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Solid-state lithium-metal batteries (SSLMBs) are considered as
the next-generation energy storage systems due to their high
theoretical energy density and safety. However, the practical
deployment of SSLMBs has been impeded by the failure of
solid-state electrolytes (SSEs) which is indicated by the
increased impedance, elevated polarization, and capacity deg-
radation. The failure is commonly a result of lithium (Li)
dendrite growth and propagation, inactive Li generation,
unstable interface formation, void and pore formation, and

1. Introduction

The current commercial lithium-ion batteries (LIBs) that utilize
graphite anodes have almost reached their theoretical specific
energy density (350 Whkg™")." However, this energy density is
insufficient to meet the practical requirements of long-range
electric vehicles and smart grids.”® Using Li metal instead of
graphite in the cell has been considered as the natural next
step in the development due to the high theoretical specific
capacity of 3,861 mAhg ™' and low redox potential (—3.04 V vs.
SHE) of Li. In the surge for high-energy-density, Li metal
batteries (LMBs) will boost the energy density of state-of-art
LIBs. However, uncontrolled formation of Li dendrites is a major
problem encountered in LMBs, which may lead to capacity
fade, short circuits and thermal runaway, posing a great hurdle
for practical applications.”

Solid-state lithium-metal batteries (SSLMBs) have been
proposed as a promising approach to considerably optimize the
safety, cycling capability, and energy density of LMBs by
replacing flammable liquid electrolyte with a solid-state electro-
lyte (SSE).®” In general, SSEs can be divided into two major
groups: inorganic solids including crystalline, glass, glass-
ceramic and organic solid polymers. SSEs have higher thermal
stability compared with traditional liquid electrolytes, which can
largely prevent the electrolyte decomposition at high voltage,
thermal runaway, and catastrophic failures of batteries, which
essentially improves cyclability and safety.® Furthermore, the
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crack infiltration. The failure processes can be divided into
electric failure, (electro)chemical failure, and mechanical failure
based on the different mechanisms. The systematical under-
standing of SSEs failure is crucial for the development of SSEs.
Therefore, this review comprehensively summarizes the details
of the three SSEs failure to provide new insights for future
studies, shedding light on the design of SSLMBs with high
energy density, safety, and cycling stability.

higher mechanical modulus (e.g., toughness or shear modulus,
etc) SSEs are expected to suppress the formation and
propagation of Li dendrites further promoting safety and
cycling stability.”” In addition, a wider voltage window of some
SSEs also enables the full utilization of the capacity of high-
voltage cathodes, thus increasing the energy density of
LMBs.""" However, internal short circuits, increased impe-
dance, and decayed capacities have severely impeded the
practical application of SSLMBs, especially at high-power
conditions which promote Li dendrite growth and crack
propagation in SSEs.!'%'?

The underlying physical, mechanical, chemical, and electro-
chemical mechanisms behind cell failure are still not well
understood and several advanced characterization methods
have been employed to shed light on different phenomena. In
situ auger electron microscopy (AEM)™ can detect Li metal
with high spatial resolution, and can probe pressure-dependent
Li plating/stripping processes, providing information about the
distribution and thickness of deposited Li. Insitu scanning
electron microscopy (SEM),"™ in situ high-resolution transmis-
sion electron microscopy (HRTEM),"® and in-plane operando
optical microscopy (OM),"” have been applied to investigate
crack permeation, which are directly related to the intrinsic
mechanical properties, of SSEs, and dendrite formation, as well
as porosity, surface roughness, defect distribution, or external/
internal stress." These methods provide 2D information where-
as focused ion beam (FIB)-SEM™ can be used to probe the
morphology of cross-sections or even in 3D by consecutive
slicing of the sample. In-situ synchrotron X-ray computed
tomography (CT)" with high resolution can provide 3D images
non-destructively facilitating the observation of the propaga-
tion of cracks and Li dendrites in the bulk of SSEs.”?® Atomic
force microscopy (AFM) can detect the roughness and thickness
of the surface of SSEs, which gives information about the 3D
structure of formed interphases between SSE and Li anode.?"
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
enables 3D elemental mapping, which helps to qualitatively
investigate the composition of the interphase.”?

