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ABSTRACT

CHUNHAO YUAN. Mechanical Instability of the Interfaces in Solid-State Batteries
(Under the direction of DR. JUN XU)

All-solid-state batteries (ASSBs) are considered promising candidates for next-
generation batteries due to their excellent safety performance guaranteed by inorganic solid
electrolytes (SEs) with the non-flammability nature, as well as the greatly increased energy
density enabled by the adoption of lithium metal anode. Unlike conventional lithium-ion
batteries (LIBs) using liquid electrolytes, all the components within the ASSBs system,
including the composite cathode, lithium anode, and solid electrolyte, are solid-state. Solid-
solid interfacial contacts within ASSBs, such as the dendrite-electrolyte interface and
electrode-electrolyte interface, are the origin of interfacial instability issues. The interfacial
instability problems mainly exhibit in the form of lithium dendrite growth-induced short
circuits and interfacial debonding failure inside composite cathode, which are the major
hurdles on the road towards the large-scale commercialization of ASSBs. Experimental
characterizations are limited by the coupling of the solid nature of SE (vision overlap), and
ultrasmall length scale. Therefore, versatile and physics-based models to describe the
electrochemical behaviors of the ASSBs are in pressing need.

Herein, considering the highly multiphysics nature of ASSB behaviors, fully coupled
electrochemo-mechanics models at different scales are developed to investigate the
underlying mechanism of dendrite growth and interfacial failure. From the energy

conservation perspective, the electrochemical-mechanical phase-field model at the



v
electrolyte scale is firstly established to explore the dendrite growth behavior in
polycrystalline SE. The newly formed crack and the grain boundary are found to be the
preferential dendrite growth paths, and stacking pressure affects the driving force for both
dendrite growth and crack propagation. Next, the cell-scale multiphysics modeling
framework integrating the battery model, mechanical model, phase-field model, and short-
circuit model is developed to study the entire process from battery charging to dendrite
growth and to the final short circuit. The governing effects from various dominant factors
are comprehensively discussed. Further on, inspired by the “brick-and-mortar” structure,
the strategy of inserting heterogeneous blocks into SEs is proposed to mitigate dendrite
penetration-induced short circuit risk, and the overall dendrite mitigation mechanism map
is given. Finally, the three-dimensional fully coupled electrochemical-mechanical model is
developed to investigate the interfacial failure phenomena, taking into account the
electrochemical reaction kinetics, Li diffusion within the particle, mechanical deformation,
and interfacial debonding. The randomly distributed LiNi;;3Co1/3Mn 30, primary particles
result in the anisotropic Li diffusion and volume variation inside the secondary particle,
leading to significant nonuniformity of the Li concentration, strain, and stress distributions.
This also serves as a root cause for the internal cracks or particle pulverization. The particle
volume shrinkage under the constraint of the surrounding SE triggers the interfacial
debonding with increased interfacial impedance to degrade cell capacity. This study

explores the dendritic issue and mechanical instability inside ASSBs from the multiphysics



perspective at different scales, obtaining an in-depth understanding of the electrochemical-
mechanical coupling nature as well as providing insightful mechanistic design guidance

maps for robust and safe ASSB cells.
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CHAPTER 1 INTRODUCTION

1.1 Background

With the merits of relatively high energy density and good cyclability performance,
lithium-ion batteries (LIBs) are widely used in portable electronic devices, smartphones,
and electric vehicles (EVs) 2. Under the rapid development of the EVs’ market and the
huge demand for electronic products, new requirements have been put forward for current
LIBs, including improvement of the energy density to increase the EVs’ mileage and a
guarantee of battery safety to avoid the mechanical/electrical/thermal abuse-caused fire or
explosive accidents 3. In this context, all-solid-state batteries (ASSBs) are proposed as
promising next-generation batteries to address the thorny energy density and safety issues
of current LIBs 7. On the one hand, the use of Li metal with low mass density and high
specific capacity (3860 mAh/g, ten times higher than that of conventional graphite anode
372 mAh/g) as the anode can greatly improve the battery energy density !°-13; on the other
hand, the solid electrolytes (SEs) have the nature of non-flammability and a wide stable
electrochemical window which can solve the safety issues from the root 48, Nevertheless,
different from the liquid electrolyte-based LIBs, all components of ASSBs are solid-state,
including the lithium anode, SE, and the composite cathode, and the interfacial instability
between adjacent components (i.e., Li-SE, dendrite-SE, cathode particle-SE in Fig. 1 ?)

19-22

causes the poor cyclability and performance degradation of ASSBs , which needs

urgent investigation from both experiment and modeling. Due to the solid nature of all



components, state-of-the-art experimental characterization is insufficient to provide direct
in-situ observation of buried interfacial evolution. To complement this, numerical
simulation is a powerful tool that enables a more in-depth understanding of the underlying
mechanism 2323, Moreover, further understanding of the interfacial instability mechanism

directs the improvement and safety design of ASSBs.

Lithium Composite
Anode Cathode J
Li metal-SE Interlayer Solid Electrolyte \ C@)I i ,f.}}'.{ff'.::','"f
.-3 » Inhomogeneous contact (SE) g
« Obstacle for Li ion transfe - I
» Li dendrite growth | s
« Internal short-circuit Cn resistance
e

» Side reactions

* SE decomposition
« Insulating layer

Interfaces in Solid Electrolyte

» Lack of physical contact
» Solid-to-solid conduction
K“r Charge transfer layer /

Cathode-SE Interlayer

» Grain boundary resistance PN . . .
+  Liion depletion region f ~  Side reaction at interlayer
+ lonic-resistive barriers ““ » Inhomogeneous contact
» Void space and pores
» Li dendrite growth along GBs + High interlayer resistance

« Li metal penetration + Restricted Li ion migration
« Short-circuit

Figure 1 Summary of the interfacial issues in all-solid-state batteries °.

