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ABSTRACT: Chemomechanics is an old subject, yet its importance has been revived in
rechargeable batteries where the mechanical energy and damage associated with redox

reactions can significantly affect both the thermodynamics and rates of key electrochemical ’ ﬂ
processes. Thanks to the push for clean energy and advances in characterization capabilities, qoteria! Proper qucturalinteg;
significant research efforts in the last two decades have brought about a leap forward in v v-1© 1

understanding the intricate chemomechanical interactions regulating battery performance. k” . o %?V
Going forward, it is necessary to consolidate scattered ideas in the literature into a

structured framework for future efforts across multidisciplinary fields. This review sets out to ¢ ’

distill and structure what the authors consider to be significant recent developments on the

study of chemomechanics of rechargeable batteries in a concise and accessible format to the

audiences of different backgrounds in electrochemistry, materials, and mechanics. Importantly, we review the significance of
chemomechanics in the context of battery performance, as well as its mechanistic understanding by combining electrochemical,
materials, and mechanical perspectives. We discuss the coupling between the elements of electrochemistry and mechanics, key
experimental and modeling tools from the small to large scales, and design considerations. Lastly, we provide our perspective on
ongoing challenges and opportunities ranging from quantifying mechanical degradation in batteries to manufacturing battery
materials and developing cyclic protocols to improve the mechanical resilience.
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1. INTRODUCTION

From helpin% uncover the relationship between electricity and
magnetism"” to enabling the modern era of portable
electronics,” batteries have shaped our society. Once more,
opportunities for transformative changes, including the
transition from hydrocarbon sources to clean energies," °
and the expansion of digital health (Internet of Humans era),”
rely on technological breakthroughs in energy storage. It has
been increasingly evident that such breakthroughs are
contingent on managing the interplay between mechanics
and chemistry.

While achieving high energy and power densities are the key
criteria for the electrification of transport,” mechanical
degradation resulting from the large chemical strains inherent
of high-capacity materials has restricted the operation window’
and composition of electrodes.'” For example, a pure silicon
(Si) anode could significantly improve the specific capacity of
Li-ion batteries (LIBs); however, to limit structural degrada-
tion, Si has only been added in trace amounts to commercial
anodes.'" All-solid-state batteries (ASSBs) can increase the
energy efficiency and reduce the safety risk for large-scale
applications; however, they suffer from added mechanical
instabilities that have so far prevented their commercial use.
The hampering costs of scarce raw materials with increasing
global demand requires a paradigm shift toward sustainable
batteries;'? counteractively, chemomechanical degradation has
interfered with the implementation of otherwise viable, earth-
abundant, environmentally, and socially responsible chemis-
tries.> "

Moreover, revolutions in the power supply for next-
generation devices add stringent mechanical requirements to
the list of new demands faced by rechargeable batteries.'’
Recently, research has shown that soft electronics have the
potential to transform healthcare from sporadic clinic visits to
clinical-grade continuous tracking of biophysical and bio-
chemical signals through wearable and biointegrated elec-

tronics.'” In this field, power supply integration is a major
obstacle, and the research into flexible, biocompatible
electrochemical energy storage is still in its infancy.” A similar
revolution of power supply integration occurs in the
applications of lightweight satellites and aircraft, where
maximizing the propulsion of power sources and their
resistance to structural damage are two key criteria.'® To
combine energy storage and structural functionality together,
the structural batteries, a kind of functional energy storage
device that has robust mechanical properties to withstand
mechanical stress, have been developed to adapt to various
kinds of deformation (i.e., compression and stretch) while
maintaining an stable electrochemical performance.'”*’

Opverall, mechanical issues impose limitations on the choice
of materials and configurations, resulting in a final product with
lower performance and higher cost. Although it has long been
accepted that mechanical stability is a crucial aspect of the
design of battery materials,”’ the incentive and ability to
pursue a deeper understanding of its mechanisms and
implications have only recently gained traction with the
tightening of performance requirements, and with the
development of advanced experimental and computational
tools to probe and model these systems at small scales and in
realistic configurations.””*’

Batteries are complex, dynamic systems with continuously
evolving composition, microstructure, and properties. The
chemical reactions generate deformation and structural
degradation, and, conversely, the mechanical degradation
regulates the chemical activity. We can categorize the
chemomechanical interactions in rechargeable batteries into
three major types (dashed circle, Figure 1). One broad
category accounts for the coupling between material
constitutive behaviors and the composition and stress states
of the material (left blue circle, Figure 1). For instance, the
mobility of an ion across a lattice may be affected by stress.”*
Also, it has been recognized that the mechanical properties of
most active materials, if not all, are greatly dependent on their
state of charge (SOC) and are continuously evolving during
the (dis)charging of the battery.”> A second category
encompasses the intrinsic coupling between mechanics and
chemistry through the thermodynamic relationship between
the mechanical stress and the energy landscape (middle blue
circle, Figure 1).”**” Through this coupling, stress alters the
driving force and equilibrium condition for chemical processes
such as mass transport, surface charge transfer, and interfacial
reactions. Lastly, and perhaps the most tangible interaction, is
the relationship between structural stability and the pathways
for charge transport (right blue circle, Figure 1). Once the
structural integrity of the battery components is disrupted, for
instance, by a crack caused by either external or internal loads,
the desired electrochemical reaction could be locally impeded
and side reactions intensified. An external load could consist of
a battery attached to the human body being bent during
natural movement or a battery in an electric vehicle being
punctured in a crash. In contrast, an internal load results from
inherent strains associated with chemical reactions. Regardless
of the source, the resulting structural change ultimately
regulates the battery operation through a wide range of direct
and indirect processes, such as electrical insulation of active
materials,”® solid electrolyte interphase (SEI) reconstruc-
tion,””*° Li consumption,’’ and short-circuiting.*”

The intimate chemomechanical interplays are ubiquitous in
various types of rechargeable batteries. In LIBs, the reversible
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Figure 1. Chemomechanical processes taking place inside the battery regulate its performance. The schematic circled by the dashed line categorizes
the chemomechanical coupling into three types: (i) material properties, the dependence of material constitutive behaviors on the chemical state
and the stress state; (ii) energetics, stress regulation of the equilibrium conditions and kinetics for the chemical reactions; (iii) structural integrity,
structural degradation resulting from the redox reactions, and conversely, its effect on the charge transport and side reactions. These processes
regulate the battery pack’s electrochemical output, including the rate performance, cyclic efficiency, and lifetime.

chemical reactions between a mobile ion (e.g, Li+) and the
host materials in the electrodes result in a chemical strain that
varies widely across different electrode chemistries.** Usually,
increasing the specific capacity comes at the expense of larger
chemical strains as more guest ions are introduced per unit
lattice of the host, Figure 2. Traditional carbonaceous
electrodes for LIBs store about one Li atom per six host
atoms, which results in a lower specific capacity (372 mAh g™')
and a smaller volume change (<10%) compared to high-
capacity electrodes such as the Si anode, which offers 10 times
the specific capacity (4200 mAh g'), but experiences much
larger volume expansion as a consequence (>300%). This large
strain drives mechanical stresses and degradation that lead to
low cyclic stability of electrodes, limiting their practical
adoption. Recently, the further pursuit of high-energy-density
rechargeable batteries (>500 Wh kg™') has revived the
research on the Li metal batteries (LMBs) that utilize the Li
metal as the anode. The Li metal is considered the ideal anode
material because it offers the highest specific energy density
and lowest voltage potential ;335 however, the volume change
of Li metal during its plating and striping often incurs the
mechanical degradation of the SEI, leading to the nonuniform
Li deposition and despoliation, which is linked to the
performance decay of LMBs.*

ASSBs promise to dramatically increase cell- and system-
level energy density for electric vehicles by enabling the use of
Li metal anodes and simplifying the balance-of-system as well
as to bolster safety.”””" In recent years, the discovery of a
variety of promising solid-state electrolyte (SSE) materials with
high ionic conductivity (107*~107> S cm™'), including
NASICON-type,””*" garnet-type,”"*> and sulfide-based
SSEs,*” paves the way to the realization of ASSBs operating
under the current in practical applications. Nevertheless, the
complex chemomechanical phenomena, particularly the
electrochemical and mechanical incompatibilities between the

13045

SSE and the electrode materials, constitute scientific and
engineering challenges that need to be addressed before ASSBs
can realize their full potential in energy density and safety.**~*
For example, in the absence of porous space in the electrodes
of LIBs, mechanical stresses associated with the volume change
of active materials can quickly build up and be effectively
transmitted, thereby leading to the premature chemomechan-
ical failure of ASSBs.*® Moreover, different from the conformal
liquid—solid contact between the electrolyte and the electrodes
in LIBs, the poor solid—solid contact in ASSBs, originated
either from the void formation at SSE/Li interface caused by Li
plating/striping or from the repetitive strains between the SSE
and the active material in the composite cathode upon ion
insertion/extraction, can mechanically damage the SSE and
electrochemically inhibit ion and electron transport.*”** Last,
despite the presence of SSE, Li dendrites still nucleate at the
Li/SSE interface and penetrate the SSE, leading to the fracture
of SSE and associated short-circuiting of ASSBs.*”*’

In addition to Li-battery chemistries, announcements of
developing alternative, next-generation, beyond-Li battery
chemistries, including Na-ion,”"** multivalent-ion,>® and
metal-air batteries,’*> are now a regular occurrence. It is
postulated that these chemistries can open new doors toward
either higher-capacity, higher-rate, or lower-cost rechargeable
batteries, according to dramatically different electrochemical
characteristics. However, in terms of chemomechanics, most
alternative battery chemistries gresent similar phenomena to
the Li-battery chemistries.*®*” For example, the Na*
intercalation can impose a considerable strain on the host
materials.”®*” Such a large strain inevitably creates mechanical
stresses that impact the kinetics of mass transport, charge
transfer, and interfacial reactions, and hence the potential and
capacity of the battery.’” The slight difference is that the Na
and other multivalent ions usually have a larger ionic size, so
the structural failure during battery cycling can be even more
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Figure 2. (a) Specific energy (left axis) and energy density (right axis) of the state-of-the-art Li-based battery chemistries. (b) Increased specific
capacity leads to a more considerable volumetric change of the host. Reproduced from ref 33. Copyright 2017 American Chemical Society.
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Mechanical degradation across scales

Figure 3. Examples of material degradation spanning multiple length scales, including dislocations and incipient cracks at the atomic level, SEI and
particle fracture at the particle level, interfacial debonding, and matrix crack in the composite electrode, and densification and dendrite penetration
at the cell level. Images reproduced from refs 9, 62—67. Copyright 2017 Springer Nature. Copyright 2019 Elsevier. Copyright 2016 American
Chemical Society. Copyright 2014 Elsevier. Copyright 2016 Elsevier. Copyright 2016 Springer Nature.

severe because of the larger volume change of the host.>%>76!

In this review, considering the similar underlying mechanisms
of the chemomechanical coupling in different electrochemical
systems, we will mainly review the references on LIBs and
ASSBs, given the extensiveness of their literature pool.
However, the concepts, theories, modeling, and experiments
applied to the Li batteries are well suited for most alternative
battery chemistries.

Overall, this review is intended to be accessible and serve as
a bridge for readers from different communities to identify,
understand, and address mechanical issues in electrochemical
energy storage. It will cover the following aspects of the
chemomechanics of rechargeable batteries: how mechanical
problems arise at different scales as a result of redox reactions
(Section 2), and how they, in turn, impact the electrochemical
performance (Section 3); advanced experimental and
computational methods to study the chemomechanical
behaviors in batteries (Sections 4, 5, and 6); promising
solution strategies (Section 7); and the authors’ views on
needed research efforts (Section 8).

13046

2. ORIGIN OF CHEMOMECHANICAL DEGRADATION

Mechanical damage in batteries spans multiple length scales
(Figure 3). At the atomic level, A ~ nm size defects such as
dislocations and incipient cracks emerge as local stresses
develop from the shuttling of guest ions. At the active particle
level, mismatched strains can lead to crack growth from nm to
um size and particle disintegration. Finally, there are large
structural changes (um size and beyond) at the electrode and
cell assembly level, including pore closing, particle—matrix
debonding, and dendrite growth across the electrode and
separator. The following subsections will cover the origin and
evolution of the mechanical damage arising from chemical
reactions in batteries, along with the current understanding of
its relationship with design and operation parameters such as
the charging protocol, material properties, and microstructure.

2.1. Atomic Scale

The interruption of periodic arrangements of atoms in
crystalline materials creates different types of atomic-scale
defects (Figure 4g). These defects can be categorized on the
basis of their dimensions: zero-dimensional defects (0D
defects, Figure 4a—c), one-dimensional defects (1D defects,

https://doi.org/10.1021/acs.chemrev.2c00002
Chem. Rev. 2022, 122, 13043-13107
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Figure 4d—f), two-dimensional defects (2D defects, Figure
4h—o), and three-dimensional defects (3D defects, Figure 4p).
This section will focus on the formation of atomic-scale defects
and how their presence regulates mechanical behaviors,
whereas Section 3.1 is dedicated to their effect on the
electrochemical performance of batteries.

The OD defects, including antisite defects (Figure 4a),
oxygen vacancies (OVs, Figure 4b), and dopants (Figure 4c),
may induce nanoscale strain fields to battery materials in
similar patterns: antisite defects involve the position exchange
of various atoms, destroying the periodic arrangement of
atoms; oxygen vacancies refer to the loss of oxygen atoms from
the lattice; dopants are purposely incorporated into the lattice,
substituting the original atoms and leading to a disrupted
arrangement of atoms. These 0D defects are either generated
in the material synthesis process because of thermodynamic
and kinetic limitations or generated during the battery cycling
process. During the material synthesis process, atoms of similar
sizes can exchange their positions, e.g., Li and Ni position
exchange has been widely observed in layered oxide
materials.”*”” In addition to the intrinsic antisite defects,
various atoms can also exchange their sites during the
electrochemical cycling process, e.g, Ni goes to the Li site
under a high delithiation state, leading to more antisite defects
in battery materials. Moreover, under a high state of charge or
thermal abuse condition, the oxygen ions may not be stable
and can escape from the lattice in the form of oxygen gas.”’

The resulting OVs directly contribute to the crack formation
and growth in battery materials: the oxygen release induces
local phase transformations, which leads to local stress
mismatch and, subsequently, the initiation and propagation
of cracks in battery materials.”*™* Dopants are usually
purposely introduced into a perfect lattice, which can cause
lattice deformation and electronic structure change,81 altering
the mechanical and electronic properties of battery materials.
The crack formation (so-called chemomechanical breakdown)
can be effectively mitigated by optimizing the dopant species,
contents, and distributions.

Dislocations are widely present in battery materials (Figure
4d—f) as 1D defects. They either form in the material synthesis
process or during the battery cycling. Readers interested in the
dislocation formation process under battery cycling can refer to
these papers.”*”® It is postulated that the influence of
dislocations on the stability of battery materials can be 2-fold.
On the one hand, dislocations facilitate crack formation. They
result in a stress field near the dislocation core,”® which leads
to crack formation.”**** Dislocation gliding can also lead to
oxygen release from the lattice,”" which is another significant
contributor to the crack formation in battery materials.”® On
the other hand, dislocations can decohere the various phases in
battery materials and relieve the strain to limit chemo-
mechanical breakdown.*®

Common 2D defects in batteries are stacking faults (Figure
4h—k), antiphase boundaries (Figure 4l,m), and twin

https://doi.org/10.1021/acs.chemrev.2c00002
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Figure S. Chemomechanical degradation at the particle level. The upper (a—d) and lower (e—h) panels show the schematics and experimental
observations of various mechanisms, respectively. (a, e) Diffusion-induced stress and fracture of active particles. Reproduced from ref 99. Copyright
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boundaries (Figure 4n,0). Tarascon and co-workers found that
stacking faults are related to oxygen release in LiIr;_,Sn,O;
layered oxide. Oxygen release can then lead to voltage fade and
chemomechanical breakdown.®” Yet, in a similar material
system (Li,MnOs;), Li et al. showed that the low mobility of
stackin% faults only minimally contributed to the oxygen
release.”’ Some studies suggest that stacking faults may
increase the energy state of the materials, which can lower
the activation energy of Li diffusion.*® To date, a detailed
understanding of stacking fault in battery materials is still
missing. Grain boundaries, including antiphase boundaries and
twin boundaries, regulate the phase transformation process.®’
Although experimentally investigating the grain boundaries can
be challenging, prior computational works suggest that grain
boundaries can hinder diffusion.””””* The mismatched volume
change in different grains leads to crack formation along grain
boundaries.””*

Nanovoids commonly occur as 3D defects in energy
materials (Figure 4p).””>™" They are likely generated by
vacancy aggregation upon local rearrangement of atoms
following ion extraction. They grow in size through the
coalescence of small pores, which reduce the total surface area
and minimize the surface energy in the system.” Researchers
have conflicting ideas on the mechanical implications of
nanopores. For Sb,Se; nanowires in Na-ion batteries, a
correlation was observed between nanopore growth and
capacity fade over cycles that the authors claim attributed to
mechanical degradation facilitated by the weakened porous
structure.”” In contrast, Liu et al.”> observed that Ge nanowires
become highly porous after the first delithiation and can be
cycled reversibly without fracture. The authors point out that
pore formation can be an effective stress relaxation mechanism
because of the relatively fast short-range diffusion of
vacancies.” The cycling condition, including charging rate”
and cutoff voltage,”” determines whether pores form and can
be cycled reversibly. Zhou et al.”® observed that Ge particles
would only form pores under moderate to fast C-rates. Under
moderate C-rate, the pores continually aggregate, eventually
leading to particle pulverization. At a fast C-rate, however,
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kinetic limitations restrict the level of (de)lithiation, preserving
the structure over the same number of cycles. Hence,
holistically, it appears that (i) pore formation can be avoided
under certain conditions and (ii) up to a certain extent, pores
help relax stresses and prevent crack growth; however,
excessive uncontrolled pore growth can itself become a failure
mode, causing structure disintegration. There are still ongoing
developments in understanding the mechanism and con-
sequences of nanovoid formation. For example, a recent study
revealed that nanovoids formed on the surface of silicon
electrodes entrap SEI and migrate inward with cycling,
continuously carrying new SEI with it.”®

2.2. Particle Level

2.2.1. Damage of Active Particles. This section discusses
the mechanisms leading to stress accumulation and damage of
active particles at the continuum level, including diffusion
limitation, phase transformation, anisotropy, and impingement.

The insertion of guest ions into a host is generally
accomplished with some volume change. This volume change
may induce stresses if the expansion or contraction is
constrained. Constraints may be geometric (e.g,, a thin film
electrode bonded to a substrate) or result from an
inhomogeneous distribution of the guest ions within the host
(and hence strain mismatch). When guest ions (e.g, Li in Li-
ion batteries) are inserted/extracted at a rate faster than they
can homogenize inside the particle by diffusion, the guest
atoms are crowded/sparse in the outer shell of the particle,
creating a significant strain mismatch between the center and
the surface of the particle and consequently large stresses.
Conversely, if the (dis)charge rate is sufficiently slow such that
guest atoms can homogenize, the mismatched strain inside the
particles is small, and so is the stress. Figure Sa illustrates the
scenario of outward Li flux where the shell region (Li poor) is
under tension and the core region is under compression
because the shell’s volume decreases more than the core. The
transmission electron microscopy (TEM) image Figure Se
shows an example of radial heterogeneity where the outer shell
expands upon Li insertion under a large voltage bias (fast
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discharge).99 A combination of high C-rates, large particle
sizes, and low diffusivity leads to highly inhomogeneous Li
distribution and significant stresses.'’”'"" Zhao et al.'”
defined a dimensionless parameter y to describe the
inhomogeneity of Li distribution and found the critical particle
size and corresponding charging rate to avoid crack
propagation. In addition, a Li diffusivity that is strongly
dependent on the Li concentration can lead to large
concentration gradients that are easily misunderstood by the
sharp interface characteristic of phase transformations.'*”

During ion insertion into the host lattice, instead of a
gradual increase in volume caused by an incremental increase
in the guest atom concentration, phase transforming materials,
such as LiFePO,, crystalline Si, Ge, and Sn, experience an
abrupt change in Li content from one equilibrium state to
another. This abrupt change in Li content leads to a drastic
change in volume and a sharp interface between reacted and
unreacted regions. The volume mismatch leads to stresses at
the interface as the expansion of the transformed phase is
constrained by the untransformed phase (Figure Sb). Figure Sf
shows the sharp interface observed between crystalline Si (dark
gray region) and amorphous Li,Si (light gray region) upon Li
insertion by in situ TEM.'”” Recently, Deng et al. developed an
image-learning platform based on correlative 4D scanning
TEM and X-ray spectro-ptychography images to investigate
the composition-eigenstrain fleld and the associated strain
heterogeneities at the nanoscale.'”® The analytical model by
Hu et al. predefines the pristine region and transformed region
with anisotropic deformation and estimates the maximal
energy release rate among various cracks configurations to
predict the critical particle size to avoid fracture in LiFePO,.'"
Liu et al. developed a coevolving phase transformation and
stress model, which shows that fracture initiates at the particle
surface and that small particle size tends to avert fracture.'* It
is worth noting that the sharp reaction front in this work'"’
was created by defining the diffusivity as a function of
concentration, which is simply a numerical approximation.
Zhao et al. proposed a model of concurrent reaction and
plasticity, which described the velocity of the reaction front as
a function of reaction rate instead of diftusivity and showed
that cracks could be averted with small particle size and low
yield strength.'"”

It is not uncommon that the chemical strain in batteries is
anisotropic. For example, anisotropy is significant in layered
structures (intercalation electrodes), where the change in the
lattice parameter is generally more pronounced along the out-
of-plane direction.'"" Anisotropy is especially problematic in
polycrystalline particles, as illustrated in Figure Sc, where the
different colors indicate the randomly oriented single-crystal
domains. Any two misoriented neighboring single crystals will
expand in different directions creating a mismatched strain at
the boundary between these two grains. The mechanical stress
induced by the anisotropic deformation leads to the
intergranular fractures and disintegration of the polycrystalline
particles.''” Figure 5g shows these intergranular fractures in
LiNi,Mn,Co,0, (NMC, x + y + z = 1) cathodes observed by
scanning electron microscopy (SEM).'"> The role of the
material composition and operating conditions such as cycling
rate and depth of discharge on the degree of damage caused by
anisotropic polycrystals have been investigated thor-
oughly.! 127114

Impingement happens when the chemical strain is con-
strained by neighboring particles so that the constrained

boundaries are under compression (Figure Sd). Lee et al.!%°

experimentally observed the mechanical clamping (impinge-
ment) phenomenon of Si nanopillars and found that this
mechanical interaction changes the reaction kinetics and
fracture location (Figure Sh). It also indicated that the
clamping might improve the fracture resistance by lessening
the tensile stresses. ° The role of impingement on the stress
distribution has been studied for different electrode micro-
structures and mechanical properties via numerical model-
ing."">~""” These studies indicate that the stress states and Li
profiles in particle assemblies are different from those in a free-
standing configuration. The constraint from neighboring
particles leads to nonaxisymmetric stresses which can be
significant even in layered oxide cathodes that undergo
relatively moderate chemical strains.''” The magnitude of the
effect depends on the electrode characteristics (e.g., volume
fraction of active materials, porosity, and elastic modulus of the
binders).

2.2.2. SEI Breakdown. Understanding the electrochemis-
try at the interface between the electrode and the electrolyte is
essential for improving the performance of Li-ion and Li metal
batteries."'® However, interfacial electrochemistry is usually
complicated and challenging to explore owing to the presence
of the SEI, a nanoscale passivation layer formed on the
electrode surface from the electrochemical/chemical decom-
position of electrolytes.''”"*° After the first observation of SEI
on Li metal soaked in nonaqueous electrolyte by Dey and
Sullivan,'*® exploration on SEI, particularly on the mechanisms
of its formation, growth, and degradation, as well as the
characterization of its structure and composition, has been
going on for decades and is yet far from the end today.'*'~'*°
The current well-acknowledged SEI model was originally
proposed by Peled et al.'>*'* and further enriched by Aurbach
et al.'”* In their pioneering studies, SEI is considered an
ionically conducting and electronically insulating solid electro-
lyte that provides the ionic channel for Li-ions to flow into and
out of the electrode material while blocking electrons to
prevent further electrolyte decomposition. According to this
model, the ideal SEI should be an intact layer of solid
electrolyte with a homogeneous structural and compositional
distribution that promotes the uniform lithiation/delithiation
of host materials in Li-ion batteries and uniform Li plating/
stripping in Li metal batteries. However, SEI formed during the
practical battery operation usually exhibits structural and
compositional heterogeneity. Organic (e.g, LiCH,, LiO-
CO,CHj;, Li,CO;) and inorganic (e.g, LiF, Li,O) decom-
position products from the electrolyte are precipitated and
distributed heterogeneously within the SEL'**'*”'*® This so-
called mosaic SEI structure was first proposed by Peled et al.'*
and experimentally confirmed by a series of studies using
atomic force microscopy (AFM), Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), secondary ion mass spectrometry (SIMS), and
cryogenic electron microscopy (Cryo-EM)."**~"** The hetero-
geneous distribution of organic and inorganic components
deteriorates the uniformity of ionic conductivity of SEI, which
further disturbs the distribution of Li-ion flux into and out of
the electrode. Consequently, Li intercalation (deintercalation),
alloying (dealloying), or plating (stripping) can be localized in
some regions, imposing excessive local strains on the SEI and
thus causing mechanical degradation such as a fracture or
delamination.®®'%"3*
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Reproduced from ref 160. Copyright 2018 Springer Nature.