Theoretical modeling and simulations can also provide an
in-depth understanding of failure mechanisms and are not
limited by the same constraints as experimental methods. For
instance, Xiong etal. proposed a modified electro-chemo-
mechanical failure model of SSEs, clarifying the failure mecha-
nism rooted in the interplay of interfacial and internal defects
via numerical simulation.”” Zhao etal. present predictions
about the current spot, voids formation, and development
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based on the proposed electro-chemo-mechanical model.?!

These methods are based on a combination of experimental
data and theoretical modeling and suggest pathways to under-
stand failure in and for the design of SSEs.”*”

However, a systematic and detailed understanding of the
failure mechanisms of SSEs, which is the prerequisite for
designing SSEs with high performance, is still lacking. This
review provides a comprehensive summary of the current
understanding of failure mechanisms of SSEs, which can be
classified into three types: electric failure, (electro)chemical
failure, and mechanical failure. We cover the full chain of
processes of SSEs failure, including initiation, development,
consequence, and the most important factors behind the
mechanisms. With this as a base direction for future research
and guidelines for designing SSEs and SSLMBs with high
performance can be established.

2. Electric Failure
2.1. Origin of electric failure

The occurrence of electric failure in SSLMBs is primarily due to
three causes: internal short circuit, loss of electric contact, and
the formation of inactive Li. The internal short circuit of the cell
is triggered by the connection of the cathode and anode by Li
dendrite growth and propagation when the applied current
density exceeds the critical current density (CCD).”® During
charging, Li ions migrate through the electrolyte to the Li metal
anode and form nuclei at the interface between the SSE and
the Li metal anode. As the deposition progresses Li will deposit
preferentially on these nuclei, resulting in the growth of Li
filaments. These filaments grow to form dendrites, which can
propagate through the SSE and potentially connect the cathode
and anode causing a short circuit.””? In addition, when the areal
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capacity reaches a critical value, unstable Li deposition and
short circuits induced by Li dendrites can still occur even
though the current density is lower than the CCD.*® Therefore,
not only the current density but also the areal capacity should
be taken into account for the prevention of internal short
circuits and electric failure.

2.2. Processes of Li deposition

To understand the Li-plating process in SSMBs one can build on
the knowledge from Li deposition and dendrite nucleation and
growth in liquid electrolytes. Firstly, Li nucleation occurs when
the local overpotential exceeds the surface energy (Fig-
ure 1a).”” The critical nucleation radius has been shown to be
inversely dependent on the overpotential,®” i.e., smaller nuclei
are formed with increasing overpotential. Current density also
influences the nucleation step, with larger nuclei, with whisker
growth, at low current density, while at higher current density,
smaller nuclei are formed (Figure 1¢).*” Sadd et al. investigated
the microstructure evolution during Li deposition on a Cu
substrate in liquid electrolytes via operando X-ray tomographic
microscopy.” Needle-like, mossy-like, and integrated struc-
tures, form mechanically robust Li-dendrites. The results
indicate that tall needle-like Li microstructures are formed at
low current density, whereas at high current density, Li with
shorter and denser mossy-like morphology is dominating (Fig-
ure 1d, e). The Young’s modulus of the substrate, where the
deposition occurs also affects the overpotential of nucleation
and critical nucleation size. For a fixed current density, larger
nuclei and fewer nucleation sites are formed on a substrate due
to a higher sustained inner pressure (Figure 1b).2" Thus, the
nature of the substrate/interface, physical properties of the
electrolyte, and current density influence the nucleation and
growth toward the final morphology in liquid electrolytes. An
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Figure 1. a—c) The progress of Li nucleation and Li whisker growth. Reproduced with permission from Ref. [29] Copyright (2021) Wiley. d, e) The Li plating/
stripping morphology at low/high current density. Reproduced with permission from Ref. [20] Copyright (2023) The Authors.

even more complex situation can be expected for SSEs bringing
challenges for inhibiting Li dendrite formation and
propagation.””!

2.3. Growth of Li dendrites

In SSLMBs the growth and propagation of Li dendrites are
directly influenced by the properties of the SSEs and the SSE/Li-
metal interface, e.g., mechanical modulus of the SSE, crystal-
linity, cracks/defects and their distribution, or voids/porosity at
the interface. Monroe and Newman have suggested that SSEs
with high shear modulus can suppress the growth of Li dendrite
during Li plating.?**¥ Especially, garnet-Li,La;Zr,0;, (LLZO) is a
type of potential SSEs, due to its high elastic and shear
moduli.” However, garnet-SSEs still suffer from low CCD, which
leads to Li deposition and growth of Li dendrites at low current
density, finally causing electric failure.?¥ This points to that a
high shear modulus alone is not sufficient to suppress of Li
dendrite formation and propagation.

