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Chemo-Mechanical Challenges in
Solid-State Batteries

John A. Lewis," Jared Tippens,? Francisco Javier Quintero Cortes,' and Matthew T. McDowel

Solid-state batteries (SSBs) could exhibit improved safety and energy density
compared with traditional lithium-ion systems, but fundamental challenges
exist in integrating solid-state electrolytes with electrode materials. In particular,
the (electro)chemical evolution of electrode materials and interfaces can often be
linked to mechanical degradation due to the all-solid nature of these systems.
This review presents recent progress in understanding the coupling between
chemistry and mechanics in solid-state batteries, with a focus on three important
phenomena: (i) lithium filament growth through solid-state electrolytes, (ii) struc-
tural and mechanical evolution at chemically unstable interfaces, and (iii) chemo-
mechanical effects within solid-state composite electrodes. Building on recent
progress, overcoming chemo-mechanical challenges in solid-state batteries
will require new in situ characterization methods and efforts to control evolution
of interfaces.

The Intersection of Chemistry and Mechanics in Solid-State Batteries

SSBs offer the potential for improved safety and energy density compared with lithium-ion (Li-ion)
batteries. These advantages arise from the use of a solid-state ion conductor instead of the flam-
mable liquid electrolytes found in Li-ion batteries, reducing risk of fire and potentially enabling new
anode chemistries [1,2]. A common SSB architecture features a lithium metal or composite par-
ticulate anode, a composite cathode, and a solid-state electrolyte (SSE) (see Glossary) mem-
brane separating the electrodes (Figure 1, Key Figure). Lithium metal anodes are of particular
interest for SSBs because they could enable ~50% higher energy densities than conventional
Li-ion batteries [3,4].

In recent years, the development of SSBs has been accelerated by the discovery of a variety of
promising SSE materials with high ionic conductivity between 10~ and 102 S cm™' [5-8]. A signif-
icant roadblock, however, lies in integrating SSEs with the other components of the battery. Spe-
cifically, the interfaces between SSEs and electrode materials present fundamental scientific and
engineering challenges that manifest in different ways (Figure 1) [9,10]. In some SSE materials
paired with lithium anodes, lithium metal has been observed to mechanically penetrate the
Li/SSE interface during electrodeposition and extend through the bulk of the SSE, resulting in
short circuits and cell failure (Figure 1A) [11,12]. In addition, many Li/SSE interfaces are thermody-
namically unstable [13,14], with structural and chemical changes that naturally occur upon contact
and electrochemical operation that can alter ion transport characteristics and mechanical integrity
(Figure 1B) [15,16]. Finally, solid-state composite electrodes featuring densified mixtures of ac-
tive material particles within an SSE matrix exhibit complex chemo-mechanics at interfaces,
where even small strains in the active material due to ion insertion/removal can be transmitted
across the interface to mechanically damage the SSE and inhibit ion transport (Figure 1C) [17-19].

The unifying feature that underlies these different phenomena is the coupling between chemical
evolution and mechanical effects at solid-state interfaces. This coupling can be present whenever
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an (electro)chemical change, such as lithium metal electrodeposition or ion insertion, induces me-
chanical stress at an interface. In general, chemo-mechanical phenomena will manifest more
acutely in solid-state systems compared with conventional liquid electrolyte-based batteries.
This is because stress and strain can be transmitted more effectively in solid-state systems,
whereas liquid electrolytes in conventional batteries cannot sustain shear stress or strain and
thus act to relieve electrochemically induced strain. While it is becoming increasingly recognized
that chemo-mechanical effects play an outsized role in determining the behavior and stability of
SSBs [17,19,20], coupled chemical and mechanical evolution at interfaces during battery opera-
tion, and its effects on electrochemical stability, are just beginning to be understood. In many
cases, in situ and operando experiments have been critical for elucidating the evolution of mate-
rials and interfaces [15,20-23], since dynamic changes at buried solid-state interfaces are difficult
to probe with ex situ techniques. Furthermore, modeling has played an important role in
predicting the chemical nature and mechanical effects at SSB interfaces [13,14,24,25]. This re-
view presents recent progress in understanding the links between chemistry and mechanics at
SSB interfaces with specific focus on the three phenomena highlighted above. We also empha-
size the areas in which in situ characterization has been used to study chemo-mechanical phe-
nomena, as well as future opportunities to employ these advanced techniques. Further
dedicated research in this area is necessary for the creation of SSBs with improved stability
and energy density for long-term operation.