It is increasingly evident that the mechanical reliability of
SEI plays an essential role in determining the protectivity of
SEI and thus the performance of Li-ion and Li metal
batteries."**'*>'*® SEI is mechanically stable on graphite
electrodes because of graphite’s limited volume expansion and
contraction during cycling."”” The intact SEI film prevents the
continuous side reactions at the electrolyte/electrode interface,
contributing to the excellent cycling performance of graphite
electrodes (Figure 6a). The mechanical integrity of SEI faces
more challenges when the high-capacity anode materials such
as Si, Sn, and Li metal are introduced. For example, the SEI is
hardly mechanically stable when forming on the Si anode
because the large volume change (~300%) of Si during cycling
imposes a considerable strain/stress on the SEL'’*7'*!
Particularly, extensive cracking might occur during Si lithiation
as the SEI film is subjected to large tensile strains/stresses
because of the lithiation-induced expansion (Figure 6b). The
failure mechanism of SEI on Si has been clearly articulated by
Kumar et al.® and Guo et al.'** using in situ AFM, ex situ
focused ion beam (FIB) measurements, and finite element
modeling. The SEI on the Li metal anode is postulated to crack
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easily as the nonuniform Li plating can impose large local
strains on the SEI film (Figure 6c). Different from the Si
anode, the cracking of SEI film on the Li metal anode can act
as hot spots to intensify the nonuniform Li plating and
stripping, which promotes the formation of Li dendrites,
“dead” Li (isolated Li), and “mossy” Li (porous Li).*>'*>'**
Nevertheless, the direct observation of SEI rupture on Li metal
is relatively challenging as the high reactivity between Li and
the electrolyte can quickly reform a new SEI at the cracked
regions. Several studies on the in situ observation of Li
dendrite nucleation and growth using a liquid cell-based TEM
suggest that the dendrites seem to grow as extrusions through
some weak points on the SEI, which potentially indicates the
SEI breakdown because of the morphological change of the Li
metal electrode.'*”"** Thus, to prevent the performance decay
of high-capacity batteries, the SEI film must possess excellent
mechanical reliability that enables the SEI to survive from the
considerable morphological variation of electrodes.

Despite recognition of the importance of SEI robustness in
stabilizing the electrode/electrolyte interface, the composi-
tion—structure—property relationship of SEI remains largely
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unknown so far, which hinders the improvement of battery
performance through designing better electrolytes or artificial
SEL As previously mentioned, the mechanical properties of the
SEI are primarily determined by its compositional distribu-
tions, which can be significantly altered by the selection of
electrolyte systems. For example, the SEI formed in the
ethylene carbonate (EC)-based electrolyte (e.g,, 1 M LiPF in
EC/dimethyl carbonate (DMC)) is mainly composed of
porous organic species from electrolyte decomposition. It thus
exhibits a low mechanical strength and poor fracture
resistance.”**'** In contrast, the SEI formed in fluoro-
ethylene-rich (e.g, 1 M LiPFy in fluoroethylene carbonate
(FEC)/DMC) or high concentrated electrolytes (e.g., 4 M
LiFSI in dimethoxyethane (DME)) exhibits high-modulus and
fracture resistance because of the Jpresence of inorganic species
such as LiF and Li,0."*"'**7'*® To understand the
composition—structure—property relationships of the SEI and
associated protectivity for the electrode/electrolyte interface,
several advanced characterization techniques such as AFM-
based nanoindentation,"**"*° thin-film buckling measure-
ment,">' and acoustic wave measurement,">>'>* have been
developed to either in situ or ex situ quantify the mechanical
strength of SEIs formed in different electrode/electrolyte
systems. We will review all these characterization techniques in
Section S.1.2.

2.3. Composite Electrode

2.3.1. Interfacial Debonding. The electrode micro-
structure and mechanical properties are designed to balance
rate-capability, energy density, and cycle life. A porous network
serves as a fast ion transport channel across the electrode
thickness, while a conductive matrix (mixture of polymer
binders and conductive additives) maintains the electrical
contact between active particles and the current collector. This
microstructure needs to reversibly accommodate the mismatch
strains between active particles experiencing chemical strain
and the inert matrix. If the bonding strength of the binder-
particle interface is insufficient to sustain the interfacial
stresses, debonding takes place, as illustrated in Figure 7a.
The debonding of the interface causes an increase in local
electrical impedance,’” leading to reaction heterogeneity
within the electrode, which affects the capacity retention.
These cascading effects of debonding will be discussed in-
depth in Section 3. Here, we will instead focus on the
parameters influencing the stress levels that develop at the
interface during operation and the interfacial strength across
electrode materials.

In general, active and inactive materials have highly
contrasting mechanical properties, with the elastic modulus
differing by orders of magnitude.””">*~">” The binder’s
mechanical properties and its fraction in the electrode affect
the debonding at the interface with the active material.">®
Using numerical calculation, Igbal et al."”>” demonstrated the
effect of binder confinement around active particles in
regulating the debonding behavior. A uniform distribution of
binder around the active material helps reduce the asymmetry
of stress development at high C-rates and reduces mechanical
failure.

Active materials that undergo a larger volumetric change are
more prone to debonding. Miiller et al.'*® used transmission X-
ray tomography to track the progression of the gap between
active Si particles (volume expansion up to 300% upon
lithiation) and the surrounding carbon binder domain (CBD).

The data (Figure 7b) indicates that the gap increases with
cycles until the particle completely detaches from the CBD and
becomes electrochemically inactive for further cycles. Figure
7b shows that the shape and size of the active material also
influence local debonding, with larger particles experiencing a
higher degree of debonding. It is worth noting that a particle
may fracture internally before it debonds from the binder,
preserving the interface between the binder and cracked
particle in the process. In this scenario, a theoretical study'®!
found that large graphite particles have a higher probability of
fracture for the same C-rate and binder contact area than
smaller graphite particles. Conversely, smaller particles are
more likely to debond from the matrix than to crack internally.
Lee et al.'®* calculated the strength of the interface between
polyvinylidene fluoride (PVDF) binder and graphite particle to
assess the traction separation response of the interface. Despite
interfacial debonding being a common and consequential
degradation mechanism in batteries, we find that the literature
on the interfacial properties necessary to model these
behaviors is scarce. Hence, there is a pressing need for new
experimental methods to characterize the interfacial properties
of electrodes, especially in situ, given the high sensitivity of the
mechanical properties of traditional binders to the electrolyte
solution,'>*'%?

Similar to interfacial debonding of the active materials from
the binder, the volume expansion/contraction of the
composite electrode as a whole during electrochemical cycles
can cause separation from the current collector.'* The
separation (often termed delamination) at the binder/current
collector interface is a significant degradation mechanism
occurring during the electrochemical cycles.'® The delamina-
tion from the current collector increases the contact resistance
and generates electronic limitations within the electrode. The
characteristics of the electrode fabrication process dictate the
electrode-collector interfacial properties. During the drying
process, the capillary force-driven binder gradient can evolve
across the electrode thickness. This generates less binder
concentration near the current collector'® in the dried
electrode, thus increasing the possibility of delamination at
the binder/current collector interface. Baunach et al.'®’
showed that reducing the drying temperature helps maintain
a uniform carbon binder composition and increases the
adhesion force. With the increase of surface roughness of the
current collector, Jeon et al."®® demonstrated an improvement
in the adhesion strength of a Si electrode with a Cu current
collector. The higher interfacial area and the enhanced
mechanical interlocking of the roughened surface suppress
delamination under cyclic loading. Peeling tests showed that
this interfacial strength decreases dramatically over cycles for
common anode and cathode configurations (by a factor of 6
for LiCoO,/aluminum and S for graphite/copper after 200
cycles).'® Depending on the mechanical properties of the
binder, active material-induced volumetric changes can create
considerable stress accumulation in the electrode during
cycling. While a stiff binder can make it difficult to fully
accommodate the reversible volumetric expansion and
contraction of active materials,'”" a highly elastic binder can
help minimize the delamination.'”’

2.3.2. Heterogeneous Degradation. The uniformity of
the electrode’s microstructure relies on the characteristics of its
ingredients and the fabrication process parameters. The
presence of nonuniformity in the microstructure leads to
reaction heterogeneity and the spatial variation of mechanical
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Figure 8. Microstructural heterogeneity (upper panel) and heterogeneous damage
Heterogeneous features include the spatial variation of the (a) binder distribution' "
and 176. Copyright 2017 Elsevier. Copyright 2020 Springer Nature.

(lower panel) in the composite electrodes of Li-ion batteries.
and (b) particle—matrix contact.'”® Reproduced from refs 175
(c) In thick electrodes, the rate limitation of ionic transport through the

electrolyte leads to the higher states of charge/discharge of the particles close to the separator. Reproduced from ref 177. Copyright 2020 Elsevier.
(d) Classification of particle damage in an NMC electrode from the nanotomography analysis. Reproduced from ref 178. Copyright 2019 Wiley-

VCH GmbH.

deformation. Li et al.'”* demonstrated the effect of the particle
size on the electrochemical behavior of the LiFePO, cathode.
As per observation, for a good electronically conductive
network across the electrode, smaller-sized particles (higher
surface area to contact ratio) react faster than large particles.
Controlling the size of particles requires tighter control of
fabrication process parameters which is commercially challeng-
ing."”” A nonuniform distribution of multisized electrode
particles thus can lead to heterogeneous reactions throughout
the electrode. The nonspherical shape of active particles can
generate tortuosity anisotropy within the electrode.'”* The
slenderness ratio of particles and their local orientation
influence the local tortuosity, hence limiting ion transport
during electrochemical cycling.

The typical electrode fabrication process includes making a
slurry suspension in a solvent, followed by casting, drying, and
calendaring. The outcome of each intermediate step highly
influences the characteristics of the end product of the whole
fabrication process. A uniform slurry is essential for
homogeneous microstructure distribution throughout the
electrode. The rheological properties of the slurry, such as
low shear viscosity, yield stress, and storage modulus, are
important factors controlling the uniformity'” in the electrode
before the drying step. Colloidal stability of the slurry controls
the consistency of the carbon binder domain around the active
material throughout the electrode. In Figure 8b, the NMC
secondary particle is coated nonuniformly with the carbon
binder.'”® The plot of relative electric resistance demonstrates
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the local impedance variation on the surface, potentially
leading to heterogeneous electrochemical reactions and
damage. The correlation between electrochemical activity
and the connection with the conducting network was
investigated by Zielke et al.'®" for Si microparticles embedded
PVDEF/CB matrix using in situ synchrotron X-ray tomography.
They found that if the conductive matrix covered less than 40%
of the Si particle surface, the particle remained inactive (and
did not fracture). Beyond 40%, the degree of cracking
increased monotonically with the coverage amount. Regardless
of the cracking extent, these findings suggest that chemical
activity and particle coverage by the conductive matrix are
strongly coupled, and full particle coverage is essential to
increase the accessible capacity.

The drying time is another parameter in electrode
fabrication that can cause the segregation of inactive materials
across the electrode because of rapid solvent evaporation at the
surface. Hawley et al.'”” used elemental spectroscopy analysis
and found that drying process parameters such as higher
temperature and higher mass loading led to the inhomoge-
neous distribution of both conductive additive and binder in
the electrodes. As shown in Figure 8a, the binder distribution
determined by Energy dispersive X-ray spectroscopy (EDS)
varies throughout the cross-section of the graphite anode.'”
Such drying process-induced inhomogeneous distribution is
more likely to occur as the electrode thickness or areal loading
increases. The calendaring process can either positively or
negatively impact the microstructure heterogeneity within the
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Table 1. Mechanical Properties of SSEs and Electrode Materials in ASSBs

materials Young’s modulus, GPa hardness, GPa fracture toughness, MPa-m'/? ref

SSE Li oGeP,S,, 37.19 N/A N/A 191

Li;PO, 77 39 N/A 192

Li; Al Ge, s(PO,)s 90.2 + 10.5 45+ 08 N/A 193

Li; Al 3T, ,(PO,)5 102.5 8.0 11+ 03 194

Li;LayZ1,01 140 81+ 08 097 + 0.1 195

Ligo;Aly 13LayZr,04 140 + 9 7.6 + 0.8 119 + 0.13 196

LigsLaZr; {Tag <Oy, 153.8 + 2.7 5.1 128 197, 198

Lig 35Lag 5, TiO; 186 + 4 9.7 + 0.7 0.91 % 0.06 199
anode Li (bulk) 1.9-8.5 0.57—244 (yield stress, MPa) N/A 200—203

electrode.'® While it helps create long-range electronic
conductive paths, the local porosity reduction and active
material breakdown'® can lead to nonuniform microstructure
throughout the electrode.

Microstructural heterogeneity and the kinetic limitation of
ionic/electronic conduction in the electrode create nonuni-
form reactions. Spatial variation of electrochemical reactions
generates heterogeneous damage throughout the electrode.
From numerical calculations on a 3D reconstructed electrode,
Roberts et al.'®* demonstrated the effects of anisotropic
swelling. The local inhomogeneous compositional distribution
led to additional stresses at the particle—particle contacts. In
thick electrodes, ionic limitation (Figure 8¢c)'”” causes local
reaction heterogeneity and, thus, nonuniform material
degradation. Only the particles near the separator where the
electrolyte is readily accessible can participate fully in the
electrochemical cycle. As cycles proceed, particles near the
current collector are obstructed from taking part in the
reaction, which leads to unusable capacity. The numerical
study by Chen et al."®> demonstrated the competition between
the ionic and electronic conductivities in porous electrodes.
The ionic limitation promotes reaction activity near the
separator, while electronic limitation leads to more reaction
activity toward the current collector. Such restrictions are
amplified at high C-rates, and the composite electrode might
experience spatially varying damage. In thick electrodes, Li
concentration and reaction heterogeneity can be diminished by
incorporating a particle size gradient across the thickness."*
Stacking smaller particles toward the current collector can
make them more efficiently utilized because of their longer Li*
diffusion length. Hence, although microstructure heterogeneity
can be destructive, there are ways in which it can be
intentionally introduced to enhance battery performance."®’

2.4. Added Challenges from ASSBs

Li metal batteries are considered as the most promising next-
generation high-energy-density batteries.”*>> However, their
commercialization is hampered because of the high reactivity
between the Li metal and organic liquid electrolytes, as well as
the safety issues raised from the dendrite-induced shorting.””
The recent development of ASSBs is postulated to revive the
Li metal anode because the SSEs can inhibit the consumptive
side reactions at the Li/electrolyte interface and meanwhile
suppress the uncontrollable growth of Li dendrites.'®
Nevertheless, when ASSBs operate at a practical current
density, they still face numerous issues such as impedance
increase, poor rate performance, low capacity retention, and
premature short-circuit.”'®” These technical challenges are in
large part derived from the all-solid nature of the system, where
the electrochemical processes in different components and at
their interface (e.g., Li plating/striping, Li-ion transport, and

intercalation/deintercalation) prompt a wide variety of local
mechanical degradation (e.g., void formation, crack propaga-
tion, and interfacial debonding).”* It has been increasingly
evident that the practical adoption of ASSBs will not be
realized without elucidating the fundamental interplays
between the electrochemistry and mechanics in the SSEs and
electrodes, and at their interfaces.

We will start this section at a basic level by providing a
survey of the mechanical properties of SSEs and Li metal,
followed by illustrating the considerable influence of their
mechanical properties on the fabrication, integration, and
operation of ASSBs. We then elucidate, from a chemo-
mechanical perspective, how the electrochemical processes
incur different types of mechanical degradations and how these
mechanical degradations, in turn, accelerate the performance
decay and premature failure of ASSBs. We hope this review can
shed some light on the understanding of complex and coupled
electrochemistry and mechanics in the ASSBs and potentially
guide the rational design of the ASSBs with optimum
mechanical stability and electrochemical performance.

2.4.1. Solid-State Electrolytes. It has been well acknowl-
edged that the mechanical properties of SSEs and electrode
materials are critical regarding the fabrication and performance
of ASSBs. Table 1 summarizes Young’s modulus, hardness, and
fracture toughness of the SSEs and electrode materials
commonly adopted in ASSBs. Specifically, Young’s modulus
(E) is a measure of the stiffness of materials deformed in the
linear elastic region, while the hardness (H) is a measure of
their resistance to plastic deformation. As presented in Table 1,
the modulus and hardness of inorganic SSEs are mostly
determined by their phase structures. For example, the Young’s
modulus and hardness are in an descending order from
perovskite (e.g., Lijz3Lays;TiO; (LLTO)), garnet (e.g.,
Li;La;Zr,0y, (LLZO)), NASICON (e.g., Li; sAly sGe, s(PO,);
(LAGP), and Li; ;Al;Ti;,(PO,); (LATP)), phosphate (e.g,
Li,PO, (LiPON)), to thiophosphate (e.g, Li,S—P,Ss (LPS)
and Li;(GeP,S;, (LGPS)) structured SSEs, with the magnitude
from 200 to 20 GPa and 10 to 2 GPa, respectively. Despite the
modulus variation, most SSEs have a shear modulus (G) high
enough to suppress the Li dendrite growth, i.e., at least twice
higher than that of Li metal (~4 GPa) according to the
Monroe—Newman model. However, experiments show that
typical SSEs such as LLZO and LGPS fail to suppress dendrite
growth as predicted; in contrast, dendrites grow even more
easily in these SSEs than in liquid electrolytes.'”® This
contradiction might be attributed to the enhanced mechanical
strength of microsize Li filament and the softening in the SSE
modulus because of grain boundaries (GBs) and defects. We
will further discuss this in the later section.
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The modulus and hardness are closely correlated with the
formability of SSEs themselves and their compatibility to the
electrode materials, particularly for cathode materials. Most
oxide-based SSEs with high modulus and hardness are
exceedingly resistant to mechanical deformation and thus
need high-temperature sintering to form the dense structure.
This high-temperature sintering is usually uneconomical and
may cause undesirable side reactions with electrode materials,
which places significant challenges for cell fabrication and
performance. In contrast, the compliant sulfide-based SSEs can
be densified using room-temperature cold-pressing, making
them more practically promising. Mechanical compatibility of
SSEs with the cathode materials is another essential aspect that
needs to be considered when assembling the ASSBs. Generally,
the composite cathode in ASSBs consists of the SSEs, carbon
black, and cathode materials. Co-sintering fabrication
techniques can be used in principle to achieve high-density
composite cathode but have not been practically adopted yet
because they might cause side reactions or elemental diffusion
between SSEs and cathode materials. The relatively conform-
able solid—solid contact between SSE and cathode materials is
usually achieved by the high stack pressure at room
temperature. Most currently used cathode materials have a
high modulus and hardness,”* meaning the deformation
during the cold pressing is small. Therefore, the major
deformation needed for the conformable solid—solid contact
should be compensated by the SSEs. Those compliant sulfide-
based SSEs such as LPS and LGPS can plastically deform
during the pressing to form a relatively conformable contact
around the cathode materials. In contrast, although oxide-
based SSEs such as LLZO are more electrochemically stable
with cathode materials, they are seldomly used as the ion-
conducting medium in the composite cathode because of their
poor formability.

The fracture toughness, representing the capability of a
material to resist fracture, is another important mechanical
property of SSEs determining the battery performance. SSEs
with higher fracture toughness will be more resistant to the
fracture caused by Li dendrite penetration, thereby presenting
a better capability to prevent the dendrite-induced shorting of
ASSBs. As shown in Table 1, the fracture toughness of most
SSEs is within the range from 0.2 to 1.2 MPa-m'?, near the
low end of the fracture toughness range for ceramic materials
(0.5 to S MPa-m'/?), suggesting the highly brittle nature of the
SSEs. Moreover, the fracture toughness of the GBs in
polycrystalline SSEs can be significantly lower than the bulk
grain owing to the local defects aggregated. As a result, many
polycrystalline SSEs such as LLZO often show low resistance
to the Li dendrite penetration, although their modulus is one
order higher than that of Li metal. Therefore, we suggest more
attention be paid to toughening the brittle SSEs to prevent SSE
cracking and dendrite growth. The toughening strategies
frequently used in the traditional ceramic industry, such as
fiber reinforcement and transformation toughening, could be
possible solutions for SSE toughening.'”*

In addition to the fracture resistance of SSEs, the driving
force for crack propagation also needs to be revisited to
address the issue of dendrite growth in ASSBs. As reported by
Porz et al,”” Li will preferentially deposit in the surface cracks
and voids in SSEs during the plating, which inevitably causes a
field of tensile stress at the crack tip to drive crack propagation.
Based on linear elastic fracture mechanics, this crack driving
force, i.e. energy release rate, is directly related to the

mechanical properties of Li metal, particularly to its yield
strength. Therefore, in order to understand the Li plating-
induced cracking in SSEs, it is beneficial to provide a retrospect
of the mechanical properties of Li metal.

The early exploration of the mechanical behavior of Li metal
can be traced back to the 1950s, at which Hull and Rosenberg
investigated the deformation of Li metal using tensile
experiments.”’® Soon after, a series of works on the plastic
and creep behavior of Li metal, along with other alkali metals,
were reported by Gorgas et al. and Pichl et al.”**”**® The first
systematically measurement of mechanical properties, includ-
ing Young’s modulus and yield strength of Li metal was
reported by Schultz et al.””” Owing to the reviving of Li metal
anode for high-energy batteries, several groups start revisiting
the mechanical behavior of the Li metal using either
conventional tensile/compressive test or advanced nano-
indentation test.?°*?°%*!° Ag shown in Table 1, the Young’s
modulus of bulk Li metal can range from 1.9 to 7.8 GPa at
room temperature, dePending on the grain size and crystal
plane orientation.”””*'* The temperature-dependent elastic
and visco-plastic properties of Li metal were also extensively
reported but not listed here.”***°%*"7 It is generally accepted
that at high temperatures, the creep of Li metal would
dominate its visco-plastic response, while at low temperatures,
Li metal shows a significant strain hardening.

Different from Young’s modulus, the yield strength of Li
metal shows a large discrepancy ranging across two orders
from 1.6 to 244 MPa, which mainly arises from the strong
dependence of Li strength on the tested length scale and time
scale. Specifically, the yield strength of Li metal increases
significantly with decreasing length scale from bulk to
nanoscale, following the well-adopted notion that “smaller is
stronger” in conventional metals.”'" Fincher et al. utilized a
combination of bulk tensile testing and nanoindentation to
characterize the yield strength of Li metal across different
length scales.”®" They found that the yield strength of Li metal
can decrease from about 15 to 2.5 MPa when the characteristic
size for the nanoindentation measurement increases from 250
nm to 10 pm. Their bulk tensile testing further indicates that
the bulk yield strength of Li metal can be even lower (0.57
MPa for the strain rate of 5 X 107* s7!). It should be
emphasized here that the yield strength of nanoscale Li
whiskers seems to be much higher than expected. He et al. and
Zhang et al. utilized a similar setup (AFM with an
environmental TEM, AFM-ETEM) to in situ grow individual
Li whiskers and then measure their yield strength.”*>*> They
both found the yield strength of Li whiskers can reach above
100 MPa (as high as 244 MPa), 1—2 orders higher than the
widely used values for predicting the propagation of cracks and
Li dendrites in SSEs. Therefore, many previous chemo-
mechanical analyses on the crack and dendrite propagation
through SSEs might need to be revisited.

