure induced by volume expansion, thereby severely impacting the
long-term stability of the battery.

2.3. Irregular growth of lithium dendrites

In solid-state batteries, solid electrolytes (SE) were initially thought to fully suppress dendrite growth.
However, under high current densities, lithium dendrites can still form along grain boundaries, voids,
and microcracks. This process, involving nucleation and propagation, results from a combination of
mechanical stress, uneven ion transport, interfacial side reactions, and electron leakage [16]. Similar
to liquid systems, dendrites nucleate at voids and grain boundaries, where low ionic conductivity
leads to Li* accumulation and local electric field distortions. Pre-existing cracks can expand into
permeation channels, potentially causing short circuits. Unlike liquid electrolytes, electron leakage at
interfaces, such as sulfide grain boundaries, can also lead to the formation of "bulk dendrites” [17].

Mode 1 Degradation Mode 2 Degradation
(a) v 4 (b) Lithium deposition p L

- = ] o b
i Wiy, = Li* LI
ul i {’ :‘ b « /A SEl v % ¢+

A v . —

e » Li metal anode
I’ceT}f'pe Fracture induced Intemall Lifuim ® Uneven deposition Dendrite formation
of cell failure at the Interface Nucleation bl SE| break/repair
=
Counter Force 8 I ‘
{Chemo)-Mechanical E Lithium dissolution
s ] ” . -,
Driving Force Interfacial stress u, -overshoot in the SE *" b ) 7 [fu X /7 =
P » Poissuille prassura > 0 o
for cell failure o Bilx) > g g —
= Li metal anode
3 Uneven dissolution Pit dissolution
i £
Gauses « current focusing at the + Sufficient a,, of the SE £ SEI break/repair
ot il faie interface + lonicialectronic transfer number 2
= LiLi* flux inbalance at the int. gradlent inside SE Low current densities High current densities

Figure 4: (a) Two failure modes of SLMBs induced by lithium dendrite growth in SE[18] (b)
schematic illustration of lithium metal deposition/stripping during battery operation[6]

The failure modes of solid-state lithium metal batteries (SLMBs) caused by dendrites can be
broadly categorized into two types (Figure 4a): interface-related issues, such as poor contact or void
formation, and electron penetration, which leads to slow lithium deposition. When dendrites penetrate
the SE and contact the cathode, they can cause short circuits or even explosions [18].

The high reactivity of lithium, along with volume expansion and dendrite growth, complicates the
formation of a stable anode interface. An ideal SEI should be chemically stable, thin, and hermetically
sealed. As shown in Figure 4b, at lower current densities, lithium deposition maintains a smooth
interface and stable SEI but at higher currents, uneven deposition and volume effects can cause the
SEI to crack, facilitating dendrite growth. Repeated cracking and repair of the SEI consume
electrolyte, decreasing CE and increasing impedance [6].

Further issues arise as dendrite growth increases contact with SE, leading to more side reactions
that irreversibly consume active lithium and electrolyte, reducing CE [19]. Additionally, dendrites
can become encapsulated by insulating SEI products, forming "dead lithium," which further reduces
CE. Accumulated dendrites and dead lithium create a porous interface, hindering Li* and electron
transport, increasing polarization, and lowering energy efficiency [20].

3.  Modification strategies for the SLMBs interface

During operation of SLMBs, the lithium metal deposition and stripping often triggers several
problems including interfacial reactions induced by the highly reducing LMA, volume expansion
effects, the formation of lithium dendrites, “dead lithium” and so on. To solve these problems, current
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efforts are focused on designing stable interfacial layers, modifying current collectors, and the anode-
free trends.

3.1. Current collector modification

In SLMBs, the current collector not only plays the core roles of current conduction and supporting
electrode materials, but its interfacial properties and structural design also deeply influence Li"
transport kinetics, interfacial electrochemical stability and battery cycle life. Due to poor physical
contact with lithtum metal and intrinsic chemical inertness, traditional copper foil current collector
tends to cause increased interfacial resistance and disordered lithium dendrite growth, thereby
severely limiting battery performance.