1.2 Literature review
1.2.1 Solid electrolyte

Solid electrolytes are considered to resolve the safety issues of ASSBs due to the
intrinsic nature of non-flammability and high-temperature stability. There are mainly two
types of SEs, i.e., inorganic ceramic electrolytes (ICEs), and solid polymer electrolytes
(SPEs) '-2628 [CEs are ceramic materials that can transport Li-ions during charging and
discharging, including oxides, sulfides, and nitrides, which usually have high Young’s

modulus and better ionic conductivity. SPEs are mixtures of polymers and Li salts with



good flexibility but low Young’s modulus and poor ionic conductivity. In addition to the
ICEs and SPEs, another candidate is the mixture of the two (i.e., composite electrolytes) to
combine the advantages of ICEs and SPEs 283!, With research effort in the past decades,
the ionic conductivity of ICE-type solid electrolytes has now reached or even surpassed the
level compared to their liquid-based counterpart !°. Thus, it is no longer the limiting factor
of SEs. As such, ICEs are considered promising solid electrolytes.

Among the ICEs, L;La3;Zr,0;, (LLZO) electrolyte with a high Young’s modulus, a
practical ionic conductivity, and a wide electrochemical stability window is considered one
of the most promising applicable SEs. The higher relative density of LLZO results in a
lower fracture toughness and larger ionic conductivity *2. This finding allows modulating
the SE property by controlling fabrication pressure to modify the relative density or by
combining SEs with different properties. Since a solid electrolyte is a single-ion conductor,
there is no Li-ion concentration gradient within the electrolyte, which is the main reason
for the dendrite growth in the liquid LIBs %33, In addition, previous theoretical work has
shown that a solid electrolyte with a shear modulus two times higher than that of the
polymer-based separator enables dendrite suppression 3. With the aid of advanced
characterization techniques (e.g., scanning electron microscope (SEM), transmission
electron microscopy (TEM) and synchrotron X-ray computed tomography (CT)), it is
found that the dendrite still grows within the SE with an ultra-high modulus (e.g.,~150 GPa

for LLZO). This evidence clearly demonstrates that there should be other governing factors



for dendrite growth besides the modulus. Further investigation and improvement for SEs
are needed to pave the path of commercialized ASSBs 26-2%-35-37,
1.2.2 Dendrite initiation and growth

During the Li plating process, Li ions from the solid electrolytes are reduced at the
interface between the lithium anode and electrolyte to deposit as Li atoms at the anode side.
The deposited lithium is uniform without any disturbance, and the Li anode surface is
smooth. Due to some specific inhomogeneities, the dendritic shape of lithium may occur,
i.e., the dendrite nucleation/initiation (Fig. 2(a)). Efforts from both theoretical analysis and
experimental characterization have been endeavored to explore the mechanism 384,

There are two possible mechanisms to explain the dendrite initiation position in
ASSBs: 1) initiation at the Li-SE interface *->! (Fig. 2(b)); 2) initiation inside the SE 4443
52:53 (Fig. 2(c)). Firstly, there are inevitable nonuniform contact and interfacial defects at
the Li-SE solid-to-solid interface, such as grain boundary, voids, cracks, impurities and
pores 10-14:49.34-57 Dyye to the existence of these defects, the local current density will vary
with the interface geometry %, which will eventually result in localized current density-
induced inhomogeneous Li plating. The protruding plated lithium will enhance the
surrounding electric potential and further accelerates the dendrite nucleation '°. Most
crystalline ICEs exist in polycrystalline form composed of grains and grain boundaries *°.

The low ionic conductivity of the grain boundary is supposed to be the reason for

preferential dendrite initiation and growth along grain boundary *°. Secondly, inside the



SEs, there are also some defects, such as voids and pores '°

, and grain boundaries,
especially for polycrystalline SEs. According to DFT calculation, the trapped excess
surface electrons inside the grain boundary of SEs can directly reduce Li-ions to lithium
dendrite *3. The dendrite formation inside SEs is also reported to be caused by reduced
local electric bandgap 2. According to the dendrite initiation position, there are also two
routes for dendrite to penetrate the cell and trigger the short circuit: 1) dendrite initiates at
the Li-SE interfacial defect, then grows and penetrates the SEs, finally reaches the other
electrode to trigger short circuit; and 2) dendrite formation occurs at different positions
inside the SEs, then the isolated dendrites are interconnected to serve as the electron
transport path to short circuit the battery.
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Figure 2 Dendrite initiation behavior in ASSBs: (a) schematlc illustration of dendrite
initiation; (b) dendrite initiation at the Li-electrolyte interface **>%; (¢) dendrite formation
inside electrolytes 333,