2.4.2. ASSBs Degradation. ASSBs have attracted
tremendous attention as the most promising solution for
enabling safe and high-energy batteries. Currently, the
bottleneck for the practical adoption of ASSBs is no longer
the slow kinetics of Li-ion diffusion in the electrolyte, but the
low capacity retention, poor rate capability, and short lifetime
caused by the complex chemomechanical degradations in
ASSBs.*®'88159 1 this section, we will present the distinctive
features of typical degradations in ASSBs and summarize the
recent work on identifying, understanding, and mediating these
degradations. We primarily focus on the ASSBs with inorganic
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SSEs not only because of their state-of-the-art ionic
conductivity and excellent electrochemical stability but also
because of their stiff nature that promotes various types of
chemomechanical degradations, including but not limited to
the contact loss, void formation, and fracture. The major
degradations in ASSBs (Figure 9) can be classified into three
categories based on the locations where they occur, i.e., at the
Li/SSE interface, in the SSEs, and in the composite cathode.

13055

2.4.2.1. At the Li/SSE Interface. One of the reasons behind
the growing interest in ASSBs is the potential adoption of the
high-capacity Li metal anode. However, several recent works
demonstrate that directly pairing the Li metal anode with SSEs
might generate various morphological degradations at their
interfaces, such as interphase growth, void formation, and

212—-216

dendrite nucleation (Figure 10a) e These degradations

are considered to be the origin of the eventually short-circuit of
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ASSBs, and thus need to be investigated and understood
before practical and stable ASSBs can be realized.

The interphase growth between Li metal and SSEs is one of
the major chemomechanical degradations in ASSBs. Because
many SSEs such as NASICON-type SSEs (e.g, LAGP and
LATP) are thermodynamically unstable to Li metal, directly
contacting them with Li metal will reduce their surface to a
layer of a mixed conductor, called “interphase”. As this newly
formed interphase is partially electronically conductive, the
reaction can further propagate into the bulk SSE and gradually
reduce it, leading to continual interphase growth. Once the
SSE is completely reduced to become a mixed electron and ion
conductor, short-circuit of ASSBs happens. Even worse, in situ
TEM observations revealed that the transformation from a
pristine SSE to the reacted interphase is accompanied by a
large volume expansion (~38% for the interphase formed at
the Li/LAGP interface), which can drive the cracks to initiate
from the Li/SSE interface and propagate toward the bulk SSE,
eventually leading to the catastrophic fracture of the SSE.*’
This reaction-growth-crack degradation process usually shows
a current-dependent nature where high current density causes
more nonuniform growth of the interphase and thus a more
severe SSE fracture (Figure 10b,c). Similar to the NASICON-
type SSEs, the sulfide-based SSEs such as LigPS;Cl can also be
reduced by Li metal to form the interphase. However, their
reduced products are electronically insulative or have an
electronic conductivity low enough to limit the continual
growth of the interphase. Therefore, even though the SSE itself
is not thermodynamically stable to Li metal, a stable interphase
with a thickness of a few nanometers, sometimes called
metastable interphase, could still form at the Li/SSE interface,
which is beneficial for the mechanical integrity of SSE and the
stability of ASSBs.”"”

Unlike NASICON-type and sulfide-based SSEs, some SSEs
such as garnet-type SSEs (i.e., LLZO) have been proved to be
chemically stable with Li metal, but their interface to the Li
metal anode could still deteriorate because of the continual Li
plating/stripping.*>*'® More specifically, during Li striping, Li
atoms at the Li/SSE interface dissolve into the SSE, and
meanwhile, the Li atom diffusion in Li metal replenishes the Li
loss from the interface. Usually, the rate of Li striping exceeds
the kinetic limit of Li atom diffusion, causing the nucleation
and growth of Kirkendall voids at the interface.”"® The
morphological degradation becomes even worse during the
subsequent plating. Li prefers to deposit at the regions still in
contact with the SSE instead of the detached areas, thereby
developing a nonuniform Li deposition that further promotes
the Li dendrite nucleation and the short-circuit of ASSBs
(Figure 10d,e). This interfacial morphological degradation
dominated by the void formation and subsequently Li dendrite
nucleation occurs not only in garnet-type SSE but also in
different SSE systems such as sulfide-based SSEs, as recently
observed by advanced X-ray computed tomography techni-
ques. 27

The stack pressure applied on ASSBs is revealed to
effectively mediate the void formation at the Li/SSE interface.
Li metal near the interface can mechanically deform by the
pressure, offering another route to replenish the Li loss and
thus preventing the void formation. In fact, this void
suppression strategy has been reported for both oxide-based
and sulfide-based ASSBs where the “critical stack pressure”
needs to be particularly considered. Specifically, the applied
pressure on ASSBs cycled at a certain current density must be

higher than the “critical stack pressure” in order to effectively
suppress the void formation at the interface. Otherwise, the
mechanical deformation will be slower than the electro-
chemical deformation caused by Li stripping, leading to an
insufficient Li replenishment to the interface. In this case, the
voids still form at the interface, followed by the nucleation and
growth of Li dendrites. It should be noticed that the “critical
stack pressure” can reach several MPa for the ASSBs cycled
under relatively low current density (e.g., 7.5 MPa for the Li/
garnet/Li cell cycled under 0.2 mA em™2),*"> which might
place new challenges for the application of ASSBs in the
electric vehicles. In this context, developing sophisticated
strategies of cell integration that enable the ASSBs to operate
at the low stack pressures and high current densities will be
urgently needed for the practical applications of ASSBs.”'***°

The defects on the surface of SSEs such as pre-existing
microcracks or compositional heterogeneities also play a
critical role in determining the Li dendrite nucleation at the
Li/SSE interface. As theoretically predicted and experimentally
confirmed,*'®**" a pre-existing crack on the SSE surface can be
easily filled by Li deposition because of the electric field
amplification (as indicated by the blue arrows in Figure 10f).
Further insertion of deposited Li into the crack will induce a
high hydrostatic pressure at the crack tip, promoting crack
propagation toward the bulk SSEs. To demonstrate the
underlying correlation between preexisting cracks and Li
dendrite propagation, Swamy et al. performed an operando
optical observation of Li electrodeposition on a single-crystal
LLZO.>'® The absence of GB excludes the side effects from the
GBs, so the preference of Li dendrite nucleation and growth is
solely regulated by the artificially introduced surface cracks
with known size. They confirmed that electric field
amplification can drive Li dendrite penetration into the surface
cracks on the SSE surface (i.e., corner-cracks of Vickers indent,
Figure 10g) and cause brittle cracking in the SSE.

The impurity precipitates on the SSE surface also cause the
nonuniform Li deposition and thus trigger the Li dendrite
nucleation.””” Take the widely studied garnet-type LLZO as an
example: LLZO can be easily contaminated by the moisture
and CO, in the air to form the surface impurities such as LIOH
and Li,COj;. They are considered Li-ion insulators that impede
the local Li deposition at the Li/SSE interface. Therefore,
other regions without surface impurities will experience higher
local current density, and therefore Li nucleation will be
promoted there. Meanwhile, the lithiophobic nature of these
surface impurities often instigates the formation of residual
voids between Li metal and SSE, leading to the huge interfacial
resistance and nonuniform Li deposition as aforementioned.***

2.4.2.2. In the SSEs. Compared with liquid electrolytes or
polymer SSEs, inorganics SSEs own the advantage of high
shear modulus (i.e., at least twice that of Li metal), which can
theoretically suppress the uncontrollable Li dendrite growth
from the Li metal anode.””* However, Li dendrites have been
found to grow through most oxide- and sulfide-based SSEs at a
current density and capacity even lower than in liquid
electrolytes or polymer SSEs. This discrepancy is mainly
originated from the fact that the widely cited Monroe—
Newman criterion is intended for polymer SSEs without any
inhomogeneities or defects, but not applicable to polycrystal-
line materials like most inorganic SSEs. The polycrystalline
SSEs usually contain extensive inhomogeneities or defects,
such as GBs, voids, and microcracks, making them more
vulnerable to Li dendrite penetration.””***"**® Currently, the
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Figure 11. (a) Schematic of the failure mechanisms in the SSE. (b) Schematic of the penetration of Li filament into the SSE. The arrows at the
rounded end of the filament depict the applied pressure from the Li metal and the arrows along the side show shear tractions because of friction
along this interface. (c) Optical microscopy images of the Li electrodeposition on a single-crystal LLZO. Reproduced from ref 20S. Copyright 2017
Wiley-VCH GmbH. (d) SEM image showing web-structure Li-metal plating along the GBs in the bulk LLZO. Reproduced from ref 50. Copyright
2017 Elsevier. (e) Li preferentially accumulates in the softer grain boundaries of SSEs. Reproduced from ref 227. Copyright 2018 American
Chemical Society. (f) Schematic of sporadic bulk-plating mechanism in the SSE. Li-ions in SSE are reduced by recombination with an electron
from the oxygen network or the residual electronic conductivity, forming Li dendrites and clusters in the bulk SSE. (g) SEM images showing the
presence of Li metal in the pores of LLZO. Reproduced from ref 228. Copyright 2017 American Chemical Society.

dominating mechanism for the Li dendrite propagation
through polycrystalline SSEs is still under debate, and
elucidating this mechanism seems to be more complicated
than that in the polymer SSEs because of the exitance of GBs,
random voids, and cracks in SSEs. Several hypotheses have
been proposed to illustrate the possible mechanisms for
counterintuitive dendrite propagation in inorganic SSEs
(Figure 11a).

The prevailing dendrite propagation mechanism in inorganic
SSEs is related to the Griffith-like crack extension through
brittle materials (Figure 11b). As suggested by the prior work
of Porz et al,, Li-plating in pre-existing cracks and voids in the
SSEs or near the Li/SSE interface builds up the hydrostatic
stress that can easily reach the GPa level at the crack tip,
depending on the amount of overpotential applied and the
crack size.””> According to the Griffith theory,”* once the
crack driving force at the crack tip exceeds the fracture
toughness of SSEs, the crack starts to propagate, opening a
channel for further Li infiltration into the SSEs. This process
will repeat until the crack reaches the cathode, and subsequent
Li infiltration along the crack will cause the eventual short-
circuit of the battery. Related chemomechanical model and
experimental evidence for this mechanism can be found in a
series of works by Chiang’s group (Figure 11c).'*%2021
Recently, Klinsmann et al. proposed a more comprehensive
model by considering the counterbalance of the compressive
stress developed in the crack on the Li infiltration.””" They
postulated that the high compressive stress could potentially
block the reaction for Li deposition and thus suppress the Li
infiltration into the crack, making the crack non-propagating.
This situation only occurs for cracks shorter than a critical
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length. Therefore, to avoid the propagation of cracks and Li
dendrites in SSEs, it is wise to minimize the size of pre-existing
cracks either via delicate polishing or artificial coating,
Compared with the single-crystal SSEs, polycrystalline SSEs
are far more practical in terms of their easy processability (i.e.,
simply through powder sintering).”>***° However, the GBs in
polycrystalline SSEs have been reported to enormously
facilitate the Li dendrite propagation in SSEs, leading to the
web-structure Li plating along the GBs in the SSE (Figure
11d).>%**° The significant reduction in elastic modulus of the
GBs was proposed as a potential mechanism for dendrite
propagation along GBs (Figure 11e). The variations in atomic
structure and vicinity density of the GB plane led to a lower
local elastic modulus. For example, molecular dynamics (MD)
simulations have revealed that the modulus of GBs in
polycrystalline LLZO can be as much as 50% smaller than
that in the bulk grain.**”***
likely to nucleate at the softer regions near GBs. Nevertheless,
the lower ionic conductivity of the GBs, compared with the
bulk grain, is considered another main reason for the Li
dendrite propagation. Both MD simulations and experiments
have confirmed that Li-ion migration activation energy for all
GBs in the LLZO is consistently higher relative to its bulk
grain, and therefore Li-ion mobility through the GBs can be
largely reduced. This higher ionic resistance of the GBs near
the Li/SSE interface can lower the local electrical potential to
become negative, instigating the Li plating and dendrite
nucleation at the GBs.”’' In addition to the described
mechanisms, other inhomogeneities at the GBs, such as the
segregation of doping elements and localized high electronic

In this scenario, metallic Li is more
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American Chemical Society.

conductivity, have also been proven to facilitate the Li dendrite
propagation along the GBs.”*>**

The mentioned hypotheses for Li dendrite propagation are
usually classified into the continuous root-growth mechanism,
suggesting Li initially nucleates at the Li/SSE interface and
then penetrates toward the cathode through the SSEs. An
alternating mechanism reported recently is the sporadic bulk-
plating mechanism. It shows that the initial Li plating can
occur in the bulk SSE (i.e., sporadic Li filaments) instead of at
the Li/SSE interface. As Li plating proceeds, the eventual
interconnection of these filaments results in the short-circuit of
ASSBs. The sporadic Li plating requires the SSEs with an
electronic conductivity high enough to allow electrons to pass
into the bulk SSE, and thus the reduction of Li ions could
occur inside the bulk SSE (Figure 11f). This is particularly true
for the polycrystalline SSEs such as LLZO and LPS, as their
GBs usually exhibit a relatively high electronic conductiv-
ity'.232’234 Moreover, microstructure and composition hetero-
geneities in SSEs such as voids and impurities might trap
excess electrons and negative charges (e.g, O®7), further
facilitating the sporadic Li plating.”* Direct evidence for the
sporadic Li plating can be found in the work of Aguesse et al,
in which they performed a post-mortem analysis on the cycled
LLZO and observed the existence of island-like metallic Li
(indicated as the black spots in Figure 11g) inside the pore
space of LLZO.”*® Liu et al. recently utilized an in situ TEM
setup to further confirm that Li ions can be easily reduced in
the void at the junction of GBs and forms local Li filaments.***
All these discoveries suggest that the minimizing electronic
conductivity of the GBs must be a primary concern for the SSE
optimization.

2.4.2.3. In the Composite Cathode. Different from the Li
metal anode, the cathode in ASSBs is usually a composite
consisting of both SSE and cathode materials (e.g, NMC).
Therefore, building a stable cathode/SSE interface will be
essential for the realization of high-performance ASSBs, but it
is also challenging because of the electrochemical and
mechanical incompatibility between SSE and cathode materi-
als. Side reactions at the cathode/SSE interface are a major
type of electrochemical degradation. There are already plenty
of review articles on understanding the electrochemical
stability at the cathode/SSE interface,” ®**® thus we will not
further specify it here. Instead, we will primarily focus on the
mechanical degradation at the interface, which encompasses
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the poor initial contact and the subsequent contact loss during
battery cycling.

Unlike the liquid electrolytes that can form conformable
wetting on cathode materials, the SSEs usually form a poor
solid—solid contact with the cathode materials because of their
stiff nature. Therefore, a high stack pressure of tens to
hundreds of MPas is required to assemble the composite
cathode with relatively conformable particle contact and low
porosity. However, this strategy can only be applied to those
more compliant sulfide-based SSEs (e.g,, LPS), but it is not
applicable to the oxide-based SSEs (e.g, LLZO) mainly
because of their poor formability, as discussed in Section 2.4.1.
Indeed, the challenges for integrating LLZO with cathode
materials have become a major stumbling block limiting the
practical adoption of LLZO in ASSBs, although it shows the
state-of-the-art ionic conductivity and electrochemical stabil-
ity.”” In addition, even though the relatively conformal
interface can be initially built under a high stack pressure,
interfacial degradation is still likely to occur upon battery
cycling because of the mismatched volume strains between
SSE and cathode materials. It is now well-known that most
cathode materials undergo a volume change upon cycling that
ranges from a few percent to tens of percent, while SSEs
should not participate in the electrochemical reaction to
undergo the volume change. This mismatch volume change
between SSE and cathode materials will induce the complex
stress state in the cathode material, in the SSE, and at the
cathode/SSE interface, generating extensive microcracks in the
composite cathode (Figure 12a). Bucci et al. numerically
revealed that the crack propagation in the composite cathode
highly depends on the material properties of SSEs (Figure
12b).*® For example, the sulfide-based SSEs with local
modulus and hardness can easily deform to accommodate
the volume change of cathode materials, which effectively
mediates the debonding at the cathode/SSE interface.
However, the low fracture toughness of sulfide-based SSEs
(e.g, 0.23 MPa-m'? for LPS, Table 1) determines that they
will be more vulnerable to the bulk fracture, i.e., crack initiation
and propagation within the SSEs, instead of at the interface.
Experimental investigations on the mechanical degradation of
the composite cathode can be found in the work of Koerver et
al. and Wang et al. (Figure 12¢).****” They found that the
formation of both interfacial and bulk cracks in composite
cathode will lead to the increased cell impedance because of
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Figure 13. Role of one-dimensional atomic defects on the diffusivity and reactivity of the active materials. Oxygen vacancies in battery materials can
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Chemical Society. Copyright 2019 Wiley-VCH GmbH. (d, e) Doping induced lattice deformation” can mitigate the detrimental phase
transformation (f, g) in layered oxides battery materials at high voltages.”*> Reproduced from refs 94 and 245. Copyright 2020 Elsevier. Copyright

2019 Springer Nature.

the reduced contact area for Li-ion transport between the
cathode materials and the electrolyte, which will further slow
the reaction kinetics, lower the CE, and hinder rate
performance of ASSBs.

3. IMPACT ON ELECTROCHEMICAL PERFORMANCE

In this section, we will focus on how mechanical stresses and
degradation, including those arising from atomic-scale defects,
macro-scale deformation and fracture of SEI, particle, and solid
electrolytes, reflect on the electrochemical activity that
regulates performance metrics (power fade, capacity fade,
and Coulombic efficiency).

3.1. Atomic Defects

Antisite defects can directly change the chemical environment
of the defective region, impeding ion diffusion and
deteriorating battery performance in most cases, 0¥ 7240
The impeded ion diffusion can be attributed to two reasons:
(1) antisite defects act as obstructions along the ion diffusion
pathways;**' (2) antisite defects cause lattice shrinkage and
thus increase ionic diffusion energy barriers.”*” OVs are
intrinsic defects in many battery materials, and their presence
can dramatically alter the chemical and mechanical stability of
battery materials. For example, the crack formations because of
the OVs’ condensation under high state-of-charge or thermal
abuse conditions can cause side reactions between the newly
generated electrode surface and the electrolyte, leading to
resistance build-up, gas evolution, and irreversible capacity
fading (Figure 13a).”* Moreover, OVs also contribute to many
undesired phase transformations (Figure 13b,c),”* which
generate redox-inactive phases and cause irreversible capacity
loss. To avoid these unfavorable phase transformations, many
researchers proposed foreign element doping solutions. For
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example, LiCoO,, a widely used cathode material but of a low
volumetric energy density, experiences a detrimental phase
change (O3 to H1—3 phases, Figure 13f) at high voltages.
Further pushing the performance of LiCoO, by increasing the
upper cutoff voltage is difficult because of the poor structural
stability at highly delithiated states. Hong et al. reported that
trace amounts of Ti (~0.1 wt %) doping leads to lattice
deformations such as d-spacing change, Y-twisting, and Z-
bending (Figure 13d,e).”* These lattice deformations induce
lattice strains in the doped LiCoO,, which contribute to the
lattice robustness and suppress the detrimental phase change
(Figure 13g).”"*** The improved structural stability enables
stable cycling of LiCoO, with an upper cutoff voltage of 4.6 V,
dramatically enhancing its volumetric density.

Dislocations are mostly detrimental to the electrochemical
performance of batteries in two aspects. First, dislocations
induce harmful phase transformations. The newly generated
phases are usually redox inactive, which reduces the battery
capacity substantially. Moreover, the new phases may decrease
electronic and ionic conductivities, further impairing battery
performance.g’84’246 Second, dislocations-aided crack forma-
tions (Figure 14ab) generate fresh surfaces for undesired
reactions at the electrode—electrolyte interface, which
considerably increases the resistance.””"***** Although
dislocations are primarily detrimental to the long-term cycling
performance, a few studies showed that one could potentially
use dislocations to guide or promote redox reactions in
batteries. Dislocations likely act as nucleation points for redox
reactions such as in spinel”* and layered oxides.* It was also
found that layered oxide single grains with high dislocation
densities tend to have a deeper charging state than perfect
grains with fewer lattice distortions (Figure 14c—f). Such
findings suggest that engineering the dislocation density and
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distributions may facilitate the redox reactions in batteries to Grain boundaries are widely dispersed in batteries and
enhance their performance. largely regulate ionic and electronic transport (Figure 14g), yet
13060 https://doi.org/10.1021/acs.chemrev.2c00002
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Reproduced from ref 262. Copyright 2012 Wiley-VCH GmbH.

the understanding of grain boundaries in redox-active materials
is limited. Ion transport along grain boundaries can cause
inhomogeneous state-of-charge distributions (Figure 14h),
which was observed in experiments of many polycrystalline
active materials (Figure 14j).”*”**® The inhomogeneous
charge distribution results in significant mismatch strains and
lead to crack formations as theoretically predicted (Figure 14i)
and experimentally observed** in various systems.

3.2. Deformation

The deformation resulting from chemical reactions can lead to
stresses and mechanical degradation, which are intertwined
with electrochemical performance. Deformation, however, also
has a direct effect on ion transport via the change in the
electrode porosity. Many factors are involved in this regulation,
including how much the electrode as a whole is allowed to
expand given the physical constraint of the dense layered
structure of multiple cells within the battery casing, and the
mismatched volume change between cathode and anode layers.

Pietsch et al.’” used digital volume correlation on
tomography data to study the microstructural evolution in
graphite anodes during lithiation. The cells were prepared
using prelithiated graphite—graphite electrodes separated by a
glass fiber separator and enclosed within a polyether ether
ketone housing tube. During the first half of the first lithiation
(up to ~160 mAh g™', Figure 15a), the particles (black curve)
expand at a greater rate (greater slope) than the overall
electrode (cyan curve), causing a decrease in porosity (red
curve). That is, a portion of the volume expansion of the
particles is accommodated by the pores (inward expansion).
The porosity then remains constant over the second half of
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lithiation as the particles and the electrode expand at the same
rate. They also found that because of the predominant
expansion of the graphite platelets along their c-axis (aligned
parallel to the current collector), the in-plane (IP) tortuosity
increased in the first half of lithiation and remained about
constant during the latter half, while the transverse plane
(normal to the current collector, TP) tortuosity remained
virtually constant throughout (Figure 15b). The effect of
deformation is more pronounced in the case of high-capacity
electrode materials such as Si. Pietsch et al.’” also tested a
composite electrode composed of 1:3 weight ratio of Si to
graphite and found that the composite electrode expansion
(close to 35%) is much larger than that of the pure graphite
electrode and varies linearly with the state of charge (Figure
15¢), which suggests that the large electrode expansion is
predominantly because of the expansion of Si. The volumetric
expansion of Si reduces the porosity of the electrode by 8%
(Figure 15d). Volume expansion driven porosity reduction is
more significant in nano Si electrodes, as reported by Radvanyi
et al.”>® They used several characterization techniques to show
that, because of the drastic reduction of the micrometric
porosity over 100 cycles, large portions of the electrode were
blocked from the Li" access, leading to rapid capacity loss.
They estimated a reduction by 10 orders of magnitude in the
effective diffusivity of Li* after 100 cycles. Furthermore,
experiments conducted by Moon et al.”>* on Si—graphite
composite electrodes showed that excessive expansion of Si
caused sharp capacity degradation of graphite after 200 cycles.

To quantitatively study the effect of porosity variation on
electrochemical performance, one can refer to the literature on
electrode calendaring, where the electrode is intentionally
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compressed by externally applied forces. This process is
commonly carried out for commercial electrodes primarily to
increase the energy density. For example, Schmidt et al.**
evaluated the cyclic performance of NMCII1 electrodes
compacted at different pressures (i.e., varying porosities).
Figure 15e,f shows cross section tomography images of NMC
cathodes at the pristine state and compacted by 1 GPa, with
50% and 18% porosities, respectively. Upon cycling the
electrodes with different porosities, it is observed that even
at a low C-rate of C/20, the highly compacted electrode
achieved a significantly lower capacity than the uncompacted
electrode because of the limitation of Li* diffusion in the
electrolyte, Figure 15g. This difference widens with increasing
C-rate (except at SC, where the capacity of all electrodes drops
substantially). Interestingly, for C-rates up to SC, the capacity
density initially increases with a reduction of porosity. The
authors attribute this improvement mainly to the reduction in
electrode volume, until a threshold of porosity is reached
beyond which the capacity density drops as the competing
effect of limited access of the liquid electrolyte to the active
materials overshadows the volume reduction.”*® The increased
contact area between active particles and conductive matrix in
the moderately compacted electrode is also thought to have a
role in the improved performance by lowering the electrical
resistance at the particle—matrix interface. External compaction
is widely used in the industry to improve the specific capacity
and can improve the rate performance of batteries, but
excessive pressure will result in detrimental effects on the Li
transport through the porous network. In addition, the high
loading of active materials and insufficient open space to
accommodate volume expansion have consequences on
structural stability because of particle—particle impingement,
as discussed in Section 2.2.1.