Wang etal. have demonstrated that a high electronic
conductivity of the SSEs promotes the formation of Li dendrites,
since it allows for reduction of Li* and formation of Li metal in
the bulk of the SSE when the potential reaches the Li-plating
potential.®* Sakamoto et al. first observed that Li preferentially
deposits along grain boundaries (GBs) and propagates through
the SSE, via SEM, energy dispersive spectrometer (EDS), and
auger electron spectroscopy (AES) experiments®® (Figure 2a).
This revealed the crucial role of GBs in the formation of Li
dendrites in SSEs. They associated a decreased bad gap in GBs
to the reduction of Li ions and formation of local Li filaments at
GBs.®” This was supported by Pan et al. who pointed to a high

Batteries & Supercaps 2023, €202300321 (4 of 11)

electronic conductivity of GBs as the main cause of low CCD
and metallic Li deposition inside SSEs.*¥ Also, the ionic
conductivity is central and Islam et al. proposed two types of
Li™ conduction pathways in SSEs, the “granular’ pathway and
the “GB” pathway. Along the “granular” pathway (Figure 2b) Li
ions diffuse through the grains and GBs, and it dominates when
the GBs are more resistive than the bulk crystalline structure, for
example in the case of Li;OCl. The “GB” pathway (Figure 2c) will
dominate when the conduction of GB is similar to that of the
bulk, which is the case of sulfides and some oxide SSEs.*”
Furthermore, Siegel et al. have proposed that the elastic proper-
ties of GBs play a role. In general, they are less rigid allowing
easier propagation of Li filaments through GBs compared to the
stronger bulk SSE.*”

Pre-existing cracks also play a critical role in the propagation
of Li dendrites through an SSE. Figures 2(d, e) illustrates this,
where after Li deposition on the surface of the SSE, Li
deposition continuously propagates laterally from the initially
deposited sites.” Cracking/surface degradation of the SSE was
not observed, and no short circuit occurred in this experiment
(Figure 2d). Nevertheless, when placing the electrode close to
the pre-cracked area, Li accumulation was not observed on SSE
at the unchanged current density (Figure 2e), instead of which,
cracks are filled with Li metal. Moreover, the nature of Li plating
depends on surface defects, such as pores, voids, or cracks, at
the interface between the SSE and the substrate for deposition.
Li deposition will preferentially occur at the defects due to a
lower overpotential and electric field concentration (Fig-
ure 2d).”¥ As soon as the defect is completely filled by
deposited Li metal, mechanical stresses within the SSEs tend to
increase and form cracks in the bulk as Li metal continues to
plate (Figure 2e).?*" Therefore, there exists synergistic interplay

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Figure 2. a) The SEM image of Li deposits along GBs. Reproduced with permission from Ref. [36] Copyright (2017) Elsevier. Schematic of b) the “granular”
pathway and c) the “GB” pathway. Reproduced with permission from Ref. [39] Copyright (2018) American Chemical Society. d) Li deposition at a pristine as-
fractured surface, where surface deposition of Li metal without crack formation or propagation is observed. e) Li deposition at a pre-cracked region, where no
surface deposition of Li is observed, whereas growth of a crack from the initially damaged region is observed. Reproduced with permission from Ref. [26]
Copyright (2017) Wiley-VCH. f) The SEM image of “dead Li"; g) The scheme of dead Li° formation during Li stripping process. Reproduced with permission
from Ref. [43] Copyright (2020) Elsevier. h) The diagram of inactive Li generation due to the fast formation of SEI.

between cracks and Li dendrites, namely, on one hand, cracks
provide preferential deposition sites for Li, and on the other
hand, Li deposition and development of Li dendrites promote
the propagation of cracks. External pressure is an important
parameter in this context as it can directly influence Li dendrites
as well by preventing the progress of electroplating of Li. A
higher external pressure generally results in smoother and
denser morphology of plated Li and increases the mechanical
stability.”*?