Plenty of research discovered that, for one specific electrolyte, dendrite penetration-
caused short circuitalways occurs above a certain current density (i.e., the critical current
density (CCD)). Most reported CCD is lower than 1 mA/cm? '> ¢ while the practical
current density for batteries is above 2 mA/cm? 4. To fully understand the dendrite growth
behavior within ASSBs is extremely urgent to develop a resilient solid electrolyte system,
and finally to address the short-circuit problem. There are mainly three reported dendrite
growth tracks in SEs: 1) along grain boundary %%, 2) along pore network °' 2, and 3)
coupled behavior with crack propagation °°. As mentioned above, the grain boundary
provides the position for dendrite initiation, and dendrite also preferably grows along the
grain boundary in the polycrystalline electrolyte (Fig. 3(a)). Possible reasons are the high
ionic resistivity, different composition, and low shear modulus compared to the grains,
among which the large resistivity mainly affects the electrochemical overpotential/current
density. Small modulus demonstrates the soft nature of grain boundary from the perspective
of mechanics 3%93-%4, The sintering temperature during fabrication was found to determine
the porosity and ionic conductivity of LLZO electrolyte °!. Though high temperature can
reduce the porosity and improve the conductivity, the size of grains and pores also increases.
Even worse, the interconnected micropore network inside the electrolyte observed by
synchrotron X-ray tomography becomes the path for dendrite growth, as shown in Fig. 3(b)
61 In addition to the preferable dendrite growth path of grain boundary and micropores, the

dendrite growth itself can generate mechanical stress to drive the crack propagation within



SEs °. By applying the in-situ X-ray CT %66 ¢7 the dendrite growth-induced crack was
observed with the cycling of ASSBs, as shown in Fig. 3(c). Since the electrolyte is brittle
with relatively small fracture toughness, the dendrite-caused stress can drive the crack to
propagate. Moreover, the newly formed crack provides further preferable space for
dendrite to grow. The battery's internal resistance also increases due to crack formation,

and electrochemical performance degrades.
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Figure 3 Dendrite growth behavior in ASSBs: (a) intergranular dendrite penetration 3% 63;

(b) dendrite growth along interconnected micropores inside electrolyte ¢!; (c) dendrite
growth coupled with crack propagation 306366,

The above state-of-the-art experimental results directly demonstrate the phenomena
of Li dendrite initiation and growth within SEs, and thus provide an initial understanding
of the coupling behaviors. However, a more theoretical understanding of the mechanisms
requires rigorous physics-based modeling work '*-23, Dendrite initiation and growth rate in
ceramic SEs were theoretically explored by bridging the dendrite growth with the

electrochemical potential %%, The electrochemical-mechanical model studied the effect



of bending of SE on cell potential and lithiation capacity 7°. The concurrent Li dendrite
growth and SEI growth modeled by the moving mesh method showed the effect of current
density and SEI properties on dendrite growth in lithium metal batteries ’!. The two-step
computational model studied the fracture and mechanical stress-induced current in grain
boundaries 7. The coupled phase-field model showed that excess surface electrons
significantly affect the initiation positions of Li dendrites within the grain boundaries of
polycrystalline LLZO SE 4% 33, By direct numerical simulation of restructured SE
microstructure, the effective SE properties were obtained, and the effects of operating
conditions (temperature and external pressure), were parametrically studied 7. The stack
pressure and SE electrochemical properties could influence the interfacial deposition and
mechanical stability ’3. By adopting large-scale molecular dynamics simulations, the Li
metal plating and striping mechanisms are investigated from an atomistic perspective, and
the defect effect is also included * 74, The interaction mechanism of crack propagation and
dendrite growth under stacking pressures and the interfacial defect was further explored by
the one-way coupled electrochemical-mechanical phase-field model *°. These numerical
models provide an in-depth understanding of the dendritic and interfacial issues, mainly at
the grain level. However, currently available modeling work is not built in a fully
electrochemical-mechanical coupled fashion.

1.2.3 Mechanical property of lithium

In the past decades, most of the focus on lithium has been on its electrochemical



property, while dendrite initiation and growth in ASSBs 1is highly mechanics-
electrochemistry coupled behavior where the lithium mechanical property may greatly
affect. The mechanical property of lithium is significantly determined by its length scale,
reported by recent research 7380, Herein three length scales are distinguished, i.e. bulk
lithium (>10 pm), microscale lithium (1-10 pm), and nanoscale lithium (<1 pm). Firstly,
for bulk lithium, Young’s modulus Ei; and yield strength are about 7.8 GPa and 0.8 MPa,
respectively ’7. By adopting tensile testing in inert gas environments with the digital image
correlation, the effects of strain rate and temperature on the mechanical response of lithium
metal were thoroughly investigated. The stain hardening phenomenon only occurred at a
high strain rate and low temperature ¢’. The room-temperature tensile and compression
experiment results demonstrated the completely different mechanical behavior of lithium
81 which may greatly influence the lithium mechanical response in ASSBs where the creep
effect is more important during long-time cycling. Secondly, the microscale lithium pillars
of diameters from 1 to 10 um under nanomechanical experiment showed different stiffness
and yield strength (>10 MPa), and stronger mechanical response with larger modulus and
higher strength was observed for smaller pillars 7°. The crystallographic orientation also
influences mechanical property of lithium, and Er; =21 GPA along <111> direction 7°.
Thirdly, the nanoscale growing/grown lithium whiskers showed higher yield strength (15
to 250 MPa), investigated by the atomic force microscopy (AFM)-environment TEM

equipment %°, The mechanical property of lithium is greatly size-dependent, which should
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be further coupled in the multiphysics model to understand its effect on dendrite initiation

and growth behavior.
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1.2.4 Composite electrode particle expansion