Lithium Metal Filament Growth

Filamentary or dendritic growth of lithium in liquid electrolytes is a well-known challenge that can
cause dangerous short circuits and has prevented the use of lithium metal anodes in recharge-
able liquid-based batteries [26]. SSEs have emerged as potential options to prevent filamentary
lithium growth due to predictions that the increased mechanical stiffness of SSE materials
could block the growth of filaments. Assuming linear-elastic mechanical deformation behavior,
Monroe and Newman showed that a polymer membrane with a shear modulus greater than
twice that of lithium metal would act to block lithium filament penetration (termed ‘interfacial
roughening’) [27]. This ‘Monroe-Newman’ criterion has guided the design of many SSEs, but
since its development, it has been discovered that many inorganic SSEs (such as garnets and
sulfides) are susceptible to lithium metal penetration and short-circuiting during electrodeposition
(Figure 1A), despite being much stiffer than lithium metal [11,12,20,28-30]. The observation of
lithium metal penetration in SSEs indicates a significant gap in the understanding of the links be-
tween the mechanical properties, interfacial electrochemistry, and morphological evolution of
lithium metal. In particular, recent findings related to the somewhat unusual mechanical properties
of lithium metal [31-37] (e.g., extensive deformation via creep) highlight the importance of under-
standing how mechanical properties affect interfacial electrochemical behavior and filament
growth. Since a significant motivating factor for the use of SSEs is their potential compatibility
with high-capacity lithium metal anodes, this short-circuiting phenomenon is a critical challenge
to overcome.

Lithium metal penetration during battery cycling has been observed in multiple types of SSEs
[20,38,39], but the research community has primarily focused on investigating garnet-structured
Li;LagZr,015 (LLZO) due to its high ionic conductivity (0.1-1.0 mS cm™") and relative stability in
contact with lithium metal [5,13,40]. When operating above a critical current density (CCD),
lithium metal filaments have been observed to grow through dense ceramic LLZO pellets despite
this material’s high shear modulus of ~60 GPa [11,12,41,42]. Lithium preferentially grows along
grain boundaries, and internal voids can also act as growth pathways [43]. Figure 2A shows the
growth pattern of lithium metal along grain boundaries in polycrystalline LLZO, revealing a web of
lithium metal in the bulk material. Certain amorphous SSEs, such as lithium phosphorus oxynitride
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Glossary

Chemo-mechanics: the interplay
between chemistry and mechanics. In
batteries, chemo-mechanics typically
manifests as reactions (chemical or
electrochemical) driving @ mechanical
response in a material, such as an
electrode particle expanding during the
insertion of Li. Conversely, chemo-
mechanics can also involve mechanical
forces driving chemical changes, such
as altering the chemical potential of a
system.

Composite electrode: a mixture
consisting of an active electrode material
and a solid-state electrolyte (typically as
particles). Additives such as conductive
carbon can be included to enhance
transport properties within the
composite.

Critical current density (CCD): the
current density at which lithium metal
first penetrates through a solid-state
electrolyte in an electrochemical cell,
causing a short-circuit. At current
densities below this value, cells can be
stably cycled without short-circuiting.
Interphase: a phase or mixture of
phases that forms at the interface
between an electrolyte material and an
electrode material in a battery due to
chemical or electrochemical reactions.
Mixed ionic-electronic conductor
(MIEC): a phase that is both an ionic
and electronic conductor. In solid-state
electrolytes, the formation of MIECs
within the electrolyte is detrimental due
to the inability of MIECs to passivate
against electrochemical reduction.
Solid-state electrolyte (SSE): a solid
material with high ionic conductivity
(typically greater than 10* S cm ' at
room temperature) and low