3.3. Mechanical Stress

In Section 2.2, we discussed how mismatched strains arising
from diffusion and phase transformation generate stresses in
the active materials. Here, we discuss how these stresses in turn
regulate reaction and diffusion. Figure 16 compiles experi-
ments that demonstrate different mechanisms of stress
regulation. The first experiment consists of a mechanical
energy harvester that operates under the thermodynamic
principle of the stress contribution to the chemical potential.**”
The device, illustrated in Figure 16a, is a symmetric cell
consisting of partially lithiated amorphous Si thin film (~Li;Si)
on both sides of an electrolyte-soaked separator. Bending the
device creates an asymmetric stress where the inner film is
under compression and the outer film is under tension. The
potential difference between the electrode under compression
and the electrode under tension drives Li* flux until the new
equilibrium condition is satisfied. That is, until a concentration
of Liy ,Si (point C’) is reached for the electrode in tension and
Li,,Si (point B’) for the electrode in compression (Figure
16b). At the same time, charge neutrality is maintained by the
corresponding electron flux along the external electrical circuit
enabling mechanical to electrical energy conversion (Figure
16¢). The analysis presented in Figure 16b shows that the
slope of the open circuit potential (OCP) curve dictates the
composition sensitivity to stress. That is, a larger change in
composition is expected for a given change in stress for a flatter
OCP curve. This balance was discussed in detail by Sheldon et
al.”*" Similar observations were made for the sodiation of black

phosphorus nanosheets®™ and lithiation of vanadium pent-
oxide.”®”

In a stressed solid, the rate of diffusion is also affected by the
stress contribution to the chemical potential, y, which is given
by 4 = RT In(a) — Qoy, where a is the activity, R is the gas
constant, and T is the temperature. Note that this form
assumes an isotropic solid and no network constraint.**®
Adopting linear kinetics, the flux is given by

%(RTV In(a) —Q.th).26 The first and

second terms represent the chemical and mechanical driving
forces, respectively. Numerous modeling studies employing
two-way stress-diffusion coupling investigated the role of this
interplay in electrodes of different materials and geo-
metries.' '*?%*?%% For an intuitive understanding, consider the
case of a free-standing particle undergoing Li insertion that, as
a result, has its outer shell in compression and the core in
tension. The stress gradient, in this case, promotes inward Li
flux, helping homogenize the Li concentration.”*® A recent
experiment on Si thin film observed a disruption in the self-
similarity of the Li concentration profiles upon stress reversal
that matches theoretical predictions using stress-coupled
diffusion theory.'”

While previous arguments dealt with driving forces, stress
also affects the activation energy for diffusion. When a mobile
species jumps from one site to another in a host, it creates a
distortion of the lattice and work must be done during the
jump against any elements of the stress field that resist this
distortion. Hence, under hydrostatic stress, the diffusion
QUTTH%Q) where D is
the reference diffusivity, Q, is the activation energy at zero
stress, @ is a material-dependent prefactor,”* ky is the
Boltzmann constant, and T is temperature.”*”**® One evidence
of this effect in energy materials is shown Figure 16d. The Li
diffusivity in vanadium pentoxide film changes significantly as a
result of an externally applied in-plane strain.”*® Another
example is the experiment presented in Figure 16e for Ge
nanowire. The lithiation proceeds primarily along the surface
because of the higher surface diffusivity. Without an externally
applied stress, the lithiation proceeds at the same rate
throughout the entire surface, whereas under applied bending
(Figure 16e), lithiation propagates faster on the side under
tension and slower on the side under compression.”®"

In summary, there are three different ways in which stress
regulates diffusion: (i) boundary condition for equilibrium,
where for a given chemical potential, the concentration for
equilibrium is stress dependent; (ii) flux, where the driving
force for flux depends on the stress gradient; and (iii) mobility,
where the activation energy for diffusion depends on the stress
value. The derivations and discussions for these relationships
are available in the original works by Larché, Cahn, and
Voorhees.***%

Stress also regulates interfacial reaction rates. One such
process is the rate of the redox reaction at the electrode—
electrolyte interface. The ion flux i through the interface is a
function of the overpotential (E — E;) and it must be equal to
zero in the absence of an overpotential. E,, is rest potential and
E is potential drop across the interface. In the absense of stress,
a commonly used function is the Butler—Volmer equation:

i= i%exp(a%) - exp<—(1 - a)%)} where a

is the charge transfer coefficient and i, is the exchange

. _ @D _
1= RTV'M_

coeflicient is given by D = D, exp(
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Reproduced from ref 273. Copyright 2013 Wiley-VCH GmbH. (d) The stable Si electrode microstructure after 10 cycles using a highly elastic
binder. (e) Excessive SEI growth and thickening after 10 cycles for another Si electrode using a normal binder. (f) Electrode with stable
microstructure exhibits better capacity retention and good Coulombic efficiency. Reproduced from ref 171. Copyright 2017 AAAS. (g) Schematic
illustrating the altered charge pathways and isolated grains as a result of the intergranular cracks. Reproduced from ref 274. Copyright 2019
American Chemical Society. (h) Relationship between impedance and microstructural degradation of NCA secondary particles. Reproduced from
ref 275. Copyright 2014 Elsevier. (i) Cross-sectional image of pristine (left) and lithiated (right) all-solid-state Sn battery showing extensive
cracking of the solid electrolyte and the (j) consequence on the ion transport tortuosity. Reproduced from ref 276. Copyright 2019 Wiley-VCH

GmbH.

current.””’ Recall that the rest potential is a function of the
stress. Bower et al.”’" thus proposed that the stress component
of the rest potential be included in the Butler—Volmer
equation. If E; is the stress-free rest potential, the ion flux
across the stressed electrode surface and electrolyte is thus
given by

. F(E - E, — Uhg)
i =iy exp|a RT

F(E — Ey — 6,Q) )}

RT

- eXP[—(l - a)

This means that a tensile stress promotes ion insertion
(reduces the free energy of the reduced state), and a
compressive stress hinders it (increases the free energy of
the reduced state). Modeling results for Si thin film electrodes
including the stress-effect on charge transfer by Bower et al.””
and Lu et al.*”> matched well experiments under various
charging protocols.

The last mechanism is the stress effect on the reaction rate
of phase-transforming materials. This effect was observed in an
in situ TEM experiment of crystalline Si nanoparticles.”*”
During lithiation, crystalline Si transforms into an amorphous
phase, creating a sharp interface between reacted and
unreacted phases (right side, Figure 16f). The reaction front
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slowed down during lithiation, which is not characteristic of a
reaction-rate limited process (i.e., expected a constant interface
velocity under constant potential). After ruling out other
potential rate-controlling processes, the authors find that this
slowdown is consistent with modeling predictions considering

the stress buildup and its effect on the interfacial reaction-
110,262
rate.

3.4. Fracture

Active materials may fracture under the various chemo-
mechanical loads ensuing from battery operation. The
consequences of this mechanical failure on the electrochemical
performance depend on various factors, and the long-term net
result is generally negative. It is difficult to precisely isolate and
experimentally validate the role of a single element when there
are mutually dependent factors regulating electrochemical
activity simultaneously and in interconnected ways. One
common approach is to design control experiments in which
cracking is minimized, and employ advanced imaging
techniques to quantify morphological information, comparing
against the performance of a system experiencing extensive
cracking. Furthermore, numerical simulations are routinely
used on reconstructed 3D models to develop a fundamental
understanding of the regulating mechanisms. In the following,
we show experimental evidence for the direct and indirect
consequences of crack growth and refer to computational
studies to rationalize results when applicable. Figure 17 groups
crack-induced electrochemical regulation in three main types:
(a) electrical isolation of active materials; (b—f) cracks
exposure of fresh surfaces to the electrolyte; and (g—j) high-
density cracks hampering ion and electron transport.

Figure 17a shows the microstructure of an NMC particle
before and after cycling, where the secondary particle fractured
and the debris became detached from the rest of the
electrode.'’” Spanning cracks resulting in detachment may
form through a self-feeding effect of chemomechanical
instability in which a crack leads to more chemical activities
at the crack site, resulting in further crack growth. For instance,
when a surface crack opens up and is infiltrated by electrolytes,
the mobile species concentration will be higher around the
crack because of the direct access to the electrolyte and lead to
preferential crack propagation.””” Another case is when the
tensile stress at the crack tip produces a phenomenon known
as corrosive fracture.”’® In this process, the stress gradients
around the crack drive the mobile species to concentrate at the
crack tip leading to either crack arrest (by lowering the tensile
stress through the chemical expansion associated with the
mobile species) or unstable crack growth (by lowering the
toughness at the crack tip).””® Ultimately, electrical isolation of
active materials is manifested in the battery performance as a
capacity loss."®

In the cases where cracking does not separate active
materials from the conductive network, there will still be
meaningful consequences on battery performance. For
example, cracks can regulate the rate capacity indirectly
through their effect on the stress field. In crystalline Si
nanoparticles, it has been shown that the stress field formed
during lithiation retards the reaction front and, upon cracking,
the built-up stresses are released, leading to an immediate
observable increase in the reaction front velocity.”®> Also
consider the case where structural degradation allows electro-
lyte infiltration into the particle; Figure 17b,c shows how the
electrolyte can easily penetrate cracks into the interior of

LiNi,Co,ALO, (NCA, x +y +z=1) particles.””> On one
hand, the wet crack represents a shortcut for guest ions to
reach the center of the particle through the electrolyte, rather
than the slower alternative through the solid. This enhanced
ion mobility could manifest as an improved rate capacity.””’
On the other hand, electrolyte exposure of fresh active surfaces
outside the controlled conditions of the formation cycle is
problematic because of the occurrence of side reactions.
During the formation cycle (the final stage in the
manufacturing process of batteries), passivation of the active
material surface is carried out under a controlled temperature
and C-rate to form a thin and stable SEI, followed by a
degassing step to release gaseous decomposition products.””
Fresh active surface exposure to the electrolyte outside these
controlled conditions will lead to a range of harmful side
reactions related to SEI growth (consumption of free Li, drying
of the electrolyte, gas build-up, and impedance increase), as
well as undesired reactions in the active materials (cation
disorder, surface reconstruction, and metal dissolution).””” In
the Ni-rich NCA cathode, crack surfaces exposed to electrolyte
react with unstable Ni**, forming a rocksalt impurity layer that
increases the charge-transfer resistance.”*” Excessive cracking is
now recognized as the underlying cause of the poor capacity
retention and poor thermal stability of Ni-rich transition metal
OXideS.ZSO_ZSZ

For active materials that undergo large volume expansion,
the SEI layer fractures even when the active material itself is
unharmed, as is the case for Si nanowires.”” One example
where volume change and cracking of the active materials
contribute to SEI fracture and unstable growth was verified in
Si microparticle electrodes via cross-sectional SEM imaging.”**
The SEI fracture exposes the fresh Si surface to the electrolyte
and then causes the subsequent formation of the extra SEL
This cyclic fracture and formation of the SEI during battery
cycling lead to the consumption of Li, drying of the electrolyte,
increase of impedance, and eventually the premature failure of
batteries. The electrode fabricated using a modified (highly
elastic) binder that helps preserve structural integrity showed a
minor thickness increase over cycles (Figure 17d), excellent
capacity retention, and improved Coulombic efficiency (Figure
17f). In comparison, a sample using a less elastic binder (PAA-
SiMP) formed a thick SEI layer and doubled in thickness after
only 10 cycles (Figure 17e). The increase in impedance and
free Li consumption associated with a thick SEI manifested as
premature capacity loss (Figure 17f).

Electrode thickening because of structural degradation has
also been linked to an “unwetting” problem in batteries where
the porous network (initially wet) is drained from liquid
electrolytes during cycling.”** Deng et al.*** showed through
ultrasonic imaging that an NMC-graphite pouch cell cycled at
100% DOD (depth-of-discharge) underwent significant
unwetting, leading to a capacity loss of roughly 30%, whereas
a cell cycled at 30% DOD (same total cycling time of 2 years)
maintained homogeneous electrolyte distribution and capacity
loss of <10%. The authors suggested that the electrolyte
draining was related to excessive swelling of the graphite anode
by SEI thickening,”** but research pinpointing exactly how the
electrolyte is being consumed is still unfolding and will likel
depend on the specific anode—cathode combination.*****’
Recently, the same group ran computed tomography (CT) on
an NMC622-graphite jellyroll and found the cathode to be
responsible for the electrolyte drying. In this study, the
thickness change happened largely at the cathode side, and it is
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hypothesized that this is caused by the extensive microcracking
of NMC secondary particles. New empty spaces created by this
thickness increase would cause the electrode to act as a sponge
slurping the electrolyte out from other areas of the jellyroll.”’
We also note that it is common for pristine secondary particles
of transition metal oxides to have large central voids.'”****
Upon cracking, the electrolyte can access these pre-existing
voids and potentially contribute to the drying problem without
demanding a significant thickness change.

Cracks also represent a discontinuity in the solid ionic and
electronic conduction volume, acting as physical barriers for
charge transport. The schematic in the top panel of Figure 17g
illustrates the difference in the charge transport path from the
center to the outer surface of a pristine particle (left) versus a
cracked particle (right) in a solid electrolyte (no electrolyte
infiltration). To investigate this regulation for realistic crack
morphologies, Besli et al.”’* calculated the diffusion length in
3D reconstructed models of pristine and cycled NCA particles
in solid polymer batteries. The bottom Figure 17g shows a
color-coded distribution of how transport to individual grains
of pristine (left) and cycled (right) particles are distinctly
affected by their morphology. Intuitively, the more inter-
connected the cracks, the greater their deterrent effect on
transport. Note that regulation is different in traditional liquid
electrolyte batteries where the Li diffusion length is decreased
by the cracks because of electrolyte infiltration (direct access to
electrolyte inside the interior of particles) while the electron
transport length is instead increased (high-density cracks
increase the tortuosity of the electron conduction path). This
mismatch between the ionic and electronic transport paths is
thought to contribute to known particle-level state-of-charge
heterogeneity in these systems.'""

Watanabe et al.''***” investigated the role of microcracks on
cell impedance by varying the DOD of LiAly4Niy76C0414,0,
cylindrical cells. The authors found that the structural
disintegration of the particles was related to the overall
width of the depth-of-discharge window (ADOD). The insets
of Figure 17h show the binarized cross-sectional SEM images
of NCA particles after 2500 cycles for 60% ADOD (left and
middle insets) and after 1500 cycles for 100% ADOD (right
inset). The 100% ADOD cell underwent the most structural
degradation, which led to a larger impedance compared to the
less damaged cell with a narrower ADOD (Figure 17h). Cells
cycled through a wider charge window also experienced
premature capacity fading (50% capacity loss after 1500 cycles)
compared to those of narrower capacity windows (20%
capacity loss after 2500 cycles). Note that this performance
deterioration because of extended cracking likely stems from
both altered charge transport lengths and undesirable reactions
caused by electrolyte infiltration. For NCA, extensive cracking
combined with electrolyte wetting leads to the formation of a
NiO-like surface that is known to have poor electron and Li-
ion conductivities."'* In addition, the authors found that the
structural damage only depended on the width of the operating
window and not on the specific voltage value. That is, a similar
performance was observed for 0—60% DOD and 40—100%
DOD. This is not a general observation. For higher Ni content
cathodes, mechanical degradation is amplified at higher
voltages because of the H2 — H3 phase transition.'"’
Hence, the ideal charging protocol to minimize mechanical
degradation largely depends on the chemical composition and
its corresponding characteristic lattice distortions.

It is also notable that for all-solid-state batteries, not only the
active particle can crack but also the electrolyte itself (detailed
discussion on the mechanical degradation modes of all-solid-
state batteries in Section 2.4). Cracking can be particularly
severe in cases where stiff, brittle solid electrolytes are paired
with high-capacity active materials that undergo large volume
changes. One study used synchrotron radiation X-ray
tomography to map the morphological evolution of tin (Sn)
particles embedded in amorphous LPS solid electrolytes.””®
Even though LPS is a relatively soft solid electrolyte with an
elastic modulus of ~18 GPa, it has low fracture toughness
(~0.2 MPa m'? see the comparison in Table 1, Section
2.4.1), making it prone to cracking. Figure 17i shows the cross-
sectional morphology of the electrode in a stack cell in
unlithiated (left) and lithiated (right) states. The blue color
indicates pure Sn, and the pink color indicates any alloyed
phase (lithiated Sn). During the expansion of the Sn particle,
many cracks can be observed parallel to the current collector.
The authors speculate that the reason that particles expand
primarily in the vertical direction could be a consequence of
the cell construction, which has fixed side walls but allows
thickness variation (only constrained by constant pressure on a
flexible PMDS substrate). As a result, the cracks grow in the
orientation perpendicular to Li-ion flux (from top to bottom),
thus dramatically affecting the tortuosity of ion transport. That
is, despite cracks representing less than 5% of the total
electrode volume in the lithiated state, they have a larger effect
on tortuosity than the particles themselves which represent
20% of the total volume. The evolution of the tortuosity factor
calculated from the reconstructed images as a function of the
Li content is shown in Figure 17j. One noticeable feature is
that the horizontal cracks formed in the LPS during lithiation
practically disappear upon delithiation, so the tortuosity is
reversed to the original value. Ultimately, the physical barrier
to charge transport created by an extended crack network will
manifest as an increase in cell impedance and consequent
power fade. This effect was also shown to be significant in
LAGP electrolytes in a symmetric Li metal cell where the crack
area growth was correlated to an increase in impedance of
roughly two orders of magnitude.”"’

4. MODELING APPROACHES

Various modeling approaches, including atomistic modeling,
mesoscale phase-field modeling, continuum mechanics model-
ing, and homogenization modeling, have been developed to
capture the highly intertwined chemistry and mechanics in
batteries at multiple length scales. The following subsections
will cover the introduction of these modeling approaches and
then their applications in battery research. It should be noted
that different approaches have their own focus of interest that
usually cannot cover the cross-scale features because of the
trade-offs between computational cost and modeling details. It
is always promising but challenging to develop modeling
approaches that are efficient in time and computational cost
while containing sufficient microstructural details.

4.1. Atomistic Modeling

The chemomechanical properties of battery materials are
fundamentally dictated by their electronic structures and phase
behaviors at the atomic level. The intricate structural dynamics
at the ultrasmall length scale (A ~ nm) and ultrafine time
scales (fs ~ ns) challenge direct experimental observations.
Powered by high-performance computing resources, atomistic

https://doi.org/10.1021/acs.chemrev.2c00002
Chem. Rev. 2022, 122, 13043-13107


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Energy (eV)

Electronic structure & structural stability
Mechanical properties at different SOCs

All-atom
Atomistic
Modeling

d ~8-0% strain|
~#-6% strain

o
N
s

Energy (eV)
2 2
\-\i‘ﬂ

2_a
.(:\.
/.}

5
°
3
b
___
o«

0.0 05 1.0
Reaction coordinate

Positive strain gradient

e ttftqe 03]

s
M 02
Omm) i dy 3 o1
00-00-00-00—00-00Yo
% 0.04
Negative strain gradient T 014
3 3 < 1 —e—pristine
: ] l 1 2 02 o 5% uniform strain
4 8 03] —e—5% mid-strain
£=12% Ommp I T2 3 4 5§ 71
Li charge: 0.582 ¢ oo'o

Reaction coordinate (A)

Chemical potential & transport kinetics
Chemomechanical stability of SEI

s
f g 4 ~%% ® o .
25 45 s 24 ° ° e C,
—=— S0C0.000 =z, . v Gy
® 50C0.125 4 # Graphite foLic £ B Gy
2 | A s0c037s | €00, toLiCo0, g 20 g d —
; m’d’ —+— 50C0.500 | @ == LiTiy0, to Li;Ti,0; 27 I S— Call)
} *50C0750 | 4 % FeP0, toLiFePO, 2 s v 5 v e Coall
_ < S0C1.000 | x ~ Mn,0, toLiMn;0, 816 s T e
=15 ¢ paTl &t = .Y v
o | v 25 O Si loLiysSi 14 n
S il s@"‘f\* ~ A AllolipAl .
g ﬁ 1 & 2 O SntoliyySn Al 2 4 6 7 8
&10 fall ale Li,BDC_ordered
& o b 5% 15
' Al 3% A X | broken Li-O bonds, buckling
Oy o 33 = - :
o A IRl g, 5T fe—
p Pl I L o 5 Y
A A \G\K‘ m
L oo [
A b 0
0 02 04 06 08 e,
x 'QWM
Liconcentration, y = — € %
Y =17 d% )

Figure 18. Atomistic modeling of chemomechanical behaviors of battery materials. (a) (left) Local view of the TM—O octahedral complexes. The
degree of distortion of the octahedra indicates the ionic states of the TM elements. (right) Crystal orbital overlap population analyses of the TM—
O pairs. Reproduced from ref 290. Copyright 2017 American Chemical Society. (b) Valence electron charge density distribution on a (110) plane
of c-Si with four Li atoms. Reproduced from ref 291. Copyright 2011 American Chemical Society. (c) Electrostatic potentials for monolayer
graphene with one adsorbed Li and under 12% strain. Reproduced from ref 292. Copyright 2018 American Chemical Society. (d) (left) Schematic
of a Li/Na adsorbed MoS, sheet under a uniform tensile strain. (right) The adsorption energy of Li (square) and Na (circle) as a function of the
tensile strain. Reproduced from ref 293. Copyright 2018 Springer Nature. (e) (left) Schematic configurations of Li diffusion inside the bilayer
graphene under positive and negative strain gradient fields. (right) Energy profiles of Li along the diffusion path in different strain fields.
Reproduced from ref 294. Copyright 2020 Royal Society of Chemistry. (f) Stress—strain response of Li,Mn,O, cathode at different SOCs.
Reproduced from ref 295. Copyright 2020 AIP Publishing. (g) The average values of Young’s modulus in various electrode materials. Reproduced
from ref 296. Copyright 2014 IOP Publishing. (left) A snapshot of the ordered phase of Li,BDC. (right) Elastic constants obtained from the MD/
MC modeling of the ordered Li,EDC at 393 K. Reproduced from ref 297. Copyright 2017 American Chemical Society. (i) Side and top views of

Li,O films with grain boundaries and strained by ~12%. Reproduced from ref 298. Copyright 2017 American Chemical Society.

modeling plays an increasingly important role in understanding
the fundamental mechanisms of chemomechanics and
providing insights into material design. Herein, we present a
few representative cases of all-atom atomistic modeling in
studying the chemomechanical behavior of battery materials.
The intrinsic structural stability of electrode materials can be
informed by analyzing their electronic structures via atomistic
modeling. The bonding environment, the degree of orbital
overlapping, and the charge density distribution gauge the
strength of atomic bonding and further indicate the inherent
mechanical stability of electrodes. For example, Sun and Zhao
investigated the electronic structure and valence states in
NMC cathodes using the density functional theory (DFT) and
genetic evolution algorithm.299 Figure 18a (left panel) presents
the chemical bonding of TM—O octahedral complexes in
NMC, where the transition metal (TM) elements (Ni/Mn/
Co) reside at the octahedral site surrounded by six O atoms.
The oxidation state of the TM elements determines the Jahn—
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Teller effect as well as the TM—O bond length. Crystal orbital
overlap population (COOP) analysis presented in Figure 18a
(right panel) unveils the comparative TM—O interactions,
wherein the positive values represent the bonding state, and
the negative values show the antibonding interaction. The
Jahn—Teller effect and orbital overlap population of TM—O
pairs serve as indicators of the microscopic structural stability
of NMC materials. Likewise, employing first-principle
simulations, Zhao et al. elucidated the microscopic deforma-
tion mechanism of lithiated Si and underpinned the onset of
plasticity induced by lithiation.””" The reduction in strength of
lithiated Si is attributed to the breaking of Si—Si bonds and the
formation of weaker bonds of Li—S, which is associated with
the variation of the valence electron charge density distribution
on a (100) plane of Si upon lithiation (Figure 18b). Zhang et
al. studied the effect of biaxial strains on the absorption and
diffusion of Li on graphene anode.”® The electrostatic
potential map of Figure 18c reveals that more charges are
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Figure 19. Phase-field method is applied in rechargeable batteries for chemomechanical coupling behaviors. (a) The diffuse interface model with
continuously changed order parameter ¢ (0 < ¢ < 1). (b) The crack at the center of the Si at t = 0, where ¢ is a normalized and rescaled time. (c)
Distribution of hydrostatic stress and stress concentrations appeared at crack tips at t = 10. (d) Distribution of Li concentration at ¢ = 15, large Li
fluxes toward the crack tips. Reproduced from ref 307. Copyright 2015 Royal Society of Chemistry. (e) Crack propagation during delithiation
process in electrode particles. Phase segregation initiates the crack propagation at SOC = 70.47% and crack tip starts to branch out at SOC =
46.60%. Reproduced from ref 308. Copyright 2016 Elsevier (f). Crack activation diagram of charge rate C, versus initial crack size a,/]; for cathodic
particles. Circles show the activated cracks and crosses show the unactivated cracks; the black dash line is power-law distribution. Reproduced from
ref 309. Copyright 2019 Elsevier. (g) Li-diffusion accelerates grain growth and grain boundary migration in the host-electrode FePO, during
lithiation. Reproduced from ref 310. Copyright 2019 American Physical Society. (h) Diagram showing the effect of applied voltage and initial
protuberant morphology on dendritic patterns in Li-metal. As the applied voltage increasing, fiber-like, fully dendritic, and tip-splitting dendritic
patterns are divided by two fitted boundaries. Reproduced from ref 311. Copyright 2015 Elsevier.

transferred from Li to C with the increased strain, which
corroborates that Li adsorption becomes more favorable on
graphene under strain.