The composite electrode of ASSBs is composed of active particles (APs) and solid
electrolytes where APs are embedded into SEs ®2. During the battery charging and
discharging, the insertion/extraction of Li-ions in APs causes particle volume
expansion/shrinkage. As mentioned above, Young’s modulus of SEs is usually above 10
GPa, or even 150 GPa for LLZO electrolyte, which serves as a strong constraint of particle
volume variation. On the one hand, under the constraint of SE, particle expansion will
cause large stress for both particle and SE, possibly inducing the particle pulverization and

SE crack. On the other hand, the particle shrinkage may cause the debonding of particles
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and SE, increasing the interfacial resistance. As such, particle expansion and shrinkage
have the risk of increasing internal resistance, resulting in performance degradation %°.
Both experimental characterization and numerical simulation have been conducted to
investigate the particle volume variation-induced problems in the composite electrode. By
assembling a composite cathode consisting of NCM-811 and B-Li;PSs into ASSBs and
performing the charging-discharging experiment, the interfacial debonding and interphase
layer formation between APs and SEs were found to cause the interfacial resistance
increase, finally leading to the irreversible capacity loss ®* (Fig. 5(a)). After cycling, the
contact loss between NCM APs and SEs was observed. The interfacial resistance greatly
increased, causing the battery discharge capacity to fade 2. The mechanical damage
initiation and evolution of the composite electrode in ASSBs induced by intercalation
expansion was studied by a coupled electro-chemo-mechanical model using the cohesive
zone method. Results show that fracture was prevented when the active particle’s
expansion was below 7.5% 2° (Fig. 5(b)). The mesoscale simulation of interconnected
particles in SEs demonstrated the inside stress distribution, revealing that smaller particles
could improve rate performance and avoid interfacial failure. However, the effect of
interfacial failure on battery degradation is not reflected in those numerical models, and
further investigation of the coupling behavior of particle-SE interfacial instability and

battery degradation should be considered.
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Figure 5 Particle volume variation issues in composite electrode: (a) experimental
characterization ®3; (b) numerical simulation 2

1.2.5 Optimization methodology

Plenty of pioneering efforts from the perspective of material science have addressed
the dendritic and interfacial issues, mainly concerning three aspects (Fig. 6(a-c)), i.e., 1)
advanced structure design of the electrode or current collector to accommodate the newly
grown Li dendrite and release the stress 4°-34-%6; 2) interfacial modification to improve the
solid-solid contact property between the electrode and SE 3!-870; and 3) improvement of
SE electrochemical/mechanical properties to suppress dendrite growth and improve battery
performance 3% °! ¢, From the mechanical perspective, stacking pressure is found to
influence dendrite growth significantly, crack propagation, and interface stability*-73-97-10
(Fig. 6(d)) such that the concept of applying residual compressive stress in SEs is
introduced to prevent dendrite penetration '°!. Although the performance of ASSBs has

been dramatically enhanced, inevitable dendrite growth still occurs during

charging/discharging *!, and the critical current density and cyclability performance need
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to be improved as well 3!- %9, Novel designs to mitigate dendrite growth and improve

interfacial stability are urgently needed.
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Figure 6 Optimization methodology for interfacial instability: (a) interphase material ’; (b)

electrolyte improvement °; (¢) electrode structure design ®¢; (d) mechanical stack pressure
97

1.3 Challenges and motivation

The dendrite growth and interfacial instability issues inside ASSBs have been
extensively investigated by various in-situ and ex-situ experimental characterizations, and
there are also reported models only considering either Li dendrite growth or crack
propagation at a time, not built in a fully electrochemical-mechanical coupled fashion.
However, the absence of understanding of the electrochemical-mechanical coupling
mechanism for the fatal dendritic issue and interfacial instability problem poses challenges
to accurately describing the performance degradation of ASSBs. Due to the highly

multiphysics-coupled nature, the Li dendrite growth and crack propagation are strongly
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coupled, and the mechanical interfacial debonding is originally caused by the
electrochemical reaction. Therefore, I developed the fully coupled electrochemical-
mechanical modeling framework at both electrolyte scale and cell scale to investigate the
dendrite growth behavior and its influence on cell performance. The mechanical instability
issue inside the composite is caused by the particle volume variation. Furthermore, the
dendrite mitigation strategy is also proposed to reduce lithium penetration-induced short
circuitrisk.
1.4 Chapter arrangement

Chapter 2 presents the electrochemical-mechanical phase-field model at the
electrolyte scale, describing the coupled dendrite growth and crack propagation behaviors.
Chapter 3 develops the cell-scale fully coupled electrochemical-mechanical modeling
framework to comprehensively study the governing effects of various factors on dendrite
penetration-induced short circuits. Chapter 4 proposes the dendrite mitigation strategy by
inserting heterogeneous blocks into the electrolyte and evaluates the dendrite-caused short
circuit risk under different scenarios. Chapter 5 focuses on the interfacial instability and
mechanical damage occurring inside the composite cathode of ASSBs, based on the
established three-dimensional fully coupled multiphysics model. Chapter 6 summarizes the

conclusions of this dissertation.
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CHAPTER 2 COUPLED DENDRITE GROWTH AND CRACK PROPAGATION AT
ELECTROLYTE SCALE