In response to the above challenges, researchers have proposed structural modification strategies
for current collectors to enable SLMBs operating stably at ambient temperature and pressure. The
design of current collector based on three-dimensional frameworks achieves a triple optimization
effect by establishing hierarchical porous structures: firstly, by enlarging the surface area of the
current collector, the local current density is significantly reduced, suppressing the nucleation and
growth of lithium dendrites; secondly, the porous framework provides an expansion buffering space
that effectively mitigates volume fluctuations during lithium deposition and stripping process
(volume change rate <20 %); besides, the abundance of topological defects on the framework surface
serves as lithiophilic sites, inducing uniform lithium deposition and promoting the formation of a
stable SEI enriched with inorganic components (such as LiF and LizN)[21]. Experiments have
indicated that such modified current collectors can reduce the loss rate of active lithium during cycling
while maintaining stable thickness.

Recent studies have developed various high-performance current collector framework material
systems, mainly including: (1) Graphene and its derivatives: Graphene materials possess high
electrical conductivity (~10° S cm™) and extremely high specific surface area (~2630 m? g'!), which
are widely used to construct highly stable current collectors. (2) Hexagonal boron nitride (h-BN):
Possessing not only a layered structure similar to graphene but also chemical inertness and high
mechanical strength (tensile strength ~130 GPa) make it an ideal interfacial protective material. (3)
2D transition metal carbides (MoS2, VS, etc.): With high ionic conductivity and catalytic activity,
they can simultaneously serve as active materials and current collector modifiers [22].

Huang et al. [23] innovatively grew vertical graphene arrays (VG) on the surface of a commercial
three-dimensional copper mesh, thereby constructing a composite anode (VGCM) with a dual 3D
structure. Benefiting from the unique dual 3D architecture with vertically aligned structures, abundant
topological defects and lithiophilic structure, VGCM provides uniformly distributed Li nucleation
sites, guiding uniform lithium growth during the initial electroplating stage. During battery cycling,
VGCM@LI||CSE|NCM cell exhibits lower polarization (Figure 5a) and demonstrates excellent
electrochemical stability over 20 cycles (Figure 5b). Moreover, as shown in Figure 5c,
VGCM@LIi||CSE|INCM cell displays a higher initial capacity compared to Li||CSE|NCM cell and
maintains a high reversible capacity after 50 cycles. Wen’s group [24] adopted boron nitride
nanosheets (BNNS) to modify the lithium anode, constructing a Li-BNNS composite electrode
system. The modified battery exhibited a much tighter interfacial contact, with the interfacial
resistance drastically reduced from 560Q cm? to 9Q cm?. Meanwhile,by leveraging the insulating
properties of BNNS (electronic conductivity ~107'°> S/cm) together with the in situ-formed Li3N layer
at the interface, electron leakage is blocked and uniform lithium-ion transport is promoted, thereby
increasing the critical current density and suppressing the growth of lithium dendrites. In the LiFePO4
full cell system, the electrode maintained a capacity retention rate of over 90 % after 100 cycles at
0.5 C. And the lithium deposition morphology was dense and free of dendrites.
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In addition to the aforementioned framework engineering strategies, stress regulation has emerged
as a new research direction. Feng et al. [25] suppressed dendrite growth from the perspective of
mitigating stress non-uniformity, designing a nanoporous metallic current collector (NP-Ni) to
homogenize interfacial stress. As shown in the cross-sectional SEM images in (Figure Se, f), SLMBs
incorporating NP-Ni exhibit more uniform lithium deposition and greatly alleviate the formation of
lithium dendrites, thereby achieving stable SLMBs performance. Current collectors with 3D
multifunctional designs not only integrate ion transport, mechanical support, and interfacial stability,
significantly enhancing the energy density, safety, and cycle life of SLMBs, but also improve anode
stability and suppress lithium dendrite growth, thereby more closely mimicking the contact
characteristics of liquid batteries compared with planar current collectors.
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Figure 5: Electrochemical performance of SLMBs with VGCM composite anodes or lithium foil. (a)
constant current charge—discharge curves (b) constant current charge—discharge curves (c) cycling
stability test [23] (d) schematic diagrams of cells with/without NP-Ni (e, f) cross-sectional SEM
images of Li||LPSC electrolyte interface with/without NP-Ni current collectors[25]