The atomistic modeling has been utilized to reveal the
interplay among the strain, chemical potential, and transport
kinetics in battery materials. For example, Hao et al. calculated
the potential energy surface of Li diffusion on MoS, without
and with 6% strain and determined the critical diffusion barrier
along the minimum energy path.””" Figure 18d demonstrates
that, under 6% strain, Li follows the same migration path with
a very similar diffusion barrier of 0.22 eV comparing to that of
the unstrained states. It suggests that strain has a negligible
effect on the fast diffusion behavior of Li on MoS,. Meanwhile,
Xu et al. argued that the strain gradient could induce a notable
effect on the rate performance of batteries, as manifested by
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the considerable changes in Li diffusivity and conductivity.’**
As shown in Figure 18e, the variation of the diffusion barrier
with the strain gradient is larger than that of a uniform strain,
indicating that the strain gradient can be eflicient in regulating
the Li diffusion behavior.

The strong dependence of the mechanical properties of
electrode materials on their state of charge has also been
investigated using atomistic modeling. Using molecular
dynamics simulations, Tyagi et al. studied the variation of
mechanical properties of the LiMn,0O, cathode under different
states of chargefo3 Figure 18f. It reveals that the material
shows a more ductile behavior in the early stage of charging
(higher SOCs), whereas the brittle behavior gradually emerges
and dominates at smaller SOC values. Likewise, Qi et al.
employed first-principle modeling to investigate the elastic
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properties of multiple electrode materials and their depend-
ency on Li concentrations.’”* As shown in Figure 18, different
electrodes present distinct elastic behaviors with varying Li
concentrations. Layered electrodes such as graphite and
LiCoO, show dramatic changes in Young’s modulus during
lithiation, while a minimal change of modulus is observed for
spinel and olivine structures (e.g., LiMn,0, and LiFePO,). For
the alloying type anode such as amorphous Si, elastic modulus
follows the linear rule of mixture of the two pure phases (Si
and bulk Li) and exhibits substantial softening upon lithiation.

Atomic modeling has uncovered the crucial role of the
mechanical stability of interphases such as SEI and GBs on
battery performance. The intricate chemical compositions and
complex ion kinetics in interphases demand thorough
investigations at the molecular scale. Using a hybrid molecular
dynamics and Monte Carlo simulation, Bedrov et al. studied
the mechanical and transport properties of model SEIs
comprising dilithium ethylene dicarbonate (Li,EDC) and
dilithium butylene dicarbonate (Li,BDC).*” Figure 18h
shows the atomic configuration of the ordered Li,EDC and
its bulk/shear modulus calculated from the hybrid molecular
dynamics and Monte Carlo (MD-MC) simulation. The two
SEI models exhibit highly anisotropic mechanical properties in
their ordered phase, with the shear modulus of Li,BDC being
systematically smaller than that of Li,EDC. It suggests that the
presence of Li,BDC in the SEI can soften the interphase and
reduce the ability to prevent dendrite growth. Leung et al. used
static DFT simulations to examine Li metal surfaces covered
with Li,O and/or LiF thin films with grain boundaries.**
Figure 18i demonstrates the buckling of the Li,O thin film
upon ~12% strain loading, accompanied by the multiple Li—O
bond breaking and the formation of subnanometer-sized
cracks. This indicates that incipient Li metal dendrites may
nucleate at the defects of subnanometer size inside the crack of
the Li,O film.

4.2. Mesoscale Phase-Field Modeling

The phase-field method is a versatile computational approach
to describe and predict the evolution of mesoscale micro-
structures and morphologies based on thermodynamics
principles. Phase-field models have been widely used in the
studies of rechargeable batteries. In this section, we introduce a
few representative case studies on chemomechanical coupling
in rechargeable batteries.

The phase-field model typically contains diffusive interfaces
because of the difficulty of tracking the sharp interface. The
order parameter ¢, as the phase-field variable, is introduced to
indicate the change of the phase property. The evolution of the
order parameter reflects the phase transition without the need
of tracking the interface. For example, cracks can be regarded
as the diffuse interface, as shown in Figure 19a. The order
parameter changes from 0 to 1, where ¢ = 1 and ¢ = 0
represent the intact and fully damaged regions, respectively.
Also 0 < ¢ < 1 represents the transitional region, which is
smooth across the interface according to a hyperbolic tangent
function.”” In general, the free energy of the system can also
involve more field variables such as concentration, temper-
ature, electromagnetic field, and others.

One particular application of phase-field modeling in battery
research is to provide a powerful numerical approach to
understand the dynamic evolution of cracks in electrode
materials. For instance, Xie et al.”"> developed a phase-field
model to study the deformation and stress evolution of Si

nanowires during lithiation. Large local stress concentration
and stress gradient can induce pervasive microcracks. Zuo and
Zhao®”” used phase-field models to investigate the initial
conditions of cracks in Si thin films and crack propagation. Li
distribution and stresses coevolve near the stationary crack, as
shown in Figure 19b—d. Furthermore, Zhao et al*%® studied
the dynamics of crack propagation and the effect of chemical
reactions on fracture surfaces during delithiation of Si. Initially,
Li concentration is homogeneous (SOC = 80%), and phase
separation appeared at SOC = 70.47% because of the Li
depletion in the outer regime. In the first two stages (Figure
19e), cracks propagated faster than the phase segregation
because of the large tensile stresses at the crack tip. The
mechanism of crack propagation in electrodes during (dis)-
charging is critical to understand the structural stability of
battery materials. Mesgarnejad and Karma®’ exploited the
phase-field approach to quantify the relationship between crack
propagation, flaw size, and charging rate. Figure 19f shows the
phase diagram of crack activation in the space of the charge
rate and the initial flaw size. In this study, it shows that the
critical size of the pre-existing flaw for crack propagation
follows a power law of the charging rate.

Another application of phase-field modeling in battery
research is to study the diffusion-induced grain growth. During
battery cycling, Li diffusion does not only induce volumetric
strains, stresses, and crack propagation but also accelerates
grain boundary migration in electrode materials. Generally, the
grain size in polycrystals is affected by external fields such as
temperature, stress,'? electricity,315 and magnetics.316 In a
polycrystalline electrode, cyclic insertion and extraction of Li
induce inhomogeneous lattice strains and phase trans-
formation.>"” Carter et al.>'® proposed that the internal strain
fields drive grain boundary movement in the host electrode.
Recently, Balakrishna et al.”'? developed a Cahn—Hilliard type
phase-field model to investigate the interactions between Li
intercalation and the structural evolution. They demonstrated
the Li diffusion-induced grain-boundary migration in FePO,
upon cycling, as shown in Figure 19g.

The most promising application of phase-field modeling is to
simulate the Li dendrite growth in Li-metal batteries. The
formation of Li dendrite is the major challenge in Li-metal
batteries using liquid electrolytes.”** Ely et al.**' conducted a
phase-field model to describe the growth kinetics of Li
deposition. Liang et al.>** presented a nonlinear phase-field
model and took the Butler—Volmer reaction kinetics into
account to simulate and predict the Li dendritic growth during
the charging processes. In another exemplary study, Chen et
al.>** established a thermodynamically consistent phase-field
model to investigate the dendritic patterns, Figure 19h. They
found that Li dendritic morphology was a function of the
applied voltage and the initial morphology features of the
electrode surface. The phase diagram was proposed to guide
the design of Li-metal batteries to avoid undesired dendritic
growth.

4.3. Continuum Mechanics Modeling

The continuum mechanics modeling approach for a homoge-
neous domain is characterized by the balance laws (mass,
energy, momentum, entropy) and constitutive relations that
define material response under various loadings. The balance
laws give rise to field equations defined at all points in a
continuum domain at all times. The constitutive relations
describe the distinct material behavior of each domain together
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Figure 20. (a) Schematic of a half-cell composed of a NMC composite cathode and a Li metal anode. Reproduced from ref 62. Copyright 2019
Elsevier. (b) Set of equations for the continuum modeling of the coupled fields of electrochemistry and mechanics in a half cell. The coupling
originates from the stress bias on the overpotential for the interfacial charge transfer and the diffusion potential for Li. (¢) Connection network of
the field variables in the equations in panel b to demonstrate the multiphysics nature of the continuum framework.

with the field equations. The solution aims to calculate the
field variables at the region and time of interest. The Li
concentration field (c) is one such field variable that defines
the volumetric quantity of Li across the system. The
multicomponent system is first segregated into homogeneous
domains where the field variables vary in position and time.
Figure 20a°” demonstrates such a multicomponent system for
a half cell model of a composite cathode. The active particle
domains are dispersed within the cathode along with the
carbon binder (another homogeneous domain) and electrolyte
domain regions. Within a domain, the Li transport is governed
by the mass conservation: dc/dt + V-] = 0, where ] is the Li flux
per unit area per unit time. The characteristics properties of
the domain contribute to the driving force of the flux (J), e.g,,
within the electrolyte domain, the gradient of Li concentration
and the electrolyte current-induced migration of Li-ion
regulates the flux (J). In the active material domain, the

mass balance law dictates the same field equation (Fick’s law)
for Li transport. However, its distinct physical properties
require different constitutive relations than the electrolyte
domain, and thus the driving force for the flux (J;) has different
contribution terms (Figure 20b).

The modeling of multiphysics problems is accomplished
through the coupled governing equations. The expression for
the electrolyte current (i) in Figure 20b is based on the
multicomponent diffusion equation by Onsager—Maxwell—
Stefan considering the equilibrium of all components’ electric
potential, chemical potential, and mechanical forces in a binary
salt liquid electrolyte.””* The electrolyte domain does not
conduct any electrons. The potential in the electrolyte (¢,) is
thus measured in comparison to a reference electrode™ of a
given kind (e.g, Li reference electrode in the solution®”®)
located at a fixed point in the solution. While the expression for
electrolyte current (i) in a binary electrolyte consists of
movement of both positive and negative ions, the flux (J)

represents the movement of only positive ions (Li-ion in this
case). Thus, both the electric potential (¢,) and electrolyte
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concentration (c;) variation determine the charge movement
within the electrolyte. The carbon binder is a porous domain
where the spatial electric potential difference (¢,) drives the
rate of electron transfer (i;). The transport through the porous
structure of homogeneous carbon binder and separator
domains is modeled by considering tortuosity. The Bruggeman
relation uses an effective geometric parameter to modify the
intrinsic diffusivity and conductivity of the electrolyte within
the carbon binder and separator domains.”*’

The Cauchy stress field (o) is governed by V-6 = 0 with an
assumption that mechanical equilibrium is achieved at a faster
characteristic time scale than the electrochemical process. As
Li-ions move in and out of the active material lattice,
volumetric deformation is assumed to be separated into
chemical, elastic, and plastic stretches.>*® The total deforma-
tion gradient F (second-order tensor that transforms line
elements from reference configuration to the deformed
configuration) is thus defined by multiplicative decomposition
F = F F.F,. When the net volumetric change is zero between
reference and deformed configuration, det(F) = 1. Considering
elastic behavior (6 = C:g,), small eigenstrain and small
deformations, the change in diffusion potential'***** caused by
the stress is AD = —gy, Q, where Q is the partial molar volume,
oy, is the hydrostatic stress defined as oy, = tr(c)/3 (tr is the
trace operator). Hence, the net flux within the particle (J,, for
species i is influenced by the gradients of Li concentration,
activity, and hydrostatic stress. For large eigenstrains (induced
by significant volumetric change), the stress-induced chemical
potential change includes the Eshelby stress tensor terms.’””
Thus, within the active particle domain, stress and diffusion are
coupled during lithiation and delithiation. The stress also
affects the charge-transfer rate through modification of the
overpotential term (7), as shown in Figure 20b. Because the
reaction occurs at the interface of the active particle and the
electrolyte, only the stress field at the interface contributes to
the reaction rate. Figure 20c shows the connection between
some variables based on the field equations listed in Figure
20b. The flow diagram shows the multiphysics nature of the
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continuum model where mass flow variables (D,];) and charge-
transfer variables (7,i;) relate to the mechanical variable (o).

The most widely accepted continuum model on recharge-
able batteries is the pseudo-2D (P2D) model, which consists of
coupled nonlinear partial differential equations for the
conservation of mass, charge, and force in three battery
components: cathode, separator, and anode. The P2D model is
efficient in computational cost because it does not present the
details of microstructural features in batteries, such as the
particle configuration, particle distribution, and tortuosity of
ion transport. Rieger et al.**” demonstrated the effectiveness of
such a model by performing numerical calculations to model
the thickness change of a commercial pouch cell during
discharge. The effect of local deformation velocity of the solid
domain generated by the diffusion of Li atoms on the local
stress distribution was reported by Li et al.**' By modifying the
diffusion equation to account for local deformation velocity for
spherical LiMn,O, electrode particles, a more significant
concentration gradient is generated near the electrode surface
than the electrode’s center.

Recently, researchers have tended to integrate the
tomography reconstruction techniques into the continuum
modeling to mimic the more realistic chemomechanical
behaviors of batteries. Relying on advanced imaging techniques
such as X-ray CT or FIB/SEM, the microstructure of battery
components can be reconstructed with sufficient details and
then imported into the numerical programs for simulation. For
example, Rahani et al.’*> used 2D reconstructed micro-
structures to study the effect of the yield stress of binder on
the average stress evolution within the graphite anode. Wu et
al.>>* performed a 2D multiphysics computational study on a
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microstructure resolved model for the full cell comprising an
anode, separator, and cathode. The rotation of realistic
unsymmetrically shaped active particles because of cyclic
volumetric changes induces shearing fracture at the binder
interface. Mai et al.”>* developed a 3D particle-resolved model
to capture the Li and stress distributions in the commercial
LiFePO, electrodes with heterogeneous microstructures. They
found that the active particles with an arbitrary shape
experience an one order larger von Mises stress than the
previously simplified spherical particles. Later, Malavé et al.**®
performed a numerical study on reconstructed LiCoO, active
particles from FIB-SEM images. They found the uneven
surface morphology of the active particles regulates the local
stress distribution, where the local concave surfaces develop a
field of high equivalent stress. Relying on a 3D reconstructed
model from X-ray tomography, Hein et al.*** demonstrated
that inhomogeneous spatial distribution of the carbon binder
in the electrode has consequences on the battery performance.

4.4. Homogenization of Battery Cell

Commercial rechargeable batteries are generally composed of
an intricate assembly of multiple components. Multiple such
components are stacked or rolled together to form a jellyroll,
enclosed inside a shell casing or pouch, and then filled with a
liquid electrolyte. The cell’s response to an electrochemical or
mechanical loading is determined by electrochemical, mechan-
ical, and thermal interactions between individual components.
Modeling attempts must therefore overcome not only the
challenge of coupled multiphysics theory but also length scales
ranging over at least 3 orders of magnitude. Predicting system
behavior and possible catastrophic failure caused by electrical,
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thermal, or mechanical abuse has received significant attention
in cell modeling. For example, when studying the response of
batteries to mechanical abuse, researchers can employ the
detailed modeling approaches mentioned in the previous
section, where all the individual components of a single cell are
modeled explicitly, including electrodes, current collectors,
separators, shell casing, end-caps, and several other compo-
nents.””” These models are capable of predicting local
deformation, buckling, and fracture within the jellyroll, which
can help predict an internal short circuit under large external
loads.****** This capability, however, comes at the cost of
significant computational time because of the large number of
elements required to accurately discretize each thin component
of the jellyroll and extensive experimental material parameter
calibration for each of the separate components in the cell.

A less computationally expensive approach is the reduced
detailed model, where some layers of the jellyroll are lumped as
one to reduce the total number of layers.”***** This model can
provide physically accurate deformation patterns but still
requires material testing for each battery component. The final
approach considers the jellyroll as a homogenized medium that
allows greater freedom in finite element discretization and
coarser mesh size, making it the most computationally efficient.
Material parameter calibration is only required for the
complete cell and not the individual components. It is
important to select the correct constitutive model to accurately
study the mechanical response of the homogenized battery
material. The three most common constitutive models are (a)
the crushable foam model, (b) the honeycomb model, and (c)
the Gurson model.**’

The crushable foam model (also known as Deshpande—
Fleck model)**”**>**° summarized in Figure 21a is by far the
most used to model the mechanical response of homogenized
battery cells. Though this model was initially developed for
crushable metallic foams,””' it is capable of accurately
modeling the pressure dependence or tension-compression
asymmetric response of the jellyroll in addition to the
densification under compressive loading leading to an
increasing hardening rate. Apart from densification” and
tension-compression asymmetry,353 different characteristic
mechanical behaviors of battery cells have been studied,
including (i) damage and fracture criteria to predict crack and
shear band formation,** (ii) material anisotropy’>>**>** and
structural anisotropy,”**7***?°73%% (jii) SOC depend-
ence,””*° and (iv) strain rate depoe,nd¢ence.360’361 While
prior studies have included some of these effects separately
in modeling attempts,”>**>>*" Li et al.’®® presented a
comprehensive homogenized model combining all six of the
aforementioned characteristics.

In addition to accurately modeling densification and
pressure dependence, the built-in honeycomb model (Figure
21b) in LS-DYNA*® is capable of modeling the structural
anisotropic behavior of the jellyroll,**® contingent on the
definition of the hardening curves. Though the anisotropic
model requires additional material parameter calibration and
testing, it can produce better results in cases where the
isotropic model fails.*** Lastly, the Gurson model (Figure
21¢)*7** is a physics-based model initially developed for
porous metals, which has been implemented to model porous
battery materials.”*”**"*% Crack nucleation and propagation
can be predicted, but the applicability to battery modeling is
limited as the results are unreliable beyond 10% porosity.”>”

The Newman electrochemical model****¢” (Figure 21d) has
a wide range of applications in the field of Li-ion batteries as it
can accurately model the electrochemical reactions within the
porous electrodes, mass transport in the electrolyte and the
porous electrode, and electrical conduction. The different
phases in the composite porous electrode, active material,
inactive carbon-binder, and the electrolyte-soaked pore phases,
are all treated as superimposed continua within the
homogenized electrode and the active material is assumed to
be composed of spherical particles. Alternatively, in large-scale
simulations where the Newman model is not suitable, simpler
equivalent circuit models (ECMs) such as the internal
resistance model, Thevenin model, resistance-capacitance
model, and Partnership for New Generation of Vehicles
(PNGV) model can be implemented.%g’369 Both these
approaches have been used to study internal short-circuiting
among other applications. One such example is the lumped
first-order Randles ECM as shown in Figure 21e.”** Multi-
physics models have been developed that couple either the
Newman model or ECMs with thermal considerations to study
internal short circuits and thermal runaway.’*”*’® Further-
more, mechanical-electrochemical-thermal coupled multiphy-
sics models have been used to study the impact of mechanical
deformation on internal short circuits and battery performance
under mechanical abuse.””™*"*

5. EXPERIMENTAL APPROACH

Widely used characterization tools such as the electron
microscopes have enabled uncovering a range of rich
chemomechanical interactions in electrode materials, including
the formation of a higgh—density dislocation zone at the reaction
front,>”> cavitation,” fracture,'®° anisotropic swelling and
necking of nanowires,”’® and inhomogeneous reactions.**"*””
An immense effort has been put forth by researchers in the past
decade in expanding experimental capabilities to (i) probe
materials in realistic environments, (ii) acquire and interpret
representative statistical information, (iii) improve resolution
and elemental analysis sensitivity, and (iv) develop a
comprehensive and timely mechanical property database. In
the following, we review techniques that have recently
undergone significant advances on these fronts. Comprehen-
sive reviews on electron and optical microscopies are available
elsewhere.””* 3%

5.1. Mechanical Characterization Techniques

Mechanical properties are a prerequisite for mechanics models
and designing resilient structures. Suitable characterization
techniques vary depending on the scale of interest. The
electrode- and material-level properties are pertinent to
understanding how to accommodate chemical strains inherent
from battery operation, while the cell- or package-level
mechanical response is most relevant for evaluating safety
upon impact and puncture, or even to serve as structural
members.’*> These two scales are discussed separately next.
5.1.1. Electrode Materials. Mechanical characterization of
electrode materials is challenging for several reasons. For one,
electrodes are typically composites, consisting of micrometer
size metal- or ceramic-like particles embedded in a porous
matrix of polymeric binders and carbon additives. These
components have widely dissimilar properties that can vary by
orders of magnitude,”* making probing their individual phases
both necessary and difficult. Furthermore, in situ properties
may differ from ex situ ones because of the interaction with the
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Table 2. Mechanical Characterization Techniques Applied to Electrode/Electrolyte Materials”

tool

nanoindentation

measurement
elastic modulus, hardness
creep exponent, strain-rate
sensitivity

fracture toughness

sample geometry

particle, composite, pellet,
film

film, ribbon

pillar, particle, pellet, film

battery material
64,384,393 388,387,163,383 1 :25,389,395
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Figure 22. Mechanical characterization methods of electrode materials during electrochemical reactions. (a) Nanoindentation measurements of the
(f) elastic modulus, (g) hardness, and (h) creep exponent of Si as a function of the Li content. Reproduced from ref 25. Copyright 2017 IOP
Publishing. (e). Wafer-curvature measurement of Si thin film electrode and the corresponding (b) potential and (c) stress as a function of capacity.

Reproduced from ref 138. Copyright 2010 Elsevier.

liquid electrolyte.'>**** In addition to the high heterogeneity,
small characteristic size, intricate microstructure, and electro-
lyte sensitivity, mechanical characterization is further compli-
cated by the fact that the mechanical properties of active
materials in particular are continuously evolving during the
battery operation thanks to their dynamic composition and
fatigue during cycles. For instance, Si is brittle in its pristine
state but becomes ductile upon moderate Li insertion.””" The
fracture strength of transition metal oxide secondary particles is
highly dependent on the state-of-charge and cycle number, as
these two variables are linked with residual stresses and
damage accumulation.’****> 1t is also possible that the
mechanical response may differ in the equilibrium versus
nonequilibrium thermodynamic states."*”**® 1t is therefore
desirable to integrate electrochemical and mechanical testing
to perform measurements in situ and operando. These
conditions require environmental control since reacted active
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materials and electrolytes generally cannot be exposed to the
oxygen and moisture in the atmosphere. Hence, mechanical
characterization of electrode materials is involved and often
requires unconventional setups and revised mechanical models.