In this chapter, the electrochemical-mechanical phase-field model at electrolyte scale
is developed to investigate the underlying mechanism of the coupled behaviors of the Li
dendrite growth and crack propagation. Due to the high conductivity, high elastic modulus,
and stability against Li metal, the promising polycrystalline L;La3Zr,O1, (LLZO) is
targeted as the solid electrolyte in the study. The effects of pre-defect patterns, including
defect length, angle, and shape, as well as stacking pressure on the crack propagation and
dendrite growth behaviors, are comprehensively investigated to give out insightful
understanding of the dendritic issue in ASSBs.
2.1 Methodology

We randomly generate with multi grain boundaries in the area of 500 um*500 pm
including lithium anode and polycrystalline solid-state electrolyte as our simulation sample
to demonstrate the generality of the coupled model (Fig. 7) °. There should be inevitable
defects, such as voids, cracks, and impurities at the Li/SE interface, which lead to the
initiation and growth of dendrite. As such, we fabricate a defect at the anode/SE interface
in the model to investigate the defect effect on the crack propagation and dendrite growth
behaviors. The angle € between the horizontal line and the defect axis is used to describe

the position (Fig. 7).
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Figure 7 Schematics of the established model. The anode and cathode are on the left and
right sides, respectively. A preset defect is embedded within one grain near the Li/SE
interface. Uniformly distributed pressure is applied on the anode side to mimic the stacking
pressure, while a fixed boundary is set on the cathode side.

The total free energy F of the system in this study is expressed as follows 33> 102,103

F= I[ focal (§7¢g’¢cr!6i)+ Forag (V§’V¢ 1V¢cr)+ Foee (€1 @)+ Trecn (§7¢gf¢cr)j|dv (1)
where ., (5, &y Py G, ) is local energy density, f,_, (V.f, Vé ,V¢Cr) is gradient
energy density, f,, (Ci , (p) is electrostatic energy density, f, . (§ By ¢Cr) is mechanical
strain energy density, & is the phase-field order parameter for Li dendrite where & =0
and & =1 representno dendrite and pure dendrite regions respectively, ¢, is the phase-
field order parameter for g-th grain (g=1, 2,..., N), ¢, 1s the phase-field order parameter
foracrack where ¢, =0 isforthe fullybrokenregionand ¢, =1 isfor theintactregion,
C. is the set of normalized Li-ion concentration, represented by

¢={€=cl/c, € =c,/cyC =c,/c,} (c, is the sitedensity of Li metal, c, is the bulk

concentration in the solid electrolyte) (note that here Li-ion is the only cation that transfers
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within the solid electrolyte), ¢ is the electrical potential. As for local energy density, itis

represented by the following equation 33 102

o (€051 01€ ) = To(&,0) +C,RTD. € |nq+ziqﬂ_®+ f, 2)

where f = A& (1-&)+X), By (1—;/5g )2 + ¢ @+ —§ 22, the values of

q¢p 2

the coefficientsare A=B=1,C=D=3,and f, =W, f(4,) =W_ 4> (L-¢,)* isthe free

energy density of crack order parameter. The gradient energy is expressed as follows:

1 2 v 1 2 N 2
fgrad :EK;K (Vf) +Zg:1§’(¢ (V¢g) —Kog q¢p 2 v¢ v¢ r(v¢cr) (3)

where «, =k, (1+5cosla), «k

;> ke and «, are the gradient coefficients for

dendrite, grain, grain boundary and crack, respectively. The anisotropy is considered for
the dendrite gradient coefficient by introducing the anisotropy strength o ,
crystallographic symmetrymode A, and the angle @ between normal vectors.

In this study, we only consider the crack propagation behavior within one grain where
the defect is located to obtain more efficient computational results while maintaining the
universality of the study. The mechanical energy density is calculated differently for crack
propagation region (i.e., the only grain with pre-defect) and no crack region, since the
coupling of the elastic field and crack order parameter should be considered, shown in the

following equation 92

W, qic for non-crack region

Finecn (5 2 1¢cr): {g (& ) (W,pasic =W, ) +W, for crack region @)

elastic

where W, :%Jijgij :%Cijkm (&.4,.8. )66 is the elastic strain energy density,

Cijn (&, 4,,4,) is the stiffness of materials, ¢ is the

; and g, are the strains, W

c
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threshold value for strain energy density, the function g(d, ) =¢> (4—3¢,) isrelated to

crack propagation. The crack tends to propagate when W

clastic 1S greater than Wc;

otherwise, the intact status is favored. Here the crack region represents the only grain with
defect, and the non-crack region is the rest area.

The material properties in the diffusion interphase region, including electrochemical
and mechanical properties, such as conductivity, diffusivity, and stiftness, vary with the

evolution of the phases. Thus the interphase properties are a function of the order parameter.

As for Cy. (S, 4,, 4, ), it varies with dendrite evolution and follows the expression below

for different regions:
i N rain
h(é:)ciijl + Zn:l h(¢n )Ciid for Li/grain
Cijkl (&, ¢g B )= h(f)Cilﬂ(il + Z:l:l h(¢, )Ciﬁ;lain +(1- h(f))ciijB for grain boundary ®))
h(g, )Co™ +(1-h(g, ))Chi for crack region

where Ciy, Co™ and Cji are the stiffnesses of lithium dendrite, grain, and grain
boundary, respectively. The crack region means the only grain with the preset defect. Here
all the materials are assumed to be isotropic; thus, Young’s modulus is used for the stiffness
value. The function h(&)=&°(10—-15& +6&7) is used for the interpolation of the stiffness
of the interphase between two phases.