2.4. Formation of inactive Li

In addition to the short circuits caused by propagation of Li
dendrites through the SSE, the transformation from active Li to
inactive Li is another cause of electric failure, leading to capacity
fade and decreased Coulombic efficiency (CE) during cycling.
The formation of a solid electrolyte interphase (SEl) on the
anode consumes active Li during cycling, which decreases the
CE. Furthermore, inactive Li could form when metallic Li is

Batteries & Supercaps 2023, €202300321 (5 of 11)

wrapped in SEl, or metallic Li which has penetrated into the
SSE, losing electric contact due to mechanical stresses or the
fragility of formed Li structures, in particular at fast stripping
(high discharge rate) or fast formation of SEI (Figure 2g, h).'®*
This type of inactive Li could also be called “dead Li” (Figure 2f,
g), which not only aggravates the diffusion barrier of Li ions
and accounts for the high overpotential but also brings about
low CE as well as rapid capacity fade.””

3. (Electro)chemical Failure

The (electro)chemical failure of SSEs mainly originates from the
formation of an unstable interphase between SSEs and Li metal
anode. An unstable interphase promotes a continuous decom-
position of the SSE and accumulation of side-reaction products,
leading to increased impedance and contact loss, accelerating
(electro)chemical failure.

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

5181 SUOWILLOD 2AIRBID @] (dde aU) Aq peLLianoB a1 SSP1LE YO 88N J0 3| oy AReIqIT2UIIUO AB]1M UO (SUONIPUO-PUE-SULBYLLIC" B M AZR.q1BUIIUO//SAL) SUORIPUOD PLEE SUWLB L 84} 205 *[£20Z/0T/ET] Uo Akeiqi72ulluo Aojim ‘ABojouyos 1. JO AISBAIIN SBWRYD Ad TZE00EZ0Z Med/Z00T OT/I0p/wioo 8|1 Aseiq jeuuo adoane-Ansiwely/sdny wosy pepeojumod ‘0 ‘ezz99952



Chemistry
Europe

European Chemical
Societies Publishing

Review

Batteries & Supercaps doi.org/10.1002/batt.202300321

3.1. Formation of interphase

The interphase formed between SSEs and Li metal anode due
to the reduction of the SSE can be classified into three types:
kinetically stable interphase (KSI), mixed conductive interphase
(MCI), and stable SElI. Firstly, in the case of KSI (Figure 3a), the
SSE is reduced spontaneously, and the formed interphase is
electronically insulating. The electrochemical potential of Li
decreases across the interphase from the Li anode to SSE, to be
within the electrochemical window of the SSE due to the poor
electronic conductivity of the interphase. In this situation, the
decomposition of the SSE has no thermodynamic driving force
to continue, and it is protected from continuous reduction.”*
In contrast, the reduction of SSE in the case of forming MCl is at
the same time, but the interphase is both electron and ion
conductive, facilitating the further reduction of the SSE.*
Therefore, the continuous growth of the interphase occurs also
leading to a volume change which is detrimental to interphase
stability. Moreover, MCI is predicted to grow rapidly at high
current density leading to higher pressure (large volume
change) and acceleration of the degradation of the SSE. Thirdly,
in SEI, SSEs are stable with Li-metal anodes due to the electron
insulative and ion conductive of SEI (Figure 3c).'”

The type of formed interphase between an SSE and Li metal
anode depends on the chemical composition of the SSE. SSEs
without transition metals, such as LiPON and Li,P;S,, are
kinetically stable towards Li metal anodes. The in-situ formed
binary Li compounds, such as LiF, LiCl, LiBr, Li,O, Li,S, LiH, or
Li;N, form an interphase that is thermodynamically stable and
passivates the SSE from continuous reduction. However, the
ionic conductivity of interphase created by compounds is
usually low, increasing the impedance of the cell and impeding
the electrochemical reduction of Li*."® Moreover, KSI is formed
on the surface of garnet and perovskite-type SSEs since the
transition metal in garnet and perovskite type structures are
difficult to reduce to a conductive metallic state. An electroni-
cally insulating layer will be obtained which inhibits the
continuous reduction of the SSE. Most inorganic SSEs, such as
Li,(GeP,S;, (LGPS) and Li, Al Ti, ,(PO,); (LATP) form an MCI at
the Li/SSEs interface. The instability is mainly associated to the
high-valence cations (e.g., P°", Ge*, Ta**, Ti*™, and In*"), which
can be reduced to an electron-conductive metallic state. The
persistent reduction of the SSE is facilitated by the electronically

a KSI b
es Li e'

MCI c

Li

conductive interphase, ultimately leading to (electro)chemical
failure of the SSMB."