3.2. Stable interfacial layer design

The solid—solid contact interface between the SE and the lithium metal anode in SLMBs still faces
three major challenges: (1) Physical contact defects: poor interfacial wettability (contact angle >90°)
results in insufficient effective contact area, further leading to localized current concentration (j > 5
mA cm); (2) Chemical instability: SE components (e.g. S* in sulfides and O in oxides) undergo
irreversible reactions with lithium metal, forming a heterogeneous interfacial layer that significantly
increases interfacial resistance; (3) Electrochemical kinetic limitation: high energy barriers for Li"
transport across the interface exacerbate the concentration polarization during lithium
deposition/stripping [26].

To address these issues, researchers have proposed introducing coatings such as LiAlO; or MoS»
at the interface or optimizing SE’s microstructure to reduce defects, thereby enhancing
electrochemical stability and delaying dendrite penetration. The purpose of interfacial layer
modification is to construct a stable SE-Li anode interface to mitigate issues such as the growth of
lithium dendrites. Interfacial layer modification can generally be classified into composite anode
design, surface modification and interlayer modification, which aim to tailor the SEI nanostructure
by adjusting its composition (enhancing mechanical stability, uniformity, thermal/chemical stability,
etc.) to achieve the desired modification.

Kong et al. [27] constructed a multiphase composite anode Li-Al alloy/LisN/LiNO2 (AN@Li) by
performing an in situ reaction with the addition of AI(NO3)3-9H20 into molten lithium. The Li-Al
alloy, LizN and LiNO2 contribute to lowering the interfacial energy and improving the adhesion
between AN@Li and SE, thereby enhancing the wettability of AN@Li with SE (Figure 6a, b). The
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intimate contact between SE and anode impedes the nucleation and growth of dendrites. Moreover,
it provides an efficient conductive pathway, facilitating Li" diffusion within the anode. Experiments
demonstrated that symmetric cells with the AN@Li electrode achieved a significantly higher critical
current density (1.95 mA cm) (Figure 6¢) and extended cycle life (6000 hours at 0.3 mA cm?)
(Figure 6d) compared with Li|| AN@Li-LLZTOI|L1. Besides, Figure 6e shows the compact contact of
AN@LI||[LLZTO. In full cells paired with LiFePO4 cathodes, a capacity retention of 96 % was
maintained after 200 cycles at a 1 C rate.
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Figure 6: (a, b) Schematic diagrams illustrating the interfacial contact (c) CCD measurement of
symmetric cells (d) constant current cycling tests of symmetric cells () cross-sectional SEM image
of AN@LI||[LLZTO[27] (f) action mechanism of LiF-C-Li3N-Bi layer[28§]