Then the governing equation for the phase evolution is derived from the total energy
through the variational method, which follows the form of Cahn-Hillard equation or
Ginzburg-Landau equation based on whether the order parameter is locally conserved or

non-conserved %, Here in this model, N+2 non-conserved order parameters are considered,
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including ¢ for dendrite, ¢ for N grains (9=12,..,N), and ¢,  for crack. The
following equation considering both mechanical and electrochemical driving forces, is

used to describe the dynamic evolution of lithium dendrite >*:

0 [y, oy i
ot o o¢ :

)] B o ®

where the last term is in the form of Butler-Volmer equation accounting for electrochemical
reactions, Lf; is interface mobility coefficient of lithium, Lf7 is the reaction of constant,
o is a symmetric factor, N is the number of electrons involved in electrode reaction for

Li, F is Faraday constant, R is gas constant, T is temperature, #=-0.1-Q 0,/ F is

activation overpotential where -0.1V is commonly applied overpotential referring to

previous literature 3*1%° and —Q,.0, / F considers the effect of back stress from LLZO
on overpotential. As for the order parameter in the N grains, the driving force is from the

mechanical part, and the governing equation is derived from the variation of energy:

%=_|_¢5_F

St (0mL2en) %

where L’ is the interface mobility coefficient. The governing equation for crack

propagation is also derived from the form of the Ginzburg-Landau equation driven by

mechanical force, as shown in the following:
1 94, _ OF
L ot op, (8)
= Kcrv2¢cr - 2\Ncr¢cr (1_ ¢cr )(1_ 2¢cr )_12¢czr (1_ ¢cr )(Welastic _Wc )
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where LI is the interface mobility. It should be noted that the governing equation for
crack is only applied within the grain with defect, as mentioned above.

Since the stacking pressure effect is considered in this study, the solid mechanics
model is also introduced in the framework to describe the mechanical behavior of the solid -
state battery under pressure, the geometry of which includes all the domains shown in Fig.
8 (i.e., anode and solid electrolyte). The governing equation of the mechanical model
follows Newton’s second law:

o’ u
P o2 :vx(FLS)+Fv )

where U is displacement field, p is the material density, F is deformation gradient,

L

S is the Piola-Kirchhoff stress tensor, X is material coordinate,and F, is body force.

The mechanical model calculates the stress, strain, and displacement fields, then outputs
the elastic strain energy density to Egs. (6)-(8).

As for material transportation in the solid electrolyte, Li-ion is considered the only
diffusion species in the solid electrolyte. The diffusion process is mainly described by

Fick’s second law while considering other influencing factors:

~ eff x eff _
. _v.|pve +2 Cppyp D sy |G (10)
ot RT RT c, ot
where the first two terms are in the form of classic Nernst-Plank equation, the third term

describes the effect from mechanical stress, and the last term is for electrochemical reaction

induced consumption of Li-ion at the interface, D* and Q. are effective diffusivity
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coefficient and partial molar volume, respectively, both of which also depend on the

evolution of phases:

D = D, h(&) + Dy 1-h(<&)) for non-crack region
- D, 1-h(4,))+ Dsh(4,) for crack region (1)

Qe :h(f)QLi +(1_h(§))*QSE (12)
where D, and Dg are the diffusivity for Li metal and solid electrolyte, respectively,
Q,; and Qg arethe partial molar volume for Li metal and solid electrolyte, respectively.

The Poisson equation is used to describe the electrostatic potential distribution:
oc
V- 6®"Vp |=nFc, = 13
[+ Vo] =nFe, (13)
where the term on the right is the charge source induced by the electrochemical reaction,

o™ 1is the effective conductivity as a function of phase evolution:

o _ | ouh(&)+o(1-N(S)) for non-crack region
o, @-h(g,)+oeh(s,)  for crack region (14)

where o; and og are the conductivities for Li metal and solid electrolyte, respectively.
As for the boundary conditions, the left side is anode where the stacking pressure is

applied, and the right side is cathode which is neglected in this model and fixed. Dirichlet

boundaries £=1, € =0 and @=0V are used for the left boundary, and € =1 and
»=0.1V are used for the right boundary. As for the initial conditions, different variables
have different initial values in different regions: {§,¢1,...¢g...,¢N}={l, 0,...0...,0} for
lithium anode region, {f, é, ...¢g...,¢N}:{O, 0,..1..,0} for the g-th grain region,

{f, By Py By } = {O, 0,...0..., O} for all the grain  boundary  region,
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{& v by, 8, }={1,0,...0...,0,0} for the pre-defected region which is fulfilled by
lithium, {cf, @, ...¢g...,¢N , ¢cr}= {O, 1..0...,0, 1} for the only grain where the crack
propagation governing equation is applied.

All the parameters used in the model are summarized in Table 1. The modeling
framework elaborated above is implemented in the COMSOL Multiphysics platform using
the workstation with 128 GB memory and 32 CPUs at 3.50 GHz.

The above-proposed modeling framework for LLZO (solid ceramic electrolyte, SCE)
can also be used for solid polymer electrolytes (SPEs) after modifying some parts of the
model. Firstly, there is no grain or grain boundary in SPEs; then the electrolyte geometry
can be modeled as one homogenized domain. Secondly, the energy terms (Egs. (1-3)), the
stiffness expression (Eq. (5)), governing equation (Eq. (7)) related to grains are not required
any more, which will be much more computationally efficient compared with
polycrystalline SCEs. Besides, SCEs are single-ion conductors in which only Li ions move
to transport ions, while there are Li-ions and other anions migrating in SPEs. Thus the

iteration number for Li is reduced significantly when modeling SPEs.