A specific example is the formation of different interphases
from two types of SSEs, Li,(SnP,S,;, (LSPS) and LigPSsCl (LPSC),
which is also beneficial to build a deeper understanding of the
influence of stack pressure and the processing of electrolyte. In
the case of LSPS, an MCI forms, and continuously grows, at the
interface of Li/SSE without the formation of Li filaments.*’*® On
the other hand, a thinner interphase with the ability to self-
passivate is formed on the surface of LPSC resulting from its
electronically insulating nature, but at the same time, non-
uniform Li plating occurs. This contrasting behavior is related to
the pressure built up during continuous SEI growth that leads
to an increased stack pressure in LPSC-based cells. Sakamoto
etal. also proposed that a current-dependent “critical stack
pressure” will lead to significant polarization during electro-
chemical cycling."”

3.2. Decomposition of SSEs

In addition to the formation of Li/SSEs interphase, SSEs suffer
from decomposition when the operating voltage is outside
their electrochemical stability window. Unfortunately, the
electrochemical stability windows of most sulfides and garnets
are very narrow, such as LGPS, which is restricted to 1.7-2.4 V.
Zhang and colleagues further investigated the decomposition
processes and products formed under different voltage win-
dows with Li,P5S,; (LPS). The results indicated that using a wide
electrochemical window, LPS suffered a severe redox reaction
of leading to the accumulation of the decomposition products,
such as Li,S, the amount of which increased with the voltage
window.®" Adams and coworkers also explored the decom-
position behavior of LAGP by electrochemical cycling tests and
first-principles calculations.”? The increased electronical con-
ductivity of voids or GBs in LAGP promotes the decomposition
and the formation of Li,P,0,, Li;PO,, GesP,O,s, AIPO,, and GeO.
Finite element method simulations clarified that the accumu-
lation of deposition products leads to a peak of internal stress
of 2.5-125 GPa relevant to various Li excess ratios (0 to 6),
which subsequently causes volume expansion. This value
exceeds the critical failure stress of LAGP and leads to crack
formation after several cycles.” As a result, interfacial polar-

SEI
-

$ t
LLLLLLT& & kLk,LLL LL LLL &

e

Figure 3. Interphase growth between the Li metal and different SEs, a) kinetically stable interphase (KSI); b) mixed conductive interphase (MCl);

electrolyte interphase (SEI).
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ization and cell resistance increase, with fast capacity degrada-
tion and (electro)chemical failure as a result.

4. Mechanical Failure
4.1. Origin of mechanical failure

The mechanical failure of SSEs mainly results from crack
infiltration, interface delamination, and void/pore formation,
which, on one hand, promote Li dendrite propagation even-
tually causing short circuit, on the other hand, cause contact
loss increasing the overpotential and resulting in capacity
decay.” The process of crack formation and interface delami-
nation occurs as follows. Nonuniform Li deposition leads to
severe fluctuation of the Li/SSEs interfaces due to the rigidity of
SSEs compared to liquid electrolytes. The fluctuating interfaces
lead to void formation or disconnection with contact loss or
delamination. This type of interface degradation impedes the
Li-ion transport with increasing interfacial impedance and
capacity decay. Furthermore, the rigid SSE cannot accommo-
date the volume change which generates large and nonuniform
distribution of stresses, resulting in mechanical damage to the
interface. After repetitive cycles, significant interphase bending
or microcracking occurs, which accumulates to form macro-
scopic cracks and loss of grain contact and connectivity, thus
increasing polarization and leading to capacity losses (Fig-
ure 4a).5%¥ As a result, the as-generated and as well as pre-

a 0 h (i) 24 h (ii)

32 h (i)

existing defects act as the preferential Li deposition sites
promoting the Li dendrites infiltration.®”