Table 2 surveys literature reports of characterization
techniques applied to battery materials. Nanoindentation
(also known as instrumented indentation) is the most used
tool because of a combination of reliability ( well-established
technique), versatility ( provides wide range of properties), and
convenience (does not require complex sample geometry or
intricate fixtures). Elastic modulus and hardness measurements
using nanoindentation are standardized under the ISO14577
and ASTM E2546 and are widely used across different fields.
The test consists of a rigid tip (usually diamond) pressing
against a flat surface of the sample creating an indentation
while tracking applied load and displacement. From these data
and the knowledge of the precise (calibrated) shape of the tip
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Figure 23. Examples of mechanics-informed chemical profiling. (a) A Si film probed via nanoindentation undergoing spontaneous lithiation.
Reproduced from ref 103. Copyright 2020 Elsevier. (b) Spatiotemporal distribution of Li in the film obtained through the functional relationship
between the mechanical properties and the chemical composition. (c) Schematic of electrochemical strain microscopy. Reproduced from ref 413.
Copyright 2020 IOP Publishing. (d) Local volumetric change is used to infer the change in Li content upon application a voltage bias. Reproduced

from ref 415. Copyright 2010 American Chemical Society.

geometry, the mechanical properties can be derived using well-
established mechanics models. Measurements will correspond
to the global properties of a composite material as long as the
indentation depth is much greater than the characteristic size
of the constituent phases. For example, Wang et al.'®® showed
that the change in global modulus and hardness of a Si
electrode (Si nanoparticles in a carbon black and polymer
binder matrix) during (de)lithiation is dominated by the
change in the porosity, which in turn is dictated by the volume
change of the Si nanoparticles. Conversely, the intrinsic
properties of individual material phases can be characterized if
the indentation size is sufficiently small compared to the
characteristic size of the phase and the stiffness mismatch
between the different phases is not overwhelming ®***"*%*
Indentation creep exponent and strain-rate sensitivity may also
be measured by defining an indentation strain rate and
assuming a power law relationship with the applied
stress.””*" 73! Other methods using a sharp indenter tip to
crack and scratch the sample have also been used to
characterize fracture toughness'>******> and adhesion
strength,””” respectively.

One advantage of nanoindentation compared to other
techniques such as tensile testing is that hundreds of indents
can be performed on a single sample, enabling high-throughput
testing.”***> Figure 22a highlights a setup that enables
operando nanoindentation. A nanoindenter installed inside a
glovebox filled with inert gas holds a custom fluid cell that
connects to an electrochemical station. An electrode in the
center undergoes a sequence of indentations while the cell is
being (dis)charged. Figure 22b,c shows the results of the
experiment on a Si thin film half-cell. Each indentation gives
one measurement of elastic modulus, hardness, and stress
exponent at the corresponding specific capacity. Hence, the
properties can be plotted as a function of Li content as shown
in Figure 22b,c. Note that all the properties vary significantly
throughout the operating range.

A variation of traditional nanoindentation uses a flat punch
tip geometry to perform compression tests on nano- or
micropillars. This test, often performed inside an electron
microscope, gives the full uniaxial material response (stress—
strain curve); however, the setup is significantly more involved.
Using this approach, Feng et al.*** found that the ultimate
strength of LiCoO, pillars was uniform in the pristine state, but
upon a single (de)lithiation cycle, the ultimate strength
decreased significantly and varied widely. This variation
indicates that the distribution of the defects responsible for
the reduced strength is nonuniform. Flat punch compression

tests were also applied to study the strength of the secondary
particles (hierarchical structure) characteristic of the copreci-
pitation method.**® The authors found that secondary particles
are significantly fragilized during delithiation, and the strength
is only partially recovered during lithiation.

The wafer-curvature technique is another widely used tool in
the mechanical characterization of electrode materials.'**~"*!
It can probe the evolution of the biaxial stress in thin film
electrodes during electrochemical reactions. Figure 22e
illustrates the experiment: the film expansion is constrained
by the substrate in the in-plane direction, creating biaxial stress
that slightly curves the substrate."*® With the known substrate
properties and dimensions, the stress can be estimated. Figure
22f,g shows the electrochemical potential and stress as a
function of specific capacity for a Si electrode. Initially, the
compressive stress increases sharply with lithiation, and at
~250 mAh/g, there is a distinct change in slope, marking the
transition from elastic to plastic deformation regime (yield at
~1.6 GPa). Further lithiation shows a gradual decrease in the
flow stress. At ~1900 mAh/g, the applied current is reversed,
and delithiation starts. Consequently, the compressive stress
initially decreases (elastic unloading) and then switches to
tensile stress (elastic loading) before yields at ~0.5 GPa. Using
different charging protocols, Pharr et al. and Sethuraman et al.
proposed methods of estimating the biaxial modulus,*’’
fracture energy,****° and strain rate strain-sensitivity'*’ from
water-curvature measurements. For example, charging the
device at different C-rates is equivalent to varyin)g the strain
rate, thus determining the strain-rate sensitivity. >

There are a few literature reports on uniaxial tensile tests
applied to energy materials (e.g, Li metal’”**® and Si
nanowire’””). The major challenge lies in the characteristic size
of active materials in batteries and the difficulties in preparing
and gripping the sample. Similarly, single-edge-notched beam
toughness measurements are suitable for materials of
compatible characteristic size, such as solid electrolyte
pellets.*'” In addition to mapping topography, advanced
AFM-based techniques can probe elastic modulus but are
usually applied to soft or ultrathin materials, such as SEI layers.
A digital image correlation of electrodes coated with
fluorescent silica nanoparticles to form the speckle pattern
can be used to track the strain field during electrochemical
reactions. !

It is noteworthy that mechanical characterization of some
energy materials sometimes requires original assumptions (e.g.,
about homogeneity, isotropy, and absence of microstructural
features) to be relaxed. For example, wafer curvature, originally
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Figure 24. (a) Schematics of the AFM-based nanoindentation. The force—displacement curve is used to extract the mechanical properties of the
sample. (b) Typical force—displacement curves of the SEI with different nanostructures. (c, d) Distributions of Young’s modulus of SEI formed in
different electrolytes. Reproduced from ref 14S. Copyright 2018 Wiley-VCH GmbH. (e) Schematic of strain-induced elastic buckling instability for
mechanical measurements. After contact with the electrolyte, the flat Li thin film on the PDMS substrate gets converted to a SEI, resulting in a state
of compressive stress in the SEI and thus the SEI buckling. (f) AFM images of the surface topography for buckled SEL Reproduced from ref 151.
Copyright 2018 American Chemical Society. (g) Plane-strain modulus as a function of SEI thickness for the three electrolytes. (h) Schematic of
microbulge test. (i) Hoop stress vs hoop strain of the SEI in different electrolytes, which gives the residual stress, elastic limit, plane strain modulus,
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developed for homogeneous films, has been used in
combination with X-ray diffraction (XRD) to understand the
complex mechanical behaviors of sulfur cathodes, which
include both sulfur particles, binders, carbon additives and
pores.””" This study revealed how the distinct solid-to-liquid
and liquid-to-solid phase transformation characteristic of sulfur
electrodes influence the average stress in the electrode. The
stress estimation in this case does not correspond to the
intrinsic flow stress of sulfur, but rather the combined global
response of the ensemble and thus will highly depend on the
packing density. Another example is the measurement of the
fracture toughness of polycrystals and anisotropic particles
using nanoindentation.">* The crack patterns in these systems
are often irregular, differing from the ideal half penny shape
assumption, and the critical load is sensitive to the residual
stresses introduced electrochemical cycling.*** Such simplifi-
cations are necessary but imply that measurements do not
represent intrinsic properties. Despite simplifications, these
methods are still useful to understand the influence of the
environment, chemical reactions, and damage accumulation on
the chemomechanical behaviors. Current limitations empha-
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size the importance of ongoing research on uncertainty
quantification, cross-validation using different techniques, and
new methods to advance capabilities.

Lastly, we highlight how mechanical characterization has
been adapted to probe elemental composition (Figure 23).
Recall from Figure 22a—d that it is possible to fully
characterize the relationship between mechanical properties
(e.g., elastic modulus) and the composition using operando
nanoindentation. Hence, given that this relationship is known
and monotonic, it is possible to locally probe the Li
concentration in an electrode by simply probing its mechanical
properties. Vasconcelos et al.'” introduced this method and
used it to characterize the Li kinetics of amorphous Si. The
experiment consisted of an array of nanoindentations
performed on a Si film with nonuniform Li distribution
(Figure 23a) at varying times. The corresponding concen-
tration at each indent was determined from its functional
relationship with mechanical properties, generating the
spatiotemporal concentration map in Figure 23b. Another
technique called electrochemical strain microscopy (ESM)
uses the AFM tip displacement to map spatial variation in
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diffusion times. Figure 23c illustrates the experiment: a voltage
bias applied to the cantilever drives ion redistribution
underneath the tip, and the resulting cantilever deflection
informs the change in concentration.”"”*'*

5.1.2. Solid Electrolyte Interphase. The SEI, a
passivation layer formed on the electrode surface from
electrolyte decomposition, is essential for reactions in batteries
and critically governs the battery stability. However, the
composition—structure—property relationship of the SEI
remains largely unknown so far, which hinders the improve-
ment of battery performance through engineering better
electrolytes or artificial SEIs. The major challenges come
from the difficulties in probing the SEI with a thin thickness
(~10 nm), a complex substructure, and a highly air-sensitive
nature. AFM-based nanoindentation offers the ability to
conduct direct mechanical measurement at the nanoscale
(nano-Newtons in force and nanometers in displacement),
making it an ideal technique for the mechanical character-
ization of SEIs with small thicknesses and complex
structures.'>*'¢ During a typical AFM-based nanoindentation
test, the AFM probe is lowered toward the sample and pressed
into the sample surface. The indentation force applied to the
sample is estimated by the Hookean relationship using the
calibrated cantilever stiffness and the recorded probe deflection
(Figure 24a). The Young’s modulus of the surface layer was
determined by fitting the contact mechanics model to the
obtained force—displacement curves.”'” The representative
force—displacement curves for nanoindentations on different
SEIs are illustrated in Figure 24b. Those characteristic features
in the mechanical response of SEIs can be used to estimate
their mechanical properties, chemical compositions, and
influence on the electrochemical performance of batteries
(Figure 24¢,d)." "

Because of the dynamic fracture and reformation, the SEI
formed on a Si anode material is highly inhomogeneous in
chemical composition and thickness ranging from tens to
hundreds of nanometers. By tracing the mechanical response
of the SEI at different indentation depths, Zheng et al. virtually
reconstructed the multilayered structure of the SEI formed on
a thin film Si anode with an EC-based electrolyte (1 M LiPF
in EC/DMC).*'® The dynamic coexistence of single-layered,
double-layered, and multilayered structures with various
Young’s moduli and thickness has been observed and used
to improve the SEI model on the Si anode material. A more
detailed failure analysis of the bilayered SEI on the Si anode
was recently performed by Guo et al. using in situ AFM."**
They obtained an elastic modulus of ~2.3 GPa for the outer
SEI while a slightly higher modulus for the inner layer SEL

Nanoindentation measurements on the native SEI formed
on the Li metal are less explored because of the challenges of
mechanical measurement of a thin SEI on the dendritic Li
metal."'”*** Instead, the mechanical stability of artificial SEIs
on the Li metal anode, a protective layer purposely constructed
to stabilize the Li plating/stripping, has been frequently
studied.*'”**" As the artificial SEI is formed by controlled
chemical/electrochemical reactions or thin-film fabrication
techniques (e.g, atomic layer deposition, ALD), it has a
well-defined composition and structure, and a smooth
morphology that are more favorable for mechanical mapping,
It is well acknowledged that a good artificial SEI should
process high mechanical strength and serve as a physical
barrier against dendrite nucleation and propagation during Li
plating/stripping. The improvement of SEI mechanical

strength can be achieved by embedding inorganic particles
into an organic matrix. Liu et al. designed a composite artificial
SEI layer composed of Cu;N nanoparticles joined together by
styrene butadiene rubber (SBR).*”” The packed inorganic
phase with a high stiffness can act as a barrier to suppress Li
dendrite propagation, while the polymeric phase with excellent
fracture resistance can maintain the mechanical integrity of the
SEI from the significant interface fluctuation during battery
cycling. Nanoindentation measurements show that the elastic
modulus of the composite SEI is around 0.8 GPa, in good
agreement with the theoretical prediction that a modulus on
the order of 1.0 GPa can suppress the nucleation and growth of
Li dendrites. The mechanically robust SEI can also be
constructed through controlled electrochemical/chemical
reactions at the Li metal surface. Mao et al. proposed a
general electrochemical approach to build the artificial SEI
with alternating inorganic—organic-inorganic (I—O—I) multi-
layer structures.””’ This I-O—I SEI possesses excellent
mechanical properties with both rigidity and elasticity. The
middle organic layer (3.5 + 0.9 GPa) mechanically behaves
like a cushion layer to accommodate the interfacial fluctuation
during Li plating/stripping while the stiff inorganic layer (168
+ 26 GPa) prevents the dendrite penetration into the organic
layer. With these features, the I-O—I SEI can efficiently
suppress dendrite growth and thus provide improved
protection for the Li metal.

Although AFM nanoindentation offers a quantitative
characterization of the mechanical properties of SEI, the
elastic moduli fitted from the force microscopy usually show a
large degree of scatters for an area of limited size. In addition,
even for the same electrode and electrolyte system, statistical
information on the SEI modulus from different reports can
have considerable variations. The scatters and variations may
be originated from several sources of uncertainties involved in
the AFM nanoindentation. First, it is challenging to exclude the
substrate effect when performing nanoindentation on the SEI
with a typical thickness of tens to hundreds of nanometers.
This substrate effect can become more dominant when
measuring the mechanical properties of the thin SEI on the
soft Li metal anode. Second, the surface roughness of native
SEI can substantially alter the contact area between an AFM
tip and SEI Under this circumstance, fitting the force—
displacement curves using the classic contact mechanics model
that assumes perfect contact between the tip and sample can
cause significant errors. Third, the different conditions adopted
for preparing the fragile samples may cause variations in the
measured results. For example, most ex-situ nanoindentation
measurements require the rinsing and drying of samples before
testing, which may alter the composition and structure of the
SEL**® To eliminate these variations, Yoon et al. adopted the
approach called strain-induced elastic buckling instability for
mechanical measurements (SIEBIMM) to in situ measure the
plane strain modulus of an SEI that results from reactions
between a Li thin film and an ionic liquid electrolyte (Figure
24e—g)."”" Recently, the same group developed a new
technique that combines AFM and a membrane-bulge
configuration to accurately measure the stress—strain behavior
of SEI including the onset of inelastic response (Figure 24e—
h).** Figure 24 shows the hoop stress vs hoop strain of the
SEI in different electrolytes, which gives the residual stress,
elastic limit, plane strain modulus, and inelastic response.
Other techniques such as electrochemical quartz crystal
microbalance with dissipation monitoring (EQCM-D)*** and
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Figure 25. Schematic of (a) in-plane punch indentation on a Li-ion pouch cell. Reproduced from ref 426. Copyright 2015 Elsevier. (b) Tensile
testing along the out-of-plane direction which shows three types of failure. Reproduced from ref 427. Copyright 2018 Royal Society of Chemistry.
(c) Micro indentation using a spherical tip. Reproduced from ref 431. Copyright 2016 Elsevier. (d) Pouch cell under 3-point bending test.
Reproduced from ref 434. Copyright 2012 Elsevier. (e) Quasi-static battery module compression test and the caused deformation of the battery
packs. Reproduced from ref 436. Copyright 2020 Elsevier. (f) Dry cell drop test equipped with a high-speed camera to record the deformation.
Reproduced from ref 437. Copyright 2014 Elsevier. (g) Simulated indentation process of a punching object into the battery pack of a vehicle.

Reproduced from ref 350. Copyright 2014 Elsevier.

acoustic wave method'>® have also been utilized for
determining the mechanical strength of native and artificial
SEIs.

5.1.3. Cells and Battery Packs. Numerous character-
ization techniques are available to test the mechanical behavior
of the battery cell and its components. On the basis of the
desired property to be measured, test parameters can be varied:
plane of loading, the magnitude of loading, quasi-static or
impact loading, and battery component or module testing. The
in-plane constrained compression test, as depicted in Figure
25a,"*° was used to study the buckling behavior of the pouch
cells under uniform or nonuniform loading. In addition to
studying the kink and shear band formation, in-plane
compression tests are helpful in measuring critical bucking
stresses and stress—strain relations.”>” Figure 25b illustrates the
tensile test method for studying the electrodes under high
shear leading.*”” By mounting the test specimen at different
orientations relative to the tensile loading direction, the
adhesion strength of the electrode can be measured accurately
for a combined tensile/shear loading. The interfacial strength
of the current collector and the electrode is often measured
using the peeling test. From the results of 180° peeling tests,
Guo et al.*® studied the effects of aging and variation of the
state of charge on the interfacial strength of graphite anode.
The experimental results show a higher interfacial strength of
charged electrode than the pristine electrode. In situ electrode
bending tests are used to measure the effective mechanical
behavior of electrodes during electrochemical cycling. Xie et
al.**” used in situ optical analysis to measure the bending
deformation in the bilayer film electrodes to capture the
nonlinear behavior of stress and modulus with the state of
charge. To evaluate the local adhesion properties of an
electrode, Son et al.**® used a V-shaped microblade tool. As
the tool cuts through the electrode at different depths, it
measures the horizontal and vertical forces, directly measuring
the adhesion strength.

Figure 25¢**" depicts the schematic of macro indentation
tests using steel balls on the assembled cells. The indentation
tests effectively perform controlled deformation, fragmenta-
tion/tearing of battery components, and short circuits induced
by localized punching. Zhu et al.*** studied the effect of
different tip diameters on cells with various capacities using
mechanical abuse loading. The inherent variation in the
mechanical properties of the cell components and nonuniform
strain conditions induced by indentation leads to the failure of
the cell separator and thus causes short-circuiting. Dixon et
al.”** examined the effect of the presence of electrolytes on the
outcomes of macro indentation tests. For the same indentation
loads, the liquid electrolyte-filled pouch cells exhibit lower
stress and displacement values than the dry cells. The location
of indentation also plays an essential part in cell failure
initiation. It is important to note that a single kind of test
cannot provide information regarding various possible failures
that can occur in the battery cell. For example, the presence or
absence of the pouch casing around the cell does not
significantly affect the results of macro indentation tests.
However, the three-point bend tests (Figure 25d) show that
the presence of even a thin pouch casing confines the cell from
extreme buckling deformations.*** Furthermore, instead of
mechanical abuse loading, the application of small loading can
also provide vital insights into the failure evolution during the
operation of the battery cells. Goodman et al.**> used three-
point bend tests to apply low stresses on cells using three-point
bend tests. Although the cycled cells show highly localized
damage, any large-scale deformation or significant capacity loss
did not occur.

When individual cells are stacked in a module, the load
distribution can be nonuniform for each cell in the module. Hu
et al"*° studied the deformation of a cell module during
crushing load, as depicted in Figure 2Se. The impact loading
generated row by row deformation in the module. The failure
behavior of the cells in a module differs from that of an

https://doi.org/10.1021/acs.chemrev.2c00002
Chem. Rev. 2022, 122, 13043-13107


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00002?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00002?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00002?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00002?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Synchrotron analytical tools

X-ray absorption spectroscopy

N—_—
Synchrotron

«  Scattering: lattice structure

hard XANES

Ni K-edge

/\

1.6 [ pristine (OVC)

Charged to x = 0.5
End of Charge
End of Discharge

NN
N B
1 1

1.0 1
0.8 1

Normalized absorption (a.u.) ©

| 25%
— A A A M A 1 0%
ke Pristine
[sel
s

(101)
(006)

1 (02)
(104)
(105)%
(107)
(108)L

T

50 60
20 / degree

(110)
~ 4 (113)

-
[3,]
N 4
o
N
o
0

«  Spectroscopy: valence state 0.6
+  Microscopy: morphology ,/\ y \h) 0.4 - sxxsss NMC-CNT
0.2 = ALDNMC-CNT]
2 Ey) Gl 00 5335 8340 8345 6350 6355 8360 6365
Energy (eV)
soft XAS
75°/
50%

5 TMslab w
Li slaEI_ 0.

00000

FRCTIOTMMOOm

Ni-L XAS intensity (a.u.)

1 1 1 1
850 852 854 856
Photon energy (eV)

X-ray microscopy

electrode

1 mm

particle agglomeration particle
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2019 Wiley-VCH GmbH.

individual cell. Impact tests are thus necessary for ensuring the
safety of batteries in a real-world application. Figure 25"
depicts the experimental setup where a cart carrying the
weights drops on the stationary cylindrical Li-ion battery cells.
The numerical FE study using homogenized models can
efficiently simulate such experimental results for simple cell
geometries. Kisters et al.”® performed the impact test using a
punch that hits the cell at various speeds. The force necessary
to generate a short circuit with varying impact speed is
different for elliptical cells (multilayer wounded cells) and for
the stacked pouch cells. The dynamic behavior of constituting
materials and the cell architecture significantly control the
behavior under impact testing.

The effect of multiple impacts on the failure of prismatic Li-
ion battery cells was studied by Chen et al.”*” using drop
weight impact tests. As per anticipation, the low impact
velocity is sustainable for multiple impacts, and the high impact
velocity can lead to immediate failure of the battery cells on a
single impact. Pan et al.*** conducted an experimental and
numerical study on pouch cells using a cylindrical punch to
understand the difference between the failure induced by
quasi-static and impact loading. The quasi-static case generates
a more concentrated deformation and a smooth shearing
fracture line. In contrast, the impact test case is characterized
by powder residue and a ro §h shearing fracture line. From the
drop impact tests, Jia et al.*"' measured the effect of the state
of charge and loading rate on the failure of LiCoO, jellyroll
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battery cells. The increase in the state of charge is accompanied
by increased structural stiffness of the battery, and a higher
loading rate causes a more drastic fracture of electrodes within
the battery. For locomotive usage, crash safety analysis of
battery cells is essential. Because of the cost of infrastructure
required to perform vehicle crash testing, the insights from
impact tests of cell modules can help assess battery cell failure
during a vehicle crash. Kukreja et al.*** performed a numerical
study of deformation in a battery pack during a frontal crash of
the vehicle. The analysis shows that using collapsible metal
tubes and arranging individual cylindrical cells in a bimodal
packing distribution substantially reduces impact failure. Xia et
al.>*" performed the numerical analysis of the failure because of
ground debris of a battery pack situated on the vehicle’s floor
(Figure 25g). The various constraints of the vehicle design and
the required design parameters of the cell and the module
direct the best possible solution for the safety of the battery
pack.

5.2. Synchrotron Techniques

5.2.1. X-ray Characterization. Synchrotron radiation
(SR) is electromagnetic radiation emitted by charged particles
moving at relativistic speed in a curved trajectory (see
schematic illustration in Figure 26a).*"> The synchrotron
facilities generate X-ray beams with high brilliance and flux
over a broad electromagnetic spectrum, covering the range
from far-infrared (wavelen§th ~1000 nm) to hard X-ray
(wavelength ~0.01 nm). »** Various SR-based X-ray
techniques have been developed for a wide range of
fundamental and/or applied research fields. Specific to the
focus of this paper, the SR-based X-ray techniques can offer
valuable insights into the batteries’ structural and chemical
characteristics over different time and Ien%th scales, which are
key to the battery’s functionality.”****>*** Depending on the
experimental approach and on the type of the measured
signals, SR-based X-ray techniques can be grouped into three
different categories: XRD, X-ray absorption spectroscopy
(XAS), and X-ray microscopy (XRM). These techniques
harness different X-ray-to-matter interactions and offer
valuable insights into the lattice configuration, the chemical/
oxidation state, and multiscale/high-dimensional morphology.
In this section, we will focus on the application of SR-based X-
ray techniques in studying the chemomechanics of recharge-
able batteries.'*"**’

5.2.1.1. X-ray Diffraction. XRD is a powerful tool to
fingerprint the lattice structure of crystalline materials. It is
often employed to characterize the lattice parameters, the
preferred crystallographic orientation, and the microstructure,
e.g, strain and grain size. These lattice-related material
properties are very important to battery research. Depending
on the sample form and on the configuration of the
experimental setup, there are a few different types of XRD
approaches, including X-ray single-crystal diffraction, X-ray
powder diffraction, and X-ray Laue diffraction. Regardless of
the formality, the fundamental aspect of the XRD is the same:
incident X-rays are diffracted by the crystalline material
preferentially in discrete directions that satisfy the Bragg
condition. By analyzing the XRD patterns of battery materials
under different conditions or at different electrochemical
states, the atomic-scale structural evolution can be monitored.
While XRD is broadly available through conventional
laboratory XRD setups, the synchrotron-based XRD opens
new scientific opportunities for battery research by enabling in

situ and operando types of measurements with exceptional
data quality and high temporal resolution. It has been
demonstrated that the battery materials’ lattice parameters
and the phase transition phenomenon can be tracked by
conducting synchrotron XRD measurements on working
battery cells as the SOC is tuned electrochemically."** In
addition to the electrochemical cycling, XRD is also
compatible with various controls of sample environments,
which can provide valuable insights into other aspects of the
material property. Here we choose to discuss a study on the
thermal stability of the NMC cathode at different SOCs as an
example.