electronic conductivity (typically less
than 10 S cm™) that allows for ion
transport between the anode and
cathode in an electrochemical cell.
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Key Figure
Chemo-Mechanical Phenomena in Solid-State Batteries (SSBs)
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Figure 1. The center schematic shows an SSB containing a lithium metal anode, a solid-state electrolyte (SSE), and a composite cathode. At Li/SSE interfaces,
electrodeposition of lithium metal can drive mechanical penetration through the SSE (labeled as 1). The SSE can also be (electro)chemically reduced to form an
interphase that may have undesirable properties (labeled as 2). In composite electrodes, electrochemical reactions can create significant mechanical deformation at the
SSE/electrode interface (labeled as 3). These chemo-mechanical phenomena are often difficult to characterize due to being buried within the solid, making in situ and
operando characterization necessary to understand their behavior. Examples of characterization techniques that have been used to characterize chemo-mechanical
behavior at SSB interfaces are shown around the ring in (A-C). The optical microscopy image in (A) is reproduced, with permission, from [20]. The in situ X-ray
photoelectron spectroscopy (XPS) schematic in (B) is reproduced, with permission, from [75]. Abbreviations: TEM, transmission electron microscopy.
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(LIPON), have been observed to form lithium filaments along interfaces (Figure 2B), but this material
resists lithium metal penetration in its pure state [44]. However, single-crystalline LLZO can still ex-
perience lithium filament formation, despite the absence of grain boundaries [20]. Understanding
the mechanical and chemical properties of grain boundaries and their impact on lithium metal fila-
ment suppression has been an active research area [45,46]. Studies have also postulated that the
difference between the ionic conductivity of bulk and grain boundary regions in SSEs can drive
lithium metal plating along grain boundaries [47-50]. In a similar vein, the bulk ionic conductivity
and operating temperature have been shown to impact the observed CCD for filament growth
[29,51]. Finally, other work has suggested that high interfacial impedance and nonuniform physical
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contact between lithium metal and SSEs can lead to filament formation [47]. Taken together, abun-
dant evidence has shown that the bulk elastic modulus of SSEs is not the primary factor that con-
trols filamentary growth in many materials and that plastic deformation of lithium and local defects
or perturbations must be considered.

It has become increasingly evident in recent years that the local chemo-mechanical environment
during lithium metal plating and stripping at the interface with the SSE is more complex than orig-
inally thought, and this is one reason for the divergence from predictions. Using in situ optical mi-
croscopy (Figure 1A), Porz and colleagues showed that lithium metal filaments form at physical
surface defects in several different inorganic SSE materials [20]. They proposed a mechanism
in which lithium metal electrodeposition first occurs at surface flaws when operating above a
CCD, which can drive crack growth within the brittle ceramic SSE. Lithium metal can then plate
into the newly-opened crack, and the filling of this void space with lithium causes additional stress
to build at the crack tip, which in turn further drives crack growth. According to their fracture
mechanics-based model (Figure 2C), larger surface defects (such as scratches or pores) favor
lithium filament growth. Eliminating initial surface flaws or modifying the local chemo-
mechanical environment by engineering interfaces could thus be promising routes to preventing
filament growth and short-circuiting.

In addition to in situ optical characterization [20,52], nondestructive acoustic characterization has
also been used to track mechanical degradation in SSEs prior to short-circuiting, where the mea-
sured elastic modulus suddenly decreases at the CCD for short-circuiting [53]. In situ/operando
neutron depth profiling experiments have also proven to be useful for detecting the presence of
lithium metal filaments within SSEs (Figure 1A) [21,54]. Recent operando neutron depth-
profiling experiments by Han and colleagues have challenged the conventional theory that fila-
ments nucleate at the SSE/Li interface [21]. Figure 2D shows the lithium concentration measured
within the bulk of an LLZO SSE during operation. As the cell is discharged (increasing time), the
concentration of lithium in LLZO increases throughout the bulk region but remains constant as
a function of depth (x-axis). The addition of lithium in the bulk suggests the formation of lithium
metal, but the uniform concentration distribution is counter to traditional dendritic growth where
a concentration gradient is present. The absence of such a gradient suggests that the electronic
conductivity of SSEs may give rise to lithium metal growth directly within the bulk of the SSE [21]. If
confirmed, this finding introduces another level of complexity in controlling lithium metal growth
and indicates the need for SSEs with lower electronic conductivity.