Mechanical failure is affected by several factors, such as
nature of Li deposition, current density, stress release, phys-
icochemical properties of the SSE, or defect distribution. Li
deposition and the cracking processes give an electro-chemical-
mechanical coupled effect. The formed cracks, voids, and
primary defects lead to uneven distribution of overpotential,
and Li is preferentially deposited at sites with low overpotential.
The presence of these sites leads to further selective deposition
of Li and the formation of Li filaments. Stress will accumulate at
the tip of Li filaments, pushing the Li filament into the SSE and
further accelerating SSE failure. A simplified geometry of a Li
filament based on a typical inorganic SSE is shown in Fig-
ure 4(b) with the pressure from the Li metal indicated. The
model shows that maximum stresses are found at the filament
tip.”® High electron conductivity of the Li filament contributes
to the further deposition of Li and leads to greater over-
potential, widening and lengthening of these structures. The
changes in stress distribution due to Li dendrite propagation
accelerates crack infiltration.”® This can lead to different
morphology/geometries of deposited Li (for example, “straight”,
“spalling”, “branching”, and “diffuse” types) created inside
cracks.” This Li filament geometry together with applied
current density are crucial factors to determine the propagation
rate of Li dendrites and the failure time of SSLMBs by internal
short circuits. It is found that a stress-field integrated network is
easily formed between adjacent filaments when they have small

44 h (iv)
\ \ ik

c
B % Cu. Li
x / Volume element
= L fffff e, 1
3
o
= - e e
shear force LLZO
compressive force Li substrate
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Darle Pre-existing  Pre-existing sharp cracks
ark spots  cracks : ’
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Porous structure allows to distribute Dendrites can thus pass through Compacity does not allow, the \
the generated stress (plating volumic  cracksand cause short circuit generated forcesto distribute and Delamination=>(2. Mechanical failure)
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Figure 4. a) The formation progress of cracks in SSE pellet. Reproduced with permission from Ref. [53] Copyright (2019) American Chemical Society.

b) Simplified schematic of a Li filament in SSE matrix. Reproduced with permi
a single LLZO particle; d) Schematic illustration of crack opening and Li filling

ssion from Ref. [26] Copyright (2017) Wiley. c) Li eruption at the interface to crack
in SSE. Reproduced with permission from Ref. [16] Copyright (2022) Springer

Nature. e) Schematic summarizing all the observed failure modes observed in the LPS vs. LPSCI SSEs. Reproduced with permission from Ref. [15] Copyright

(2022) Royal Society of Chemistry.
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diameters and high number density, with a fast development of
the damage in the SSE.

4.2. Crack formation

The relationship between cracks and Li dendrite propagation
was investigated by in-situ X-ray CT based on the Li/LisPSsCl
(LPSQ)/Li cell by Bruce and coworkers." During plating,
cracking starts with conical “pothole”-like cracks (spallation) at
the interface with the Li electrode where plating occurs.
Subsequently, cracks propagation initiates from the spallation
located at the plated Li electrode and reaches the other
electrode where stripping occurs resulting in transverse cracks
across the LPSC-SSE. The formation and development of the
cracks are driven by the growth of Li via broadening the
pathway, leading to the penetration of cracks through the
entire SSE ahead of the connection of the two electrodes by
Li." Shearing et al. explored the order of crack formation and
Li dendrite propagation by tracking Li penetration in SSEs by in-
situ synchrotron X-ray CT. The results indicate that crack
infiltration is much faster than Li growth so that a large number
of cracks near the cathode side are empty and the cell operates
normally. The deposited Li after short circuit (cell failure) was
segmented, and its distribution was visualized.®® The cracks
travel ahead of Li dendrites, and cracks in turn serve as the
propagation route for Li dendrites, ultimately causing short
circuits. Li dendrite propagation and cracks infiltration promote
each other leading to an enhancement of the processes.
Furthermore, Chueh et al. proposed that nanoscale cracks and
current focusing are the main cause of Li intrusion into SSEs
rather than electrochemical reduction.®

Wang et al. revealed that the initiation of cracks at the Li/
SSE interface depends on the local current density and
mechanism of mass/stress release." They investigated the Li
deposition dynamics and associated failure mechanism of SSEs
by visualizing the interphase evolution of Li/Li,La;Zr,0,, (LLZO)
through in situ TEM. Li propagated laterally on LLZO facilitated
by the stress resulting from the Li deposition, the strong
mechanical pressure and low current density. After Li “erup-
tion”, the LLZO-SSE will be cracked without defects due to the
blowout of the local stress as high as the GPa level (Figure 4c,
d).