Thermal stability is one of the most important performance
metrics concerning the safety of Li-ion batteries.”*” It is highly
desirable, from both scientific and practical perspectives, to
systemically understand the transformations of the battery
electrode’s structure and chemical state upon cycling under
elevated temperature. This knowledge can critically inform the
design of battery materials with superior thermal stability. Tian
et al.**° combined ex situ chemical delithiation and an in situ
hot-stage XRD technique to study the phase transformation of
a LiNiy (Mn,,Co,,0, (NMC-622) cathode at different SOCs
upon exposure to high-temperature conditions. As shown in
Figure 26b, the room-temperature XRD patterns of NMC-622
cathodes at the pristine state and at different delithiation levels
exhibit good similarity, indicating that the lattice structure of
these samples mostly retained the rhombohedral space group,
R3m, except for the 100% delithiated cathode. The peak
broadening and shifting indicate a decrease of lattice
parameters in the ¢ direction. In contrast, under an elevated
temperature, unwanted phase transformation occurs in the
NMC-622 cathode, featuring a layered to spinel and/or rock-
salt structural transition. The authors reported that the onset
temperature for the phase transition is negatively correlated
with the SOC. More specifically, in a 50% delithiated sample,
the phase transition occurs at ~300 °C; in a 70% delithiated
sample, it occurs at ~200 °C. The thermally driven phase
transformation is accompanied by oxygen release from the
cathode material in the form of oxygen gas, which poses a
potential battery safety hazard. The synchrotron XRD
technique has been broadly adopted in battery research. For
a more comprehensive discussion of battery research using the
synchrotron XRD technique, we refer to a review article by Bak
et al.*®' Pair distribution function (PDF) is a notable
development in the synchrotron XRD technique because it is
capable of utilizing both the Bragg and the diffuse scattering
signals. We refer to a recent review article by Zhu et al.*** for
an in-depth discussion of the PDF technique and its
application in functional material research.

5.2.1.2. X-ray Absorption Spectroscopy. XAS has been
broadly used for studying the local electronic structure,
compositional, chemical, and structural characteristics of the
sample. It can be applied to materials in gas, liquid, or solid
forms. XAS measures the material's response to X-rays of
different wavelengths and, thus, it greatly benefits from
utilizing an intense and energy-tunable synchrotron source. A
synchrotron XAS experiment is very versatile as it can be
carried out in ex situ, in situ, and operando approaches, all of
which are applicable to battery research. In a full XAS
spectrum, there are two regions termed X-ray near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS), respectively. The XANES region refers
to the energy window from ~50 eV below to ~50 eV above
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the absorption edge. XANES is sensitive to the chemical state
and is often used to quantify the valence state of the targeted
element. In a battery cathode material, the lithiation/
delithiation is often accompanied by the redox reactions of
the transition metal cations. On one hand, XANES has become
the go-to technique for tracking the electrochemical state of
the battery electrode. EXAFS, on the other hand, covers a
broader energy range, from the pre-edge region to 500—1000
eV above the edge. The EXAFS signal features a weak intensity
oscillation that can be used to retrieve useful lattice structural
information, including the bond length, coordination number,
and the degree of local structural disordering. It is useful to
note that, in this field, these terminologies, e.g.,, XANES and
EXAFS, often refer to hard X-ray XAS experiments without
specification.

As an example, here we discuss a study by Wise et al,*** in
which the authors performed operando hard X-ray XANES
experiments to study the effect of Al,O; coating on a
LiNiy4Mng4,Co,,0, (NMC442) battery cathode. The tran-
sition metal elements’ oxidation states can be quantified by
comparing the absorption edge energy and the shapes of
XANES spectra. As shown in the top panel of Figure 26c,
XANES spectra over the Ni K-edge were measured for the
NMC442 cathodes with and without the AL,O; coating
through ALD. Upon battery charging, an obvious energy
shift of the Ni K-edge XANES data is observed in both
samples, indicating that the oxidation state of the Ni cation
changes from Ni** to Ni’* and finally to Ni*. The authors
further compared the spectra of the bare and ALD-coated
electrode samples at charged and discharged states. There is a
shoulder peak at around 8347 eV that appears to be suppressed
in the ALD-coated sample. This indicates that the ALD
process has modified the local atomic environment around the
Ni cation. Overall, the Ni K-edge XANES appears to be more
reversible upon cycling for the ALD-coated electrode, echoing
the improved electrochemical performance. The XANES data
over Co and Mn edges were also collected, and the difference
between bare and ALD-coated electrodes was relatively
marginal. Combining the XANES measurements for Ni, Co,
and Mn, the authors revealed that their ALD coating process
selectively impacts the Ni cation’s local environment and,
therefore, promotes the cathode material’s structural robust-
ness against high-voltage cycling.

Compared to the hard XAS, XAS in the soft X-ray regime
can offer a unique sensitivity with depth-dependent signal
detection. In particular, there are three different modes for soft
XAS signal detection: transmission, fluorescence yield (FY),
and electron yield (EY). The transmission soft XAS probes the
bulk information but is limited to very thin samples. The FY
collects fluorescence photons from the sample and, therefore,
can probe up to ~100 nm (nm) underneath the surface. The
EY signal is confined to the sample surface within a few
nanometers’ depth, providing an exceptional surface sensitivity.
Integrating these modalities could provide a depth dependent
soft XAS signal to evaluate the local chemistry at different
depths. For example, the comparison of EY signal versus the
FY signal in the NMC cathode has been used as key evidence
for the surface reconstruction phenomenon, which is an
important mechanism for the surface degradation in layered
battery cathode.™*

Here we briefly discuss a work by Liu et al.*>> that
demonstrates an operando soft XAS on Li(Co,/3Ni;;sMn, /3)-
O, cathodes in polymer electrolytes. As shown in the bottom

panel of Figure 26¢, the soft XAS spectra over the Ni L; edge
clearly exhibit a twin-peak feature with competing intensity
that evolves upon battery cycling. Quantification of the Ni’s
valence state is relatively easy in this case because one could
simply calculate the ratio between the intensities of the two
peaks. Although there are still significant technical challenges
associated with the limited soft X-ray penetration, making it
difficult to conduct soft XAS measurements in situ, it still
attracts a strong interest from the battery community because
of the fact that we can access not only the transition metal L-
edges but also the edges for some other elements that could be
important to the battery performance, e.g., the oxygen K-edge.

Finally, we highlight that, when energy resolving power is
added to the detector side, soft X-ray emission spectroscopy
(soft XES), and resonant inelastic X-ray scattering (RIXS) are
facilitated. It has been demonstrated that RIXS over the oxygen
K-edge has a unique advantage for fingerprinting the oxygen
anionic redox activity,**® which is being actively pursued by the
battery community.”’

5.2.1.3. X-ray Imaging. Since the discovery of X-rays at the
end of the 19th century,”® X-ray imaging, as a nondestructive
technique for visualizing the sample’s internal structure, has
been widely applied. When implemented at the synchrotron,
the strength of X-ray imaging techniques is further enhanced.
Without going into too much detail, we divide synchrotron-
based imaging methods into two categories, full-field imaging
and scanning imaging, based on the experimental protocol. On
the one hand, full-field imaging refers to imaging techniques
that can obtain a 2D image of a sample in a single exposure.
The scanning imaging technique,244 on the other hand, utilizes
a focused X-ray spot to scan the sample, building up a 2D
image in a pixel-by-pixel raster scan. These two imaging
modalities can both operate at different spatial resolutions.
Advanced X-ray focusing optics plays an important role in
determining the imaging resolution regardless of the data
acquisition strategy. One exception is the coherence-base
diffractive imaging approach, which takes coherent diffraction
patterns as input and retrieves the real-space wavefront
computationally. Therefore, coherent X-ray imaging methods
are not limited by the X-ray optics and have the potential to
achieve very high spatial resolution. All these imaging methods
benefit from the high brilliance synchrotron radiation and have
been applied to battery research.

We show, in Figure 26d, multiscale 3D X-ray tomographic
imaging results on battery materials. The 18650-type
cylindrical battery cell can be imaged using the micro-
tomography technique. The cell-level structural features and
defects can be visualized for understanding the degradation of
the cell, e.g., internal soft short. Synchrotron microscopy with
an ultrafast frame rate was also applied to imaging the thermal
runaway process.” The composite cathode can be imaged
using hard X-ray holotomography, which is sensitive to both
the strong absorbing transition metal oxide particles and the
carbon and binder matrix.'”*'”® Secondary cathode particles
and their agglomeration can be studied thoroué%hly using
nanoresolution transmission X-ray microscopy,ml’4 featuring
the battery’s mesoscale chemomechanical evolution, which is
being actively studied by the battery community.

In addition to reconstructing the sample’s 3D structure, X-
ray imaging can also offer compositional and chemical
sensitivities when it is coupled with the spectroscopic scan.
This approach is termed spectro-microscopy and has been
quite successful in battery research.”*"*** In a full-field X-ray
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Society.

spectro-imaging experiment, a series of transmission X-ray
images are collected as the incident X-ray energy is tuned
across an absorption edge. The intensity of every image pixel
changes as a function the energy, formulating a XANES
spectrum that is specific to the localized region. Further
analysis of the spatially resolved XANES spectra can reveal the
local chemistry in 2D and 3D (when combined with
tomography). This method is very popular in battery research.
For example, Xu et al.”* used the synchrotron spectro-
microscopy to study the Ni valence distribution over two
polycrystalline nickel-rich layered cathodes (NMC811) with a
similar composition but different crystallographic arrange-
ments: randomly oriented primary grains compared to radially
oriented primary grains. They concluded that the gradient of
Ni valence distribution could be modulated by the crystallo-
graphic arrangements, which is relevant to the tortuosity of the
Li diffusion pathways in the particle.

Finally, we point out again that synchrotron imaging
methods can offer multiple contrast mechanisms. We have
elaborated on the absorption, compositional, and chemical
contrasts above. And we would highlight the phase-contrast
imaging approach, which is important for imaging weak-
absorbing materials (such as low-Z materials, e.g, Li and
carbon). Synchrotron phase-contrast imaging has demonstra-
ted advantages in visualizing the battery’s microstructure, in
particular for imaging the carbon and binder matrix'’*'”® and
imaging Li dendrite growth.****%*

5.2.2. Neutron Characterization. Neutron research
started since its discovery by Chadwick in 1932.*°° Unlike
the photon—electron interactions in X-ray, neutrons, as charge-
neutral subatomic particles, interact directly with atomic

13080

nuclei, and possess dominant penetration power. This leads
to complementary characteristics with X-ray such as (1) good
capability to distinguish adjacent transitional metals (Ni, Co,
and Mn), (2) the capability of detecting light elements like
oxygen and carbon that play important roles in LIBs, and (3)
negligible damage to tested samples compared to that induced
by high-energy X-rays.*”**® Dedicated neutron sources mainly
include research reactors and spallation sources. Figure 27a
summarizes various neutron characterization techniques for
LIBs, typically for examination of the structural evolution and
morphology features. While the fundamental principles of each
technique have been comprehensively reviewed in recent
literature,***~*"° the following subsections briefly introduce a
few modalities relevant to the chemomechanical research in
LIBs.

5.2.2.1. Neutron Powder Diffraction. NPD follows the
same principles as X-ray powder diffraction. Given its higher
sensitivity of oxygen anions, NPD provides accurate measure-
ment of lattice parameters, especially for electrochemical
processes involving charge compensation of oxygen. In LIBs, it
is typical that the anisotropic evolution of the lattice
parameters in the layered electrodes (NMC and graphite)
causes crack formation/propagation during lithiation/delithia-
tion.*** Recently, Liu et al."*" systematically probed the lattice
evolution in Ni-rich cathodes (LiNiysMn,;Co,,0,, Li-
Nig.¢Mng,C04,0,, LiNipgMng;Co04;0,, and Li-
Nig 3C0qg15Al50s0,) within the voltage window of 2.8—4.6 V
via in situ NPD. As shown in Figure 27b, during delithiation of
NMCS811, the lattice parameter in the a-direction follows a
monotonic decrease from the initial value of ~2.87 to ~2.82 A,
while lattice ¢ experiences an increase from ~14.22 to ~14.82
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A and then a decrease to ~14.2 A, resulting in a volume change
from ~102 to ~97.5 A3, This volume collapse is the key
driving force for intergranular/intragranular cracks for NMC
cathodes.''” During the lithiation process, the lattice
parameters in the a- and c-directions generally follow a reverse
process but exhibit minor deviations from delithiation because
of the irreversible Li loss upon the first cycling. Utilizing the
same in situ NPD technique, Serensen et al. studied the fatigue
behavior of commercial 18 650 LIBs via probing the evolution
of lattice garameters along different directions upon long-term
cycling.**

5.2.2.2. Neutron Reflectometry. NR, as a novel technique
particularly suitable for thin-film structures, emerged in the
1980s. Interested readers can refer to its principles in prior
publications.”***** NR has the advantage of negligible damage
to the samples and good penetration depth, facilitating its
implementation in operando experiments. Nowadays, neutron
reflectometry has been intensively utilized for LIBs for
investigating the time evolution of the scattering length
density—depth relation (with subnanometer resolution at
ideal conditions) and inferred composition depth profile,
formation/ §rowth of the SEI layer, and volume expansion of Si
anodes.”’®**>7*% The detectable thickness ranges from
nanometers to hundreds of nanometers.

Using the typical experimental setup for operando NR
shown in Figure 27¢, Kawaura et al.*’® probed the chemical
components and the detailed growth profile of the SEI layer on
a graphite anode during the charging process. The SEI shows
an enhanced rate of growth in phase III (voltage below 0.6 V
vs Li/Li*) during Li intercalation into graphite.””’ Through
isotopic labeling on DEC/EC, Rus et al. verified the two-layer
structure of SEI formed on the thin-film tungsten electrode
with a thickness of 2—3.5 nm for the inner SEI layer and 3—35
nm for the outer layer.””” NR is also widely utilized to study
the mechanical behavior of Si anodes. Combining operando
NR with EIS, Ronneburg et al. studied the evolution of the
surface structure of crystalline Si anodes. The degradation of
the Coulombic efficiency was ascribed to the formation and
the following dissolution of the SEI layer formed on Si, while
the SEI layer of higher resistance was found to be formed
during each discharge process.”® Schmidt et al. probed the
volume expansion of thin film amorphous Si via operando NR
during potentiostatic intercalation of Li*. A nonlinear relation
between its volume change and the Li composition was found,
and this behavior was attributed to the free volume created
during the initial large charge current.*”

5.2.2.3. Neutron Imaging. NI, also called neutron
radiography, was first utilized in LIBs in the 1990s, following
the initial experiments implemented by Kallmann and Kuhn in
the 1930s.*”* The progress of the past few decades has made it
a mature tool to provide 2D and 3D images for the internal
structural evolution and spatial distributions of Li* within LIBs.
The contrast mechanism for neutron imaging is mainly the
intensity attenuation caused by compositional atoms during
neutron beams penetrating the bulk samples that is
complementary to X-ray."””> Compared to X-ray-based
imaging/tomography techniques, NI exhibits relatively lower
temporal and spatial resolution, with the best spatial resolution
about micrometers.*”*~*’® Nevertheless, the high absorption of
neutrons for Li renders neutron imaging an indispensable tool
in the study of LIBs, especially for Li dendrite formation/
growth and spatial distribution of Li*. Given the relatively
higher neutron absorption of °Li over ’Li, improved imaging

contrast can be obtained via replacing “Li by Li. Recently,
Zhang et al. probed the spatial distribution of Li* within
vanadium pentoxide (V,0;) coin cells via 3D neutron
tomography.*”” The Li concentration profiles were successfully
obtained at charged and discharged states and a higher Li"
concentration gradient caused by higher charging rates was
verified. 2D neutron imaging was utilized by Nie et al. in the
study of thick sintered Li,TiO,, Il LiCoO, coin cells, and it
was found that the LiCoO, cathode exhibited a smoother Li*
distribution than the Li,TisO;, anode.’”” Another example is
shown in Figure 27d. With operando 2D neutron imaging and
static 3D tomography techniques, Song et al.*”’ studied the
dendrite growth and the consequent internal shorting in a
LiMn,O, Il Li metal half-cell. The large deformation of the
LiMn,0, cathode was also observed, which was attributed to
the Joule heating generated by an internal short.”’" The
dynamic redistribution of Li" after shorting was captured, and
the competing depletion and growth of Li dendrite were
proposed to account for the postshorting effects.

6. DATA-DRIVEN APPROACH

With tremendous efforts being devoted to improving the
experimental techniques for studying the chemomechanics of
batteries, experimental data grows at an unprecedented rate.
For example, the synchrotron full-field X-ray spectro-
microscopy technique generates millions of X-ray absorption
spectra in just 10—15 min, which is over 6 orders of magnitude
higher than a conventional X-ray spectroscopic experiment.
While it is the technological developments that lead to such a
high growth rate, the fundamental driving force for these
developments is the complexity of our targeted scientific
problems. Indeed, the chemomechanical behavior in batteries
is highly complex, high dimensional, and multiscale in time and
length. These characteristics require a high throughput
experiment and big data approach. In many cases, it is not
practical to perform manual data analysis. In practice, often
only a subset of the experimental data can be analyzed
carefully. This is ineffective and risky because important
information can and most likely will be overlooked. A natural
extension of the current research is to leverage the cutting-edge
developments in the field of computational science.

Machine learning stands out as a promising approach and
has been adopted by many researchers in the battery field
spanning materials discovery, accelerated multiscale materials
modeling, and microstructure characterization.””” The ma-
chine learning approach consists of building models based on
training data to make predictions or decisions without explicit
programming. This is very applicable to battery research
because a lot of the relevant data features cannot be explicitly
described. For example, on the basis of the high-fidelity data
from physics-based simulations, experiments, or both, machine
learning methods are utilized to capture complex nonlinear and
high-order relationships among a large number of variables.
This approach accelerates the material discovery by accurately
predicting target properties in new materials. Multiscale
structural characterization with X-ray tomography also benefits
from the advances of machine learning analysis techniques,
which expands the development of predictive battery
behavioral models.””® These studies focus on the individual
components of a battery sample, aiming at the improvement of
battery performance from enhancing materials functionalities.

Machine learning has also demonstrated significant success
at the system-level research and development, involving battery
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Figure 28. Machine learning-based image segmentation and clustering for battery research. (a) Tomographic image and the corresponding
convolutional neural networks (CNNs) segmented image of a Li-metal anode. Reproduced from ref 506. Copyright 2020 American Chemical
Society. Synchrotron imaging of pore formation in Li metal solid-state batteries aided by machine learning. (b) Comparison of conventional
segmentation results and the machine-learning based segmentation results for NMC particles in a thick electrode. Reproduced from ref 176.
Copyright 2020 Springer Nature. (c) 3D visualization of a heterogeneous damage profile in an aggressively cycled electrode. Reproduced from ref
62. Copyright 2019 Elsevier. (d) Unsupervised clustering analysis for identifying structural and chemical outliers in a spectromicroscopic study of
LiCoO, pouch cell. Reproduced from ref 507. Copyright 2017 American Chemical Society.

engineering and manufacturing process, highlighting several protocols.””* A comprehensive review across the full range of
exciting achievements in cell and pack design, state of health battery research and development at multiple scales can be
and state of charge estimation, and optimization of charging found in Lombardo et al.>*
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Here we highlight a few case studies that feature the
integration of synchrotron-based experimental techniques and
machine learning methods for assessing the heterogeneous
electrochemistry and mechanics in a composite electrode of
lithium-ion batteries.

6.1. Defect Identification

Although many efforts have been devoted to optimizing the
manufacturing process for the Li-ion battery electrodes and
cells, structural defects are widely populated, negatively
affecting the battery performance and causing both acute and
chronic degradations. Therefore, it is important to monitor the
electrode production process and to enable early detection of
the electrode and cell defects. Image-based methods could be
effective for this purpose. Because of the high-throughput
nature of this task, it is highly desirable to conduct automatic
defect detection in the imaging data using machine learning
approaches. Badmos et al.>”® developed a convolutional neural
network (CNN)-based method for detecting and classifying
structural defects in cross section images of prismatic batteries
for plug-in electric vehicles. The authors trained their network
to automatically distinguish different types of structural defects,
including layer deformation, metal particle contaminants, and
nonuniform electrode coating. The demonstrated results show
superior efficiency and accuracy, which is critical to this
application scenario. It is important to note that the cell defects
could have very different appearances in the images and,
therefore, a machine learning approach without specifying the
targeted morphological features is important to this
application.

6.2. Tomography Image Segmentation

Although synchrotron tomography can offer 3D imaging data
with good quality, the segmentation can still be challenging for
features of low image contrast. Dixit et al.’*’° used in situ
synchrotron phase-contrast imaging to study the morpho-
logical evolution of Li metal in a Li-metal solid-state battery.
Upon cycling, Li metal undergoes oxidation and migrates into
the solid electrolyte in the form of Li cation, leaving an
electron and a vacancy in the Li metal. Under a high stripping
current, the vacancy accumulates because the Li* migration
rate is faster than the vacancy replenishment rate (the Li metal
self-diffusion rate). This effect could cause the formation of
voids and pores in the Li-metal anode, which is indeed what
the authors observed in their experiment (as shown in Figure
28a). However, because of the low contrast between Li metal
and voids, conventional threshold-based image segmentation
cannot provide an accurate image analysis and quantification.
Therefore, the authors developed a convolutional neural
network algorithm based on resnet34,°°° which trains a subset
of the images from the same electrode. These training images
were labeled using a conventional edge-detection-based
method with manual validation and adjustment. They then
utilized this model to segment the rest of the images
automatically. The authors evaluated the efficiency and
accuracy of their approach and showed that the segmentation
of a single image takes only 0.3 s, and the reliability is over
80%. This segmentation process sets the basis for their further
analysis, which suggests that the regions with low effective
properties (e.g., transport and mechanical) are nuclei for the
failure of Li-metal solid-state batteries.

In addition to handling image data with poor contrast, a
machine learning approach has also been applied to identify
and evaluate battery cathode particles with different degrees of

chemomechanical breakdown. Jiang et al.'’® conducted

synchrotron-based phase-contrast holotomography on a
composite NMC cathode and visualized thousands of active
cathode particles with high spatial resolution. Direct visual
assessment of the tomogram can already reveal that these
particles are highly heterogeneous. Depending on the local
environment, these particles exhibit very different cracking
patterns. Statistical analysis is highly desirable for under-
standing the charge and damage heterogeneity in this practical
thick electrode. However, the identification of these particles in
the tomographic data is nontrivial because many of the
fragments detached from severely damaged particles could be
mistakenly identified as individual particles (see illustration in
Figure 28b), which complicates the statistical analysis. It
requires some degree of “intelligence” to correctly associate
these fragments as a particle. The authors developed a mask
regional convolutional neural network (mask R-CNN)
algorithm to fulfill this task (see illustration in Figure 28b).
This method effectively reinforces an additional constraint on
the segmentation process and enhances the overall quasi-
spherical shape of the particles. Upon correctly identifying and
labeling all the particles (regardless of their respective damage
degree), the authors evaluated the detachment of the NMC
particles from the carbon and binder matrix, which is an
important mechanical degradation mechanism in the compo-
site electrode. With more than 650 NMC particles identified
and analyzed automatically, the authors concluded that the
size-dependent particle detachment is statistically significant.
As a follow-up to this work, Xu et al.”* studied a synchrotron
tomographic data set that contains more than 1000 active
NMC particles. They observed a depth-dependent particle
fracturing pattern (Figure 28c), which is attributed to a strong
cell polarization effect upon the fast charging of the battery.
This experimental observation is in good consistence with the
finite elemental modeling results, highlighting the synergy
between the cutting-edge experimental capabilities and the
theoretical modeling. Moreover, the automatic identification of
many particles in a real-world electrode not only can be
utilized to study individual particles’ behavior with statistical
significance but also facilitated the investigation of particle-to-
particle interactions, revealing a dynamic particle network
evolution that governs the cathode degradation.””’