To overcome the effects of filament growth, various efforts have been made to increase the CCD
for short-circuiting (and thus the critical overpotential, which may be a more appropriate variable
that determines short-circuiting [21]). Some studies have focused on understanding and eliminat-
ing the presence of grain boundaries in SSEs due to their observed role in filament propagation
[565,56]. Other strategies have investigated incorporating a second phase into the SSE [57,58]
and forming protection layers that react with lithium metal [59]. Establishing excellent ‘chemical
wettability’ between lithium metal and the SSE has emerged as a key challenge to improve inter-
facial contact and reduce current nonuniformities. Enhanced wettability has been achieved by de-
positing various metals and oxides on the surface of the SSE [60-63]. The wettability of lithium on
LLZO can also be significantly improved by removing carbonate and hydroxide surface contam-
ination via heat treatments [64]. These strategies can effectively reduce the interfacial impedance
to less than 5 Q cm? and increase the CCD. Studies have also shown success in filament sup-
pression by engineering polymer electrolytes [65], stacking layers of electrolyte materials with dif-
ferent properties [66-68], and using composite SSEs to reduce short-circuiting and filamentary
growth [69]. These various efforts have shown promise for reducing the extent of filament
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Figure 2. Lithium Metal Filament Growth. (A) Scanning electron microscopy image showing web-like lithium metal
growth along grain boundaries in the bulk of LizLazZr-045 (LLZO). Reproduced, with permission, from [11]. (B) Optical-
microscopy image showing lithium growth along a lithium phosphorus oxynitride (LIPON) interface to connect two copper
current collectors. Reproduced, with permission, from [44]. (C) A model developed by Porz and colleagues predicts that
defect size at the surface of an solid-state electrolyte (SSE) is linked to the overpotential for lithium plating and thus
filamentary growth of lithium through SSEs. Reproduced, with permission, from [20]. (D) Neutron depth-profiling results
showing the concentration of lithium species within the bulk of an SSE during operation of a cell [21]. The increase in
lithium concentration over time combined with the uniform concentration profile as a function of depth suggests that
lithium metal is deposited within the bulk of the SSE, instead of propagating from the interface as a filament. Reproduced,
with permission, from [21]. Abbreviations: LPS, LizP3S+.

formation, but more research is required to understand how these filament suppression strate-
gies work and to link them to fundamental system dynamics. This is exemplified by recent work
that has shown that dynamic pore formation within a lithium electrode due to lithium stripping
at an LLZO interface can cause current constrictions and increased impedance [70], which
may impact filament growth.

Despite numerous efforts, only moderate success has been achieved in preventing short-circuiting
at the current densities necessary for realistic SSB operation. However, in situ and operando
experiments have already been important for understanding fundamental mechanisms of lithium
filament growth and they will likely play a critical role in determining how coupled chemical and
mechanical phenomena at interfaces control metal filament growth in SSEs. This knowledge will
be important to guide further development of high-energy SSBs in the coming years.

Transformations at Interfaces between Lithium and SSEs
Most Li*-conducting SSEs are chemically unstable when in contact with lithium metal [13,14].
Chemical and structural transformations at interfaces often involve reduction and incorporation
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of lithium within the SSE material, resulting in chemically induced volume expansion during the
transformation to form an interphase region (Figure 1B) [15]. Since these volumetric changes
are constrained by the interfacial contact between the interphase and the SSE, this naturally
results in the evolution of stress that can cause mechanical damage (e.g., fracture or plastic
deformation) near the interface. Moreover, the presence of mechanical stress can modify the ther-
modynamic driving force for (electro)chemical reactions, and stress/strain can also alter activation
energies for diffusion, and therefore, diffusion kinetics [71-73]. Finally, morphological evolution of
the lithium electrode, especially pore formation within lithium metal at the interface during lithium
stripping, can cause dynamically changing interfacial contact and impedance [70]. This phenom-
enon is intrinsically linked to the pressure within the cell and has been identified as a critical
bottleneck that limits current [70]. It is thus necessary to understand the coupled effects of
chemical/morphological evolution and mechanical stress/strain at SSB interfaces.

SSE/lithium metal interfaces can be classified into three types [74]: (i) a thermodynamically stable
interface where no interphase is formed, (i) an unstable interface where a mixed ionic-
electronic conducting (MIEC) interphase is formed, and (i) an unstable interface where the in-
terphase is ionically conductive but electronically insulating. Type-1 interfaces are most desirable
because of their exceptional stability, but they do not exist in any known practical Li-based SSEs
[13]. Type-2 interfaces are detrimental to long-term stability, as the mixed-conducting properties
of the interphase facilitate continuous electrochemical reduction of the SSE, and therefore, inter-
phase growth during cycling. Type-2 interfaces have been found in a variety of SSEs such as
Li10GeP2S15 (LGPS), Lit xAlkGes o(POy4)s (LAGP), and Liy Al Tiso (PO4)s (LATP) [23,75]. Type-3
interfaces react to form an interphase with a limited thickness because electrons cannot be
effectively transported to electrochemically reduce the SSE beneath the interphase. Examples
of SSEs that form type-3 interfaces are LLZO, LIPON, and Li;P3S1 (LPS) [76-78]. Therefore, it
is the nature and properties of the mixture of phases within the interphase region that determine
how it evolves during battery cycling.

First-principles modeling has been an effective tool for screening numerous material combina-
tions and predicting whether interfaces are thermodynamically stable [13,14,79-82]. Figure 3A
shows the predicted electrochemical stability windows of a variety of SSEs. Modeling can also
be used to predict the thermodynamically expected reaction products that are formed upon ox-
idizing or reducing an SSE. Screening of reaction products at the Li/SSE interface is particularly
useful for estimating the ionic and electronic conductivity of the interphase, as the transport prop-
erties dictate whether the interface will be type-2 or type-3 [79].

In situ and operando experimental observation of chemical and structural transformations at inter-
faces is necessary to determine the actual phases that form, as well as to understand how trans-
formations are related to mechanical stress evolution. In situ sputtering of lithium metal inside the
vacuum chamber of an X-ray photoelectron spectroscopy (XPS) instrument allows for the direct
chemical reaction of the SSE without exposure to air [74]. In situ XPS experiments have shown
that SSEs (e.g., LGPS, LAGP, and LIPON) become reduced in contact with lithium [23,75,77].
Shifts in binding energies of the elements within SSEs provide clues as to the new phases that
have formed, enabling the classification of these interfaces as type-2 or type-3 [23,74,75,77,78].
Recently, an operando XPS technique has been reported in which lithium is electrochemically de-
posited at an SSE interface through the addition of surface charge using an electron flood gun to
drive lithium migration [83]. These experiments simulate the electrochemical reaction that would
occur during cycling instead of probing a purely chemical reaction. Figure 3B shows that
this method can identify species present at the interface during charge and discharge (lithium
deposition and stripping).
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In situ transmission electron microscopy (TEM) is another method to probe nanoscale
interfacial reactions. In situ TEM experiments involve either creating full SSB cells that are
thin enough for imaging within the TEM [76], or directly forming interfaces within the TEM
by bringing SSE materials into contact with lithium metal using a specialized sample holder
(Figure 1B) [15,22]. Recently, these experiments have been used to observe phase transformations
at the Li/LLZO interface (Figure 3C) [22], as well as structural changes and amorphization
within individual LAGP particles upon reaction with lithium (Figure 3D) [15]. Electron energy
loss spectroscopy (EELS) in conjunction with scanning TEM (STEM) can further provide
information about local chemistry and identify chemical changes at the atomic scale.
Figure 3C shows an example of EELS data, which revealed that pristine cubic LLZO is
transformed to a stable, ~6 nm thick tetragonal LLZO interphase layer when in contact with
lithium metal [22].

Despite our improved understanding of how composition and structure change at Li/SSE
interfaces, efforts to link chemical and electrochemical reaction processes to mechanical
degradation have been limited. Recent work has, however, explored the relationship between
interphase formation and mechanical degradation in the NASICON-structured LAGP material
[15,84,85]. LAGP (electro)chemically reacts with lithium to form an interphase region, which
has an expanded volume (Figure 3D) and thus exerts a tensile stress on the underlying
LAGP. The mixed-conducting nature of the interphase allows for continuous growth, creating
sufficient stress within LAGP to cause fracture [15,84,85]. An important observation is that
electrochemical cycling causes the spatial distribution of the interphase to be highly nonuni-
form and penetrate deep within the bulk of LAGP. The nonuniform morphology of the reacted
phase creates stress concentrations that accelerate LAGP degradation and the onset of
fracture [15]. By coupling in situ X-ray tomography with electrochemical cycling, macroscale
chemo-mechanical fracture within LAGP was mapped and correlated with electrochemical
behavior and interphase growth, as shown in Figure 3E [84]. This study showed that it is the
fracture process which is primarily responsible for electrochemical degradation in this material,
rather than interphase growth itself. The shift from filament-driven short-circuits as the primary
failure mechanism (as in LLZO or LPS) to mechanical fracture driven by interphase growth
demonstrates that the chemical stability of the Li/SSE interface plays a critical role in determin-
ing SSE failure mechanisms.

The creation of protection layers that prevent continuous interphase formation by blocking the
transport of electrons and diffusion of Li atoms, while still allowing for Li* transport, is a viable
path forward for controlling interphase evolution. Stable interfaces may be achieved by using a
material that reacts with lithium to form an artificial interphase consisting of passivating compo-
nents. Recent work has shown that certain nitride materials can react with lithium to form stable
Li*-transporting phases such as LizN [86,87], but experiments are necessary to confirm the
formation of these thermodynamically expected products. Stabilized interfaces can also be cre-
ated using a material that is stable against lithium but has inherently low electronic conductivity
[59,88,89]. Polymers are often used to stabilize reactive interfaces, in part due to their ability to
block electron transport [90-92]. However, materials that are both stable against lithium metal
and electronically insulating are often poor ion conductors at room temperature, which may
limit their performance at higher currents.

Further work is needed to develop a comprehensive chemo-mechanical understanding of
unstable SSE interfaces. While it has been shown that interphase growth is linked to me-
chanical degradation in LAGP, understanding the dynamics of interphase formation in
other SSEs and its relationship to mechanical effects is necessary. The evolution of lithium
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Figure 3. Transformations at Li/Solid-State Electrolyte (SSE) Interfaces. (A) Predicted electrochemical stability windows of various binary lithium compounds
(orange) and common SSEs (green). Reproduced, with permission, from [13]. (B) Operando X-ray photoelectron spectroscopy (XPS) in which the chemical evolution of
SSE interfaces with lithium is detected [83]. An electron flood gun is used to generate surface charge on the SSE, which drives Li* flux towards the surface (see
schematic on left). This process leads to the formation of an interphase, which can be monitored in real time, as shown in the XPS spectra on the right. Reproduced,
with permission, from [83]. (C) A scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS) line scan after in situ lithiation of cubic
Li;LasZr,045 (LLZO) reveals the formation of a 6-nm thick tetragonal LLZO interphase that acts as a passivating layer and prevents further reduction. Reproduced, with
permission, from [22]. (D) In situ transmission electron microscopy (TEM) imaging of a single Liy ., AlGeo «(PO4)s (LAGP) particle during lithiation shows that lithium is
incorporated into LAGP, causing expansion [15]. This reaction also causes amorphization, as shown by the selected-area electron diffraction (SAED) patterns below
the images. Reproduced, with permission, from [15]. (E) In situ X-ray tomography images of the progression of mechanical fracture within the LAGP phase in a
Li/LAGP/Li cell undergoing electrochemical cycling [84]. Reproduced, with permission, from [84]. Abbreviations: LPS, Li7P3S11; SEI, solid-electrolyte interphase.
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metal morphology near the interphase during deposition/stripping also requires investigation.
The use of in situ characterization techniques (e.g., microscopy or tomography) could give
insight into how different electrochemical cycling conditions influence the growth of inter-
phases. This dynamic characterization could also be coupled with continuum mechanical
modeling to understand the evolution of stress and its impact on ion transport [84]. It is
also important to understand the chemistry and structure of naturally passivated (type-3)
Li/SSE interfaces, as the properties of stable interphases could provide clues for creating
artificial protection layers.

Interfaces within Composite Electrodes

Chemo-mechanical effects play a significant role at interfaces between active materials and
the solid-ion-conducting phase within composite electrodes (Figure 1C). Cathodes and
anodes other than lithium metal used in SSBs typically consist of active material particles
surrounded by an SSE matrix to provide abundant ion transport pathways to the active
material. As in liquid-electrolyte systems, active material particles mechanically deform
during electrochemical reactions due to ion insertion and removal. The expansion and
contraction of these particles can exert stress on the SSE matrix during cycling, which can
cause microcracks in the SSE or delamination at the interface that isolates particles from
conduction pathways [17,18,25,93]. Furthermore, these interfaces can also be electrochem-
ically unstable, resulting in the formation of interphases with increased impedance [17,93-98].
Understanding and controlling the chemical and mechanical evolution of interfaces
within composite electrodes is therefore essential to enable rechargeable SSBs with long
lifetimes.

Finite-element modeling coupled with other methods (such as kinetic Monte Carlo methods to
account for diffusion or cohesive-zone fracture methods to predict crack growth) can be
applied to understand chemo-mechanical behavior in complex solid electrodes during
electrochemical reactions [24,25,99,100]. Qualitatively, such models have demonstrated
key trends that facilitate the design of solid-state composite electrodes. The size of electrode
particles plays a critical role in the mechanical stability of interfaces; smaller electrode particles
have higher surface area to volume ratios, which can reduce compressive stresses in the par-
ticles during lithiation (Figure 4A,B) and enhance electronic conduction pathways [100,101].
Modeling has also shown that using an elastically compliant SSE, such as a sulfide, can be
both beneficial and detrimental to interfacial stability. Compliant SSEs are advantageous
because they can deform more readily in response to volume changes of active particles,
making them more resistant to delamination at the particle/SSE interface during particle
contraction [24]. However, nonlinear kinematic modeling has predicted that compliant SSEs
may be more susceptible to microcrack formation during particle expansion because they
can accommodate larger deformations [25]. This modeling has also been used to predict
thresholds of mechanical properties that are necessary for SSEs to resist mechanical
degradation [25].

Chemical and mechanical degradation at SSE/electrode interfaces have been experimentally
observed in composite electrodes. Various SSEs become oxidized when exposed to the
relatively high potentials of cathode materials during charging [17,93-98], resulting in
the formation of a cathode-SSE interphase with high impedance. Performance losses
can thus be partially attributed to the chemical instability and impedance of these interfaces
[93,94]. However, these losses can be mitigated by incorporating protection layers that
reduce the interfacial resistance [102—-104]. Composite electrodes are also highly susceptible
to mechanical damage caused by the volume changes of active particles during electrochemical
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Figure 4. Chemo-Mechanics in Composite Solid-State Electrodes. (A,B) Kinetic Monte Carlo simulations combined with finite element modeling show
that composites with smaller electrode particles exhibit lower mechanical stresses than those with larger particles. Reproduced, with permission, from [100]. (C) The
SSE/electrode interfaces in a LiNij_,_,Co,Mn,O, (NMC)/Li;P3S+4 (LPS) composite electrode initially exhibit good contact. (D) Delithiation of NMC during charging
causes the electrode particles to contract and mechanically delaminate from LPS. (E) This delamination is maintained even in the discharged state where the particles
have expanded. (F) In NMC/LPS composite electrodes, the SSE/cathode interfacial resistance (red markers) increases irreversibly during the first charge but exhibits
reversibility in subsequent cycles, indicating the formation of an interphase during the first charge. (C—F) are reproduced, with permission, from [17]. (G) X-ray
tomography of a solid-state battery before and after cycling reveals that significant bending and cracking occur as a result of electrode deformation during
electrochemical reactions. Reproduced, with permission, from [18].

reactions [17,18,93]. Figure 4C-E shows that LiNi;_4_,Co,Mn,O, (NMC) particles can
permanently delaminate from the SSE after the first charge due to contraction of the
particles during delithiation, resulting in an increase in interfacial impedance [17]. This
delamination was still present in the discharged state, despite NMC particles expanding
during lithiation.

Probing chemo-mechanical phenomena at interfaces in composite electrodes using in situ
and operando techniques is necessary to improve SSB performance. Electrochemical
impedance spectroscopy measurements during cycling (Figure 4F) have identified that
irreversible interphase formation in NMC/sulfide composite electrodes primarily occurs
during the first charge and not during subsequent cycles [17]. In situ pressure measurements
of full-cell SSBs can monitor composite electrode deformation throughout electrochemical
cycling (Figure 1C) [18,19]. This method was applied to compare indium with LisTisO4»
(LTO) anodes, which experience significantly different volume changes during electrochem-
ical lithium insertion [18]. The negligible deformation of the LTO anode resulted in a
reduction of the cell pressure throughout cycling. Maintaining smaller volume changes
within a given battery system, which can result in less applied stress at SSE/electrode
interfaces, may be necessary to prevent damage to the SSE. X-ray tomography has also
been used to map global mechanical degradation within full SSB cells after cycling, as shown in
Figure 4G [18].
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Concluding Remarks

The understanding and control of solid-state interfaces has emerged as a significant scientific
challenge in the development of SSB technologies. Fundamentally, the relationship between
chemical/structural evolution and mechanical deformation plays a key role in the stability of
such interfaces. Electrodeposition at Li/SSE interfaces can cause the growth of lithium metal
filaments within the SSE, which has been linked to mechanical damage such as fracture.
When the Li/SSE interface is chemically unstable, however, the formation of an interphase via
(electro)chemical reduction of the SSE can also cause significant mechanical degradation. In
composite electrodes, mechanical instabilities at interfaces can arise due to the inability of
rigid SSEs to accommodate the electrochemically induced deformation of electrode particles
during cycling.

Despite the recent progress highlighted in this review, more research is necessary in this
burgeoning field to understand and control chemo-mechanical processes at SSB interfaces
(see Outstanding Questions). While in situ and operando experiments have already yielded
important knowledge, the application of new techniques in the future will provide critical in-
formation. For instance, tomographic imaging at different length scales, as well as spectros-
copy of buried interfaces, are possible with synchrotron X-ray techniques [105], but their
application to SSBs will require new experimental designs. Furthermore, the mechanical
properties (e.g., modulus, strength, and plastic deformation characteristics) of newly-formed
interphases, as well as their atomic and nanoscale structure, require further experimental in-
vestigation. This information is required for accurate mechanical and chemical modeling of
these systems for understanding and predicting behavior.

An important additional area that requires attention is to consolidate knowledge of how individual
components or materials behave within SSBs to generate broader understanding of coupled in-
teractions within full solid-state cells. The majority of studies discussed in this review are focused
on the chemo-mechanics of a particular interface or material that is present within SSBs. While
such studies are critical for building an understanding of how these batteries operate, the
chemo-mechanical interactions among these components within full cells is also likely of great im-
portance. The all-solid-state nature of these systems implies that mechanical effects can act
across longer distances to affect chemical processes when compared with conventional liquid-
based cells. For instance, nonuniform mechanical stresses that arise due to the deposition and
stripping of a lithium metal anode may be transmitted across the SSE membrane to the compos-
ite solid-state cathode, where these stresses could affect chemo-mechanical integrity and evolu-
tion of the composite electrode during cycling. Thus, designing experiments to investigate
behavior of components (materials and interfaces) within full SSBs as well as in isolation is of
prime importance.

In addition to these considerations, the chemo-mechanics of hybrid or composite SSE
membranes is also of future interest. For high energy density, the SSE membrane thickness
must approach that of conventional separators in liquid cells (~20 uym). Manufacturing thin
SSE membranes may require mixtures of inorganic and organic SSEs to take advantage of
both the high ionic conductivity of inorganic SSEs and the processability of polymer SSEs
[106]. Thus, the chemo-mechanical stability and behavior of such composite membranes
within SSB cells during cycling requires investigation. For instance, the introduction of these
additional interfaces between phases could allow for mechanical delamination, current ‘hot
spots’, or pathways for metal filament growth. Identifying and preventing failure mechanisms
within various hybrid SSE membranes will be an important step towards commercialization
of SSBs.
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Outstanding Questions

How can we control and mitigate
chemical instabilities within solid-state
batteries?

How are chemical transformations at
interfaces correlated with mechanical
degradation?

What fundamental properties govern
lithium metal filament growth through
solid-state electrolytes during battery
operation?

What role does the chemical stability
and morphological evolution of the
Li/SSE interface play in determining
failure mechanisms of solid-state
batteries?

Can we design solid-state composite
electrodes featuring active materials
that undergo electrochemical strain
during ion insertion/extraction without
causing mechanical degradation at ac-
tive material/solid electrolyte interfaces?

What new in situ and operando
experimental techniques can be used
to understand structural, chemical,
and morphological evolution of
materials and interfaces within solid-
state batteries?
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