Intrinsic physicochemical properties of SSEs affect the
process of mechanical failure as well, and Davoisne et al.
studied this influence based on two sulfide-based SSEs, B-Li;PS,
(LPS) and LigPSsCl (LPSCI)." LPSCI inhibits dendrite propagation
to a larger degree, due to a higher compactness of LPSCI
compared to LPS, in the case of which, the cathode near the
side of SSE delaminates because the formed electro-chemo-
mechanical stress is exerted upon the cathode. LPS has higher
porosity, which leads to faster crack growth, since Li deposits
inside these pores at the anode interface, causing mechanical
stress on the SSE and elongation of neighboring pre-existing
cracks. Both of these two SSEs display mechanical failure after
cycling, in LPSCI it tends to occur through delamination in the
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cathode whereas in LPS it is preferential due to cracking due
the different flexibility and porosity (Figure 4e).

4.3. Formation of pores and voids

The interfacial and internal defects and voids of SSEs also
induces nonuniform electrodeposition of Li and trigger me-
chanical degradation of SSEs.? Liu etal. built a modified
electro-chemo-mechanical model to describe the interplay of
interfacial and internal defects on mechanical failure, which
provides the relationship between mechanical failure of SSEs
and electrodeposition of Li metal.”® Stress transmits through
the SSE due to Li deposition at the Li/SSE interface, thus
generating damage inside the SSE, which is governed by the
morphology of interfacial defects. Damage becomes more
drastic if there exist defects with sharper angles (cube) or larger
fluctuation at the contact area (semi-ellipse) (Figure 5a). Small-
sized semispherical interface defects lead to smaller cracks
within the SSE (Figure 5b), and with the expansion of the semi-
sphere radius the cracks grow wider and longer. Furthermore,
the transmission of generated stress in the SSE is also
influenced by internal voids, which functions as hubs for
regulating damage processes and govern the mechanical failure
of SSEs (Figure 5c). The larger number of internal voids lead to
the shorter damaging time, and the shorter distance between
internal voids also shortens the damage time.*?

The formation of voids/pores is another source of mechan-
ical failure. Voids form in the Li anode at the surface when the
stripping current density removes Li from the interface faster
than it can be replenished, which leads to contact loss,
increased impedance, and locally increased current density,
promoting formation of Li dendrites.” The size of voids in an
SSE pellet less affects the failure process compared to the
number of voids. Therefore, decreasing the porosity of SSE has
been considered as an effective strategy to suppress SSE
failure.?”

Zhao et al. proposed a mechanical model for predicting the
void evolution during cycling, the results of which indicate that
void geometry is highly related to the charge/discharge rate.””
As shown in Figure 5(d), the void expands along the interface
due to the stripping currents, while Li plating transforms to the
contraction of the void edges, giving rise to complete void
occlusion. Some voids are eliminated during plating, while the
occluded voids will reopen in the subsequent stripping process,
causing accumulation of voids and increased loss of contact.*”
A higher applied current density will enhance these phenom-
ena. The local current density and stripping polarization
increase at the void edges, which results in Li dendrite
formation during plating.”¥ The number of voids/pores is
reduced with the application of mechanical pressure, increasing
the electric contact between the electrode and SSE. Smaller
voids can finally be eliminated if the pressure is large enough.
McDowell et al. investigated the influence of local interfacial
roughness on formation of voids during Li stripping by using
operando synchrotron X-ray CT to probe the evolution of Li/SSE
interfaces during battery cycling.”® The results show that the
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Figure 5. a) Visualization of von Mises stress caused by the electrodeposition of Li at the interface of SSEs. b) Visualization of the corresponding damage
region in the SSEs with various radius. c) Visualization of damage region with various interfacial defects. Reproduced with permission from Ref. [52] Copyright
(2023) Wiley. Interplay between voiding and dendrite formation: SEM images and sketches of the process of voiding and dendrite formation during plating
and stripping cycles. Reproduced with permission from Ref. [24] Copyright (2022) Elsevier.

tendency to form voids is increasing with increased local
interfacial roughness, and the local compression caused by the
growth of the interphase may close the formed voids. The
reduction process is also observed to form voids because the Li
metal anode is consumed and leaving voids due to a chemical
side reaction.