Table 1 Summary of material properties and simulation parameters

Parameter Symbol Value References

Site density of Li metal Cs 7.64e4 mol/m? 53,103

Number of electrons involved in
electrode reaction for Li

53,103

=)
p—

Conductivity in Li o 1.1e7 S/m 72,106

Interface mobility of Li L 2 5e-6 m3/J/s 53,103



Reaction constant of Li

Barrier height of Li

Gradient coefficient of Li

Li-ion diffusivityin Li

Partial molar volume of Li metal
Young’s modulus of Li metal
Poisson’s ratio of Li metal
Density of Li metal

LLZO bulk Li-ion concentration
Conductivity in LLZO

Interface mobility of LLZO
Barrier height of LLZO
Gradient coefficient of LLZO
Li-ion diffusivity in LLZO
Partial molar volume of LLZO
Young’s modulus of LLZO grain
Poisson’s ratio of grain

Density of LLZO

Young’s modulus of grain
boundary

Anisotropy strength

LF

n

0.2t

1.18¢6 J/m?
3.68e-6 J/m
7.5e-13 m?/s
1.3e-5 m3/mol
4.9 GPa

0.362

534 kg/m?
4.22¢4 mol/m?
4.43e-2 S/m
1.5e-8 m3/J/s
2.05¢6 J/m?
6.38e-6 J/m
le-12 m?%/s

0 m3/mol

150 GPa
0.257

4606 kg/m?
7.5 GPa

0.03

23

estimated

53

53

103

53

53

73

53

92

53

53

53

53

72

7,53,73

53

107

72

53



Crystallographic symmetry
mode

Symmetric factor

Faraday’s constant

Gas constant

Temperature

Barrier height for crack
Gradient coefficient for crack

Interface mobility for crack

Fracture threshold energy
density of the solid-state
electrolyte

cr

cr

LC r

0.5

96485 C/mol

8.314 J/mol/K

298 K

2.05e6 J/m?

6.38¢-6 J/m

1.5e-6 m3/J/s

6.66 J/m?

24

53,106

53,103

From LLZO

From LLZO

From LLZO

72

2.2 Representative computational results

Arepresentative case with a rectangular preset crack inthe angle #=30" and with the

applied stacking pressure 50 MPa serves will be illustrated here. The length and width of

the pre-defined crack are L=60 um and W=10 um, respectively.

The pre-defect region is assumed to be fully filled with lithium at /=0 s (Fig. 8a).

Lithium dendrite grows within the grain boundary region and cracked region driven by

both electrochemical and mechanical factors in Eq. (6). The mechanical driving force

comes from the strain energy density induced by the applied stacking pressure, and the

electrochemical driving force arises from the negative overpotential for the electrochemical

reaction. In the meantime, the Li-ion concentration and electrostatic potential both evolve

with lithium dendrite growth. From the comparison of Figs. 8a and 8b at each time point,
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we can observe that Li-ion concentration decreases in the region where dendrite grows
because Li-ion is continuously consumed during the formation of lithium, expressed in the

last term of Eq. (10). The blue region (€, =0) and red region (€, =1) in Fig. 8b represent

the dendrite and solid electrolyte, respectively. The interfaces between the two regions is
the transition area ( 0<C,<1). There are two aspects to be clarified for the Li-ion
concentration gradient within the transition area. On one hand, the concentration evolution
in this study is governed by the phase-field method, which describes the microstructure
evolution by using phase-field variables that are continuous across the interfacial region
194 Due to the inherent calculation principle, the gradient of the variable inevitably exists
at the interfacial region. Thus there is a Li-ion concentration gradient between the pure
dendrite and electrolyte. On the other hand, the concentration gradient region lies only
within/near the area where the electrolyte is affected by the crack and dendrite, and the
unaffected electrolyte area keeps a constant concentration (i.e. €, =1). Pleasenote that the
dimension of the area with a relatively large concentration gradient is only about 30 um
(=0.03 mm), much smaller compared with the commonly used LLZO electrolyte pellet
thickness ~1 mm and diameter ~10 mm . As such, from the macroscale view of the overall
electrolyte sample, the concentration gradient area is tiny and trivial. Since the effective

conductivity ¢ is always changing with the dendrite evolution, &

switches to 0;
from oy when there is full of the dendrite (Eq. (14)). The value of o,; is much greater

than o0, and the anode potential is set as 0 V, then the potential of the newly grown
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dendrite region becomes close to the anode potential (Fig. 8c).

To investigate the influence of pre-defect postion, we change the pre-defect position
closer to the grain boundary (Fig. 8e), and the results show that the crack initiated from the
grain boundary region propagates to the grain region. It demonstrates that the pre-defect
region significantly affects the initiation point of crack. If the pre-defect is prone to occur
within the vincinity of the grain boundary region, then the crack will initiate from the grain
boundary and propagate to grains. One step further, we consider the crack propagation in
adjacent grains and grain boundary region as well (Fig. 8f). The crack propagates from the
pre-defect area within the original grain where the pre-defect is located (Fig. 8f, =0~100s),
to the grain boundary and adjacent grain (z=150~200s). Before the crack propagates outside
of the original grain, the crack propagation behavior is the same in Figs. 8d and 8f, which
indicates the interaction of adjacent grains affects little. Once the crack propagates into the
grain boundary and other grains, the crack propagation speed in the original grain will be
lower, as the crack finds other paths (paths require lower energy) to grow. However, the
difference of crack propagation within the original grain in Figs. 8d and 8f is small,
demonstrating that the crack propagation behavior in the grain in Fig. 8d is representative.
Therefore, to obtain more efficient computational results while maintain the generality of

the study, the crack propagation is considered only in one grain in this study.