In addition, researchers have utilized alloying reactions to achieve uniform lithium deposition at
the SLMBs’ interfacial layer. Wan et al. [28] inserted a mixed ionic-electronic conductive (MIEC)
lithium-repellent and porous LiF-C-Li3sN-Bi nanocomposite interlayer between LisPSsCl SE and
lithium anode, thereby in situ constructing a porous lithiophobic/lithiophilic interfacial layer. As
shown in Figure 6f, during lithium deposition, the deposited lithium enters the porous LiF-C-Li3N-
Bi layer and reacts with Bi to form a Li3Bi alloy. The lithiophilic Li3Bi and LisN move towards the
current collector along with the deposited lithium, accumulating to form a lithiophilic Li3Bi-Li3N
layer that promotes uniform lithium deposition, while the highly lithiophobic LiF-C layer remains in
place. This further drives the migration of lithium towards current collector, thereby suppressing the
reduction of LigPSsCl and the growth of lithium dendrites. During lithium stripping, a dealloying
reaction occurs to revert to the LiF-C-Li3N-Bi layer, thus enabling a reversible cycle. The developed
lithiophobic/lithiophilic interface enables the Li|LisPSsCIl|Li symmetric cell to cycle stably with a
high capacity of 3.0 mAh cm™ at a high current density of 3.0 mA cm™.

High-entropy alloy interface engineering has shown unique advantages: Zeng et al. [29] developed
a high-entropy alloy coating for application on SEs. Due to the random distribution of different metal
cations in high-entropy materials, slight but widespread distortions in the metal-oxygen bond length
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occur within the lattice, creating a locally disordered overlapping site-energy distribution between
Li" transport sites. This allows for rapid Li" migration, significantly enhancing the ionic conductivity
of SE and site percolation.

3.3. Anode-free configuration design

In recent years, anode-free solid-state lithium batteries (AFSSLBs) have gained significant attention
due to their high energy density, low cost, and improved safety. These batteries enhance safety by
eliminating excess lithium metal anodes. Unlike conventional lithium metal batteries, which rely on
a "lithium reservoir" buffering mechanism, AFSSLBs depend entirely on limited lithium extracted
from the cathode materials, such as NCM or lithium-rich manganese-based compounds. The absence
of a lithium reserve often leads to shorter cycle life, rapid capacity decay, and lower ionic conductivity.
Therefore, improving the reversibility of lithium deposition/stripping and preventing dead lithium
formation are critical for enhancing cycle stability.

To address these challenges, researchers have focused on modifying current collectors. For
instance, Huang et al.[30] designed a carbon-reinforced ionic-electronic composite current collector,
which forms a 3D ionic-electronic network when combined with SE, providing nucleation sites and
accommodation space for lithium. This modification improved cycle life (>5000 cycles), stable
lithium deposition, and high areal capacity (>8 mAh cm™). Additionally, Liu et al.[31] introduced an
Ag-C composite current collector, where nano-Ag particles (~50 nm) reduced the lithium nucleation
overpotential to 1.5 mV. The improved contact area and uniform lithium-ion flux distribution helped
achieve stable lithium deposition, with an areal capacity exceeding 7.0 mAh cm 2 and stable cycling
for over 200 cycles at 0.25 mA cm 2.

4. Conclusion

As a key avenue for achieving high-energy-density and high-safety energy storage systems, the
development of SLMBs still faces multiple challenges: continuous degradation of the SEI caused by
poor interfacial contact along with side reactions between LMA and SE; lithium dendrite growth
which leads to volume expansion and raises the risk of internal short circuits; the limited lithium
source in anode-free systems that affects cycling stability.

In response to these bottlenecks, current research is focusing on multidimensional modification
strategies, including: optimizing the structure of current collectors (such as adopting three-
dimensional frameworks, graphene, BN nanosheets and other materials) to enlarge the reactive
interface, reduce local current densities, and improve the uniformity of lithium deposition;
constructing artificial SEIs or regulate the composition of interfacial layers through alloying reactions,
with the aim of forming a stable, dense, and ionically conductive protective interface; innovations in
anode-free systems which enhancing the reversibility of lithium deposition through the synergistic
integration of composite current collectors and interface engineering.

Overall, the modification and optimization of SLMBs must be advanced in concert across
materials innovation, interface engineering, and structural design. Future breakthroughs require a
balanced approach to material design and mechanistic investigation, leveraging cross-scale interface
optimization and multi-strategy integration to drive substantive progress in achieving SLMBs with
high safety, long cycle life, and commercial viability.
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