5. Conclusions and Future Prospects

The failure of SSEs is influenced by various factors, including the
properties of the formed SSEs/Li interphase, physicochemical
properties of SSEs (e.g., surface defects and crystalline struc-
ture), external conditions (e.g., current density and cell
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pressure), and intrinsic mechanical properties of SSEs. Based on
the various mechanisms, the failure of SSEs can be classified as
electric, (electro)chemical, and mechanical failure. The failure
mechanisms of SSEs cannot be studied individually, due to their
intimate relationship and coupling. Thus, the systematic under-
standing on the coupled electric-(electro)chemical-mechanical
failure mechanisms of SSEs is still not well developed, which is
important to advance research and development of SSEs.

The uneven deposition of Li is the main reason for the
growth of Li dendrites. Li preferentially deposits on surface
defects and initial nucelli, and Li filament propagation along
GBs and further across the SSE leads to short circuit and cell
failure. The side reactions between SSEs and Li electrodes form
an unstable interphase due to the (electro)chemical instability
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Table 1. Strategies to address the failure of SSEs.

Strategies Functions

Structure design 3D Li anode®”

Carbon composite materials'*?

Composite electrolyte®”

(58]

Additives Organic electrolytes

Functional additives®

Interface design

Polymer coating®®”

Inhibit dendrite growth
Homogenous Li deposition
Increase ion conductivity
Interface wetting and isolation
Mechanically robust interface
Inorganic coating’®” Inhibit dendrite growth

Increase interface contact area

Buffer volume change
Buffer volume change
Buffer volume change Inhibit dendrite growth
Prevent SSE reduction

Inhibit dendrite growth Decrease interface resistance
Prevent side reactions Buffer volume change

Inhibit dendrite growth

of most SSEs towards Li metal. This kinetically and/or
thermodynamically unstable interphase accelerates the nonuni-
form deposition of Li and Li dendrite propagation, and the
continuous decomposition of SSEs increases the impedance of
the cell when exceeding the electrochemical stability window,
both of which degrade battery capacity and cause cell
(electro)chemical failure. Moreover, cracking and pulverization
occur due to the local increased stress induced by the inevitable
volume expansion and interface fluctuations during repeated Li
plating/stripping, which lead to contact loss and promote the
propagation of Li dendrites, thus degrading the electrochemical
performance of cell.

To address the electro-chemo-mechanical failure of SSEs,
various strategies have been developed, as listed in Table 1.
Structure design of anode and electrolyte, addition of organic
electrolytes, and design of artificial interface are the main
strategies are explored to prevent the failure of SSEs, and their
functions include suppressing Li dendrite growth, regulating Li
deposition and wetting interface. Despite the significant
achievements in this field, the understanding of SSE failure is
still not comprehensive enough. To facilitate the practical
application of SSLMBs in the future, great efforts should be
devoted to investigating SSE failure. It is necessary to overall
consider the three types of SSEs failure mechanisms and
establish a comprehensive evaluation model based on experi-
ments and theoretical analysis, thereby improving the electro-
chemical performance of SSLMBs for practical use. Additionally,
advanced characterization tools, including electrochemical test-
ing, operando X-ray techniques, and in situ electron microscopy,
should be developed to detect and track the growth of Li
dendrites, voids/pores formation, cracking progress, interphase
evolution, cell pressure change, and electrochemical signal
response from multi-dimensions. Furthermore, building a diag-
nostic system to prevent thermal runaway and cell failure is
significant for the improvement of safety. Based on the full-
scale investigation of SSE failure, a systematic and comprehen-
sive understanding could be attained, providing insights for the
design and development of SSEs with high energy density,
safety, and cycling stability.
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REVIEW

Failure mechanisms: This review
provides a comprehensive summary
of the coupled electro-chemo-me-
chanical failure mechanisms of solid-
state electrolytes. The electric failure
results from the short circuits caused
by growth and propagation of Li
dendrites and the capacity loss
because of inactive Li formation. The
formation of kinetics/thermal unstable
interphase accounts for the
(electro)chemical failure. Cracks infil-
tration and voids/pores formation
lead to mechanical failure.
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