27

t=0s =50 s =100 s =150 s =200 s

Figure 8 Typical simulation results with rectangular pre-defect with 4=30° under 50 MPa
pressure: (a) Li dendrite growth &, (b) dimensionless Li-ion concentration evolution €, ,

(c) potential field evolution ¢, and (d) crack area propagation ¢, when pre-defect is
located at the center of grain edge; (e) crack area propagation ¢, when pre-defectisclose
to grain boundary; (f) crack area propagation ¢, when crack propagation is considered

in two grains and grain boundary region.
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The stacking pressure 50 MPa is applied at the left boundary, which causes
mechanical damage to the solid electrolyte. The crack gradually propagates from the initial
rectangular defect (=0 s) to nearly the full grainregion (=200 s) (Fig. 8d). Compared with
the primitive solid electrolyte, the cracked region is much easier for dendrite to grow due
to the changed properties, including the reduced Young’s modulus and increased
conductivity (Egs. (5) and (14)). The major reasons are: (a) the cracked area is much softer,
so itis much less resistant to dendrite growth than SE, and (b) area with increased electronic
conductivity is easier for electron transportation, thus speeds up the formation of lithium
dendrite. Lithium dendrite grows and fulfills the cracked region, demonstrating that lithium
growth speed is large enough to grow into the newly cracked region (Figs. 8a and 8d). The
newly grown dendrite is mainly within the cracked area (Fig. 8a), while the dendrite in the
grain boundary is much farther, thus increasing the risk of a short circuit.

2.3 Discussion
In the following sessions, length L, angle &, and shape of the defect, and different
stacking pressures P are parametrically studied.
2.3.1 Geometric information of the initial defect
2.3.1.1 Length effect
The rectangular shape is selected, and the width and angle of the initial defect are fixed
as W=10 pm and 6=30°, respectively. L=10, 20, 30, and 40 pm, are chosen here. Note that

the same stacking pressure 50 MPa is applied for all the cases in this session. We obviously
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observe that longer initial defects lead to more cracks and Li dendrite, especially within the
grain (Fig. 9a). Note that in polycrystal materials, Li dendrite grows along the grain
boundary and cracked surfaces. We quantitatively compute the newly developed dendrite
area for the whole domain (WD) and the grain boundary (GB) region, respectively. The
dendrite area in the GB region remains almost the same, i.e., about 6.04x10™° um?at 200
s with various L values (Fig. 9b). It clearly indicates that the fundamental driving force for
dendrite growth in GB is not affected by the initial defect length in the grain. The dendrite
area in WD increases from 6.25x10° pm?to 10.0x10° pm? with L increases from 10
um to 40 um at =200 s (Fig. 9b). The increase of dendrite area with the initial defect is
mainly attributed to the increased area in the cracked region such that more void/weak

interface is available for the dendrite to grow (Fig. 9¢). Furthermore, the normalized crack

areaSiscalculatedby S=S,,, /S where S, 1stheinitial defectedareaand S

Initial > Total

is the total cracked area. S values at =200 s for =10, 20, 30 and 40 um are 2.27, 3.15,
6.16 and 11.47 respectively. It is clearly envisioned that the dendrite area increases with
the normalized crack area indicating a fact that dendrite growth is facilitated by the
increasing crack area (Figs. 9a and 9c). Mitigating the cracks within the grains can be
regarded as a positive and effective way to hinder the growth of dendrite.

In general, Emax becomes larger with L, especially when L>20 pm. There are
fluctuations for the Emax curves due to the fact that the surrounding continuum structure is

changing during crack propagation (Fig. 9d). E,v. shows a more smooth increasing trend
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with L. With larger L, the average energy density in the pre-defected region Eave pd 1S
smaller at the initial stage. Because there is more room in the longer defect away from the
left side where the stacking pressure is applied (Fig. 9¢). Since the crack propagates faster
with larger L, i.e., more severe change of the structure and more Li dendrite, gradually all
pre-defected area fully bears the pressure, resulting in larger time-gradient of Eqye pd. On
the contrary, there is less crack propagation with small L values (i.e., 10 and 20 pm), and
the structure changes little, causing a flat E,y. pa profile. The average energy density in the
crack propagation region Eaye princreases with L (Fig. 9f), providing stronger force to drive

cracks.
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Figure 9 Effect of initial defect size on dendrite growth and crack propagation behavior: (a)
Li dendrite growth of different pre-defect lengths at 200 s, i.e., 10, 20, 30 and 40 pum; (b)
newly grown Li dendrite area in whole domain (WD) and grain boundary (GB); (c)
evolution of normalized crack area S; (d) average value E,y. and maximum value Epnax of
strain energy density in the crack area; (e) average strain energy density in pre-defect area
Eave pd; and (f) average strain energy density in crack propagation area Eqve pr.

2.3.1.2 Angle effect

Since the initial defects have random orientations &, and it influences the crack
propagation and thus leads to different dendrite growth