6.3. Data Classification

In addition to image processing, machine learning methods are
also used to handle other forms of large-scale experimental
data in the study of chemomechanics in batteries. As
mentioned, X-ray spectro-microscopy has successfully been
applied to studying mesoscale structural and chemical
characteristics in battery materials. It generates massive
numbers of X-ray absorption spectra, fingerprinting the
chemical heterogeneity either induced by aggressive or
prolonged electrochemical cycling, or by purposely engineered
synthesis procedures. With some prior knowledge of the
material system, one could utilize standard spectra from known
chemical species to fit the data. This approach is simple yet
effective. The downside of this method is that we could
potentially miss some unanticipated or unknown chemical
features. Machine learning-based data classification and
analysis have been adopted to tackle this issue and capture
chemical outliers in the spectra.

Zhang et al’”” employed the X-ray spectromicroscopy
technique to image more than one hundred LiCO, particles in
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a LiCoO,/Li battery pouch cell. This data set contains over ten
million spatially resolved X-ray absorption spectra. While they
could apply a conventional approach that uses standard spectra
for linear combination fitting, which they did and reported in a

>1% they developed a data-driven approach for

different paper,
capturing the important subsets of the spectra. They first
extracted key spectroscopic features from all the spectra and
then conducted unsupervised clustering analysis based on
these features. As shown in Figure 28d, four different clusters
of absorption spectra with distinct spectroscopic features were
identified and were attributed to different reaction mecha-
nisms. Most of the particles (over 98%) underwent anticipated
delithiation/lithiation during the cycling process, with some
degrees of chemical heterogeneity observed, featuring the
mesoscale chemomechanical complexities. There are, however,
a few particles with unexpected chemical profiles identified in
this clustering analysis. More specifically, a metallic Co particle
and a Li;,,Co0O,_,/Li,O subparticle domain were found in the
cell. The discovery of the Co metal particle was attributed to
the decomposition and precipitation of the cathode electrode,
while the subparticle domain of Li,,Co0O,,/Li,O can be
attributed to local excessive delithiation and deactivation.

13084

7. SOLUTION STRATEGIES

Achieving high energy and power densities while maintaining
good cycling stability is imperative for next-generation battery
materials. Intensive research has been devoted to addressing
and potentially eliminating chemomechanical degradation in
batteries. This section will review different strategies to
mitigate chemomechanical degradation, including a discussion
of their efficacy and scalability. We categorize these solutions
roughly into three groups: (1) improving mechanical robust-
ness of materials, (2) accommodating strain/stress generation
by surface or microstructural engineering, and (3) mitigating
the destructive effects through crack self-healing or electrolyte
modification.

7.1. Improving Mechanical Robustness of Materials

To address the chemomechanical degradation of battery
materials, an intuitive approach is to improve the mechanical
robustness of active materials. This method can reduce the
probability of crack formation and propagation. We will review
four strategies in this category.

7.1.1. Material Miniaturization. The repeating insertion
and extraction of mobile ions cause breathing strains in
electrodes, varying from a few percent to hundreds of percent
in different material systems. The lattice strains can generate a

https://doi.org/10.1021/acs.chemrev.2c00002
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stress field that may lead to particle cracking. Many studies
found that material miniaturization can effectively avert
electrode cracking. The underlying mechanism is well
understood in Griffith fracture mechanics that pre-existing
flaws cannot grow if the elastic energy released by crack
formation is smaller than its fracture energy (Figure
204).102511

The miniaturization strategy has been successfully utilized in
both cathode®'? and anode>"® materials. For example, the Si
anode, with a specific capacity 10 times higher than the
commercialized graphite anode, suffers from significant volume
change, cracking, and pulverization.514 Accordingly, research-
ers proposed a Si—C composite design, which can increase the
energy density compared to the graphite anode while
circumventing the significant volumetric swelling of a pure Si
anode.”"® However, this approach is effective only for a very
small percentage of Si in the composite and thus cannot deliver
a substantial energy density. In recent years, Si nanoparticles
have stood out as a potential solution to alleviate the severe
mechanical degradation of Si anodes. Through in situ TEM
experiments, Liu et al.>'® demonstrated that cracks initiate
from the surface of large Si particles and lead to particle
pulverization. Such crack formation is because of the tensile
hoop stress at the particle surface (Figure 29b). Reducing the
size of Si particles to less than 150 nm (Figure 29¢,d) can
significantly suppress particle cracking.

Particle miniaturization has the advantages of fast ion
diffusion, good scalability, and low cost, potentially paving the
path for the commercialization of Si anode materials. Yet,
reducing particle size decreases packing density of battery
electrodes, which causes inferior volumetric energy density.
Moreover, nanoparticles tend to have a large specific surface
area, which may induce a significant amount of destructive
interfacial reactions. Therefore, Si nanoparticle anodes often
need other processing, e.g., coating, to enable long cycling
stability.

7.1.2. Single Crystal. Commercialized cathode materials
are predominantly composed of polycrystalline particles with
nanosized single grains as the building block. This design does
not significantly decrease the tap density compared to large
single crystals, but it can reduce the specific surface area than
the use of nanosized single grains. Collectively, polycrystalline
cathode materials deliver reasonably good performance in
practical cells. However, upon ion insertion or extraction, the
anisotropic volume change of the single grains induces stress
mismatch at the grain boundaries, resulting in severe
intergranular cracking (Figure 29e,f).

Recently, SC cathode materials have drawn extensive efforts
because they can avoid intergranular cracking in their
polycrystalline counterparts. Multiple studies have shed light
on the syntheses of SC cathode materials, primarily based on
an industry-relevant molten salt method.”"”~>*" It is found that
SC cathode particles have much better mechanical robustness
because of the elimination of grain boundaries. Moreover,
compared to polycrystalline cathode particles,”® SC particles
have dramatically less lattice oxygen release—another critical
reason for crack formation.””” With the improved mechanical
strength and lattice oxygen stability, the chemomechanical
degradation in SC cathode particles is effectively mitigated,
even after long cycles (Figure 29gh).>*°

During electrode preparation, SC particles are less prone to
cracking under high pressure. Therefore, the SC cathode
typically has a high powder packing density (~3.8 g/cm?).

Nevertheless, it should be noted that SC particles also
experience intragranular cracking at deep delithiated states
(e.g., 4.7 V vs Li/Li"), which cannot be addressed with the SC
design. Lastly, the SC particles are usually about a few
micrometers in size, causing a longer ion diffusion length and
lower specific capacity than polycrystalline cathode materials,
especially at high charging rates.

7.1.3. Doping. Intercalation chemistry has dominated the
consumer electronics and electric vehicles market in the past
few decades, mainly because of its good cycling performance,
which originates from its highly reversible lattice upon ion
extraction or insertion. It is, however, noted that the reversible
lattice expansion and shrinkage could only exist under low
state-of-charge conditions. For example, LiCoO,, a dominating
positive cathode material in consumer electronics, only has a
reversible capacity of about 165 mAh/g (Li;_,CoO, x =
~0.60),”*" although its theoretical capacity is 274 mAh/g.
Extracting more Li from the lattice at a high voltage can cause
detrimental phase transformations, leading to stress generation
and chemomechanical degradation. Introducing foreign
dopants into the lattice is a promising and effective method
to ensure reversible lattice change. The underlying mechanisms
are (1) dopants work as pillars to prevent lattice collapse®**#>*
and (2) dopants work as fixed charge centers to suppress
detrimental ion rearrangements and phase transforma-
tions 524526527

In addition to the change of bulk lattice parameters,
undesired interfacial reactions between electrodes and liquid
electrolytes can also induce irreversible phase transformations.
The inherent lattice mismatch between various phases may
cause cracks at the surface, which propagate to the bulk of
electrode particles. An effective way to suppress the interfacial
side reactions is to modify the liquid electrolyte composition,
enabling a stable solid—electrolyte interface that protects the
electrode materials.”*"">* Another strategy is to modify the
composition of electrodes, either through coating or doping, to
limit the detrimental phase transformations. Zou et al.’>’
demonstrated that detrimental interfacial reactions could cause
severe intergranular cracking in Ni-rich layered oxides (Figure
29i,j). With two percent Al doping, an Al-concentrated shell
forms at the particle surface, effectively suppressing the
interfacial reactions and alleviating particle cracking (Figure
29k 1).7*

Design of electrode composition is one of the most
prevailing methods to enhance the mechanical robustness of
active materials, mainly because of its scalability and low cost.
To date, doping has been widely used in commercial batteries
to improve performance. Yet, it is worth pointing out that
although dopants are designed to incorporate into the lattice,
the low solubility of certain dopants can lead to their
segregation in different regions.”****"*** Precise control of
the dopant distribution at the mass production scale can be
challenging, which may cause large variations in battery
performance. Systematic studies are needed to understand
the dopant distribution at various length scales and under
different synthetic conditions.

7.2. Mitigating Destructive Effects

Although numerous strategies have been proposed to minimize
the chemomechanical degradation of electrode materials,
particle cracking and interfacial destruction are inevitable in
many scenarios. Mitigating the destructive effects, therefore,
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plays an important role in the retention of electrochemical
performance of batteries.

7.2.1. Grain Engineering. Recent studies have shown that
redox reactions are largely heterogeneous at the particle level,
often caused by the discontinuous electronic/ionic transport
network by the random orientations of the building blocks,
single grains.”*’ Heterogeneous redox reactions may induce
anisotropic volume chan§es of the single grains and breakdown
of the grain boundaries. O10LLL3 Moreover, chemomechanical
degradation causes poor contact between the single grains,

further contributing to redox heterogeneity. This self-
promoting effect plagues battery performance rapidly. To
date, most research efforts focus on modifying the chemical
composition, electronic structure, and crystal structure of
active materials to mitigate chemomechanical degradations.
Yet, grain orientation engineering, i.e. aligning single grains in a
way that can relief the stress concentration, remains largely
unexploited.

A few recent studies demonstrate that grain engineering can
effectively suppress crack formation in cathode particles.”** >
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Copyright 2017 Royal Society of Chemistry.

Specifically, in Ni-rich layered oxide cathodes, Li ions can only
migrate in the ab plane. By constructing radially aligned Li-ion
diffusion channels within a spherical secondary particle, Li ions
can move more easily upon charge or discharge (Figure
30a).”*” Such radially aligned grain orientations can guide the
redox reactions, which essentially determines the charge
distribution at the secondary particle level (Figure 30b,c).
Moreover, radially aligned single grains lead to a uniform stress
distribution (Figure 30d), which rationalizes the better
mechanical integrity upon cycling. Conversely, most commer-
cial cathode secondary particles are composed of single grains
with random orientations. Therefore, Li-ion pathways are more
likely to be tortuous (Figure 30e). Upon charging,
discontinuous ion channels disturb Li-ion migration, leading
to a heterogeneous charge distribution in the secondary
particles (Figure 30fg). Such heterogeneous charge distribu-
tion further increases the anisotropic mismatch strains of the
single grains. As a result, cathode particles with random grain
orientations tend to be more prone to crack formation.

Grain orientation engineering provides a large playground
for enhancing the mechanical robustness of battery materials.
This method is promising as the material syntheses are
industry relevant. Yet, only a few grain orientations have been
systematically investigated. Many other microstructures have
not been explored.

7.2.2. Microstructural Engineering. Repetitive stress
generation and detrimental electrode—electrolyte interfacial
reactions ubiquitously occur in electrode materials and
dramatically deteriorate battery performance. A core—shell
microstructure can address these two issues simultaneously.
The design is that by constructing a mechanical clamping shell,
the mechanical stresses in the core region will not cause severe
structural disintegration.”*® Moreover, the clamping shell is
chemically stable against liquid electrolytes or other reactive
chemicals.

Using the Si anode as an example, its poor cycling stability is
attributed to the volume-change-induced cracking and severe
solid—electrolyte interfacial reactions. As discussed in Section
7.1.1, the miniaturization strategy can effectively limit the
cracking of Si nanoparticles,”'® which can achieve 80% capacity
retention over a few hundred cycles.*” This cycle life still
cannot satisfy the needs of electric vehicles, which require
batteries of thousands of stable cycles. A potential limiting
factor might be the unstable solid—electrolyte interphase. Wu
et al.>*” demonstrated that through a core—shell design with Si
oxide as the shell and Si nanotube as the core (Figure 31a), the
Si anode could deliver extremely stable long-term cycling
performance, up to 6000 cycles, in the half-cell configuration.
The ionically conductive and mechanically rigid Si oxide layer
conducts ions while limiting the Si anode’s outward expansion
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and preventing the Si anode’s direct contact with liquid
electrolytes. This core—shell structure has also be used in other
material designs, including tin oxide (Figure 31b)°*" or iron
oxide (Figure 31¢)** encapsulated by a carbon sphere. These
studies prove that the mechanical clamping layer can
accommodate the volume change of the active material during
redox reactions to ensure prolonged cycling stability.

The fundamental principle for the core—shell design is that
it has a mechanically and chemically stable shell, e.g,, the stable
Si oxide shell on top of the Si nanotubes. This material design
has a potential drawback that the shell does not participate in
the redox reaction, which may lead to inferior energy density.
This issue is prominent in cathode materials, which usually
have lower energy density than their anode counterparts.
Therefore, a novel gradient composition design was developed
to achieve good mechanical robustness while maintain high
energy density. This gradient composition design was first
demonstrated in Ni-rich NMC materials. It was known that
increasing the Ni percentage in NMC materials can achieve
higher energy density and reduce the usage of Co. Yet, Ni-rich
NMC materials are prone to more detrimental interfacial
reactions and a greater extent of anisotropic deformation.
Decreasing the Ni content, i.e., designing Mn-rich NMC, can
effectively improve NMC materials’ mechanical and chemical
stability. Such intrinsic difference between the Ni-rich versus
Mn-rich NMC motivated the design of gradient composition
distribution, with decreasing Ni and increasing Mn-content
from the center to the surface within a cathode particle (Figure
31d,e). The gradient composition enables an extremely stable
performance (90% capacity retention after 1000 cycles at 1C,
Figure 31f).>* It should be noted that the fine composition
distribution requires precise control of the precursor synthesis,
which may cause additional expenses than the traditional
synthesis method.

Engineering the microstructure of electrodes by introducing
voids is another effective method to accommodate mechanical
deformation and internal stresses. The intentionally created

voids can accommodate strain in a controlled manner. For
example, Si nanotubes can accommodate the significant
volume expansion upon a lithiation reaction (Figure 32a—c).
It is demonstrated that although the thickness of the nanotube
wall expanded from ~40 to ~300 nm after 200 cycles, no
fracture or pulverization occurred. Such outstanding fracture
resistance may originate from the large surface-to-volume ratio,
benefiting from the nanotube design. Moreover, the internal
voids can also facilitate the Li-ion transport between Si and
liquid electrolytes because of the shorter diffusion path.
Collectively, the Si nanotube design delivers stable perform-
ance under fast charging.

Along with Si nanotube design, porous Si—C composites
provide an alternative strategy to accommodate stresses. The
pre-existing pores in the Si nanoparticles can accommodate its
large volume change and ensure fast ion diffusion, while the
interconnecting C network facilitates electron conduction,
stabilizes the solid—electrolyte interface, and enhances
structural integrity. Such an approach requires precise control
of the distribution of Si nanoparticles in an interconnecting C
network. A bottom-up hierarchical Si—C composite synthesis
method demonstrated that a two-step chemical vapor
deposition (CVD) process (Figure 32d) could achieve this
goal. TEM results show that Si nanoparticles are densely
incorporated into the C network (Figure 32ef). Properly
engineered porous Si—C composites yield a high reversible
capacity which is 5 times higher than the graphite anode.

Hollow structures can also help stress relaxation in cathode
materials. Experiments revealed that grains near the core of
NMC particles experience high stresses during cycling, leading
to crack formation from the center of cathode particles.”**
Introducing voids into solid particles has two advantages. First,
the hole region within the particle provides a buffer of
mechanical deformation during battery cycling and avoids
crack formation at the center. Second, the voids can decrease
the ion diffusion length within the particles, reducing the state
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of charge heterogeneity and related stress damage in cathode
particles.

Microstructural engineering has gained a tremendous
amount of interest in the last few years, which enables a
fundamental understanding of the microstructure—perform-
ance relation in batteries. These research efforts contributed to
multiple commercially available advanced battery materials. It
should be noted that although the voids can help stabilize the
performance, they inevitably decrease the volumetric energy
density of electrodes. A trade-off between the volumetric
energy density and long-term cycling needs to be deliberated.
Alternatively, other strategies, such as electrolyte modification
to be discussed in the next section, may represent better
solutions in practice.

7.2.3. Self-Healing. Nature often provides inspiration on
remedying fracture of materials through a smart self-healing
strategy. Recently, self-healing of electrode and electrolyte
materials has gained increasing attention as it helps the
durability and lifetime of batteries. In this regard, readers are
referred to a review paper’*® to gain more insight into the
research on self-healing electrolytes.

In a traditional Si anode, polymer binders are coated on the
surface of Si particles. When Si particles experience a
significant volume change upon charge and discharge
reactions, the mechanical deformation may break the polymer
binders and cause cracking and delamination of the Si particles
(Figure 33a). Self-healing polymers with good stretchability
and self-healing capability can potentially address mechanical
degradation. In this design, self-healing polymers are coated on
the surface of Si particles. Upon redox reactions, the large
volume change of Si particles leads to fewer cracks in the self-
healing polymers because of its good stretchability. More
importantly, the cracks can be repaired spontaneously at room
temperature through the formation of hydrogen bonding
Figure 33b). It was demonstrated that while large cracks can
still be observed at the polymer surface because of the
significant deformation of Si particles (Figure 33c), small
cracks are mostly healed after S h (Figure 33d). Self-healing
provides a new dimension for mitigating the impact of
chemomechanical degradation. Meanwhile, it is worth noting
that the self-healing feature depends not only on the strength
of various bonds but also on the phase segregation of the
polymetric interfaces. To date, controlled phase segregation in
battery cells represents a daunting challenge that requires more
development before it can be utilized in commercial batteries.

The self-healing strategy was also introduced to stabilize the
SEL An artificial TiO, SEI on the surface of Si nanoparticles
may have flaws, which allow the infiltration of liquid
electrolytes. These flaws in the artificial SEI may seem
catastrophic. However, during lithiation, Si particles undergo
a large volume change, which can expel the liquid electrolyte
out of the TiO, shell. More importantly, the newly formed SEI
on the surface of Si particles can grow together with the TiO,
shell. Because of the difference in the adhesion energy, the SEI
formed on the Si particles will bind with the TiO, shell upon
delithiation, which repairs the flaws on the artificial SEI (Figure
33e). Such a design strategy combines the advantages of the
core—shell structure and the self-healing feature. The good
mechanical robustness of the Si—TiO, core—shell structure is
shown in Figure 33f—h, as attested by the good reversibility of
the core—shell structure after mechanical compression.

8. OUTLOOK

Significant advances in battery technologies occurred in the last
decades, leading to a dramatic energy density increase for
energy storage. Despite these advances, breakthroughs in
battery technologies are still urgently needed to ensure that
battery performance meets the demands of the growing electric
vehicle and grid storage markets. It has been increasingly
evident that such breakthroughs are contingent on addressing
the challenge at the interface between mechanics and
chemistry. This review has highlighted the recent progress in
understanding and regulating the chemomechanical processes
in batteries. However, more research is necessary for this
burgeoning field as several key challenges have yet to be
addressed. We will outline those challenges in this section and
hope to encourage and inspire solutions that pave the way to
the eventual realization of mechanically and electrochemically
resilient batteries.

How to Define and Evaluate the Mechanical Stability of
Battery Materials

As the chemomechanical degradation of batteries is becoming
the main bottleneck blocking their practical implementation,
the mechanical reliability has been considered a predominant
metric that needs to be carefully evaluated before new
materials can be practically adopted. However, there is neither
a clear definition of mechanical reliability of battery materials
nor a well-accepted protocol for evaluating their mechanical
reliability. Mechanical properties, including elastic modulus,
hardness, and fracture toughness, have all been utilized in
different contexts as parameters to represent the mechanical
reliability of battery materials, which occasionally causes
ambiguous results or even contradictory conclusions. Fur-
thermore, quantifications on the mechanical properties by
characterizations at different length scales, from the particle- to
electrode-levels, sometimes show a significant variation, leading
to the evaluation of mechanical reliability being inaccurate and
thus of less practical importance. Therefore, a clear definition
and standardized testing protocol for the mechanical reliability
of battery materials need to be established in the future.

How to Quantify the Mechanical Degradation during
Battery Cycling

Recently developed experimental techniques have revealed
various types of mechanical degradation in batteries, but
quantifying the degree of mechanical damage during battery
operation is challenging. The advanced characterization
techniques highlighted in Section 5.2 are either cost-intensive
or require heavy data processing and analysis, limiting their in-
house adoption in the battery industry. One approach to
efficiently quantify the mechanical damage in batteries is to
leverage cutting-edge development in data-driven modeling to
implicitly correlate the degree of mechanical damage with the
cycling conditions, such as the charging rate and cutoff
window. On the basis of the insight extracted from the data-
driven modeling, it becomes possible to further develop
empirical models, similar to the widely used Paris’ law for
describing the fatigue crack growth under cyclic mechanical
load, to predict the evolution of mechanical damage during
battery operation. These simple models can be of practical
importance for the battery industry.
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How to Correlate the Degree of Mechanical Degradation
to the Battery Performance

Despite the extensive exploration in unraveling the impact of
mechanical degradation on the electrochemical activities of
batteries, the explicit relationship between different types of
mechanical degradation (particle fracture, interfacial debond-
ing, and structural failure) and the metrics of battery
performance (power density, capacity retention, and Coulom-
bic efficiency) remains unclear. Several reasons account for this
ambiguity. First, not all types of mechanical degradation
deteriorate battery performance. It necessitates further
investigation to identify the types of mechanical degradation
that significantly impact the battery performance. Second,
different types of mechanical degradation are usually highly
intertwined, making it challenging to quantify the impact of
each type of damage separately. Under this circumstance,
numerical simulation exhibits superior capability in quantifying
the dependence of battery performance on different types of
mechanical failure modes. Further development of numerical
simulation should focus on improving efficiency either in time
or in computational cost, particularly when dealing with the
full cell modeling with sufficient microstructural details.

How to Develop Cycling Protocols to Improve the
Electrochemical and Mechanical Reliability of Batteries

In terms of industrial adoption, it is attractive to develop
cycling protocols that can realize fast charging and/or deep
charging but eliminate the mechanical degradations in
batteries. One pathway is to rationally design the cycling
rate, cutoff voltage, and current profile (i.e., constant current—
constant voltage, constant power—constant voltage, and pulse
charging) based on the mechanistic understanding of the
chemomechanics of batteries. It necessitates the previous two
challenges to be well addressed, precisely quantifying the
mechanical degradation and explicitly correlating the mechan-
ical degradation to the battery performance. Another pathway
is to leverage the state-of-the-art data-driven approach to
optimize charging protocols. Such an approach can bypass the
need for an explicit understanding of the highly intertwined
chemomechanical interactions in batteries that govern their
performance. However, the collection of data sets, for example,
a data set containing batteries that have had varying levels of
mechanical degradation intentionally induced by various
cycling protocols, requires the continuous advancement of
experimental techniques that can generate experimental data at
an unprecedented rate.

How to Design and Manufacture Battery Materials with
Improved Electrochemical and Mechanical Resilience

With the in-depth understanding of the intimate coupling
between mechanics and electrochemistry in rechargeable
batteries, a natural extension is to leverage this understanding
to guide the design and manufacturing of battery materials
with improved electrochemical and mechanical resilience. Two
general strategies can be adopted. One is to increase the
materials’ resistance to mechanical degradation. Another is to
reduce the driving force for the degradation. The former is
expected to be achieved by modifying synthesis conditions to
improve the fracture toughness of battery materials, including
active materials, binders, and solid-state electrolytes, while the
latter can be achieved by tuning the material microstructure or
electrode architecture to mediate the mismatch strains. It
should be noted that the electrochemical stability of battery
materials might be altered when optimizing their mechanical
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reliability, opening an additional area that requires the
optimization of battery design and manufacturing. Moreover,
all the optimizations of materials synthesis or structural tuning
need to consider the cost effectiveness and be in scale with the
current battery manufacturing platform and fitting the battery
supply chain.

Considering that chemomechanical degradation will con-
tinue to be a major concern in developing the next-generation
batteries, the pursuit of more mechanically resilient battery
materials will be a cornerstone to maintaining the continuous
growth of battery technology and further developing the clean-
energy economy. We hope that this paper helps the researchers
in the mechanics, electrochemistry, and battery communities
gain a comprehensive picture of the current progress in
understanding the chemomechanics of rechargeable batteries
and motivates further technological advancement in the near
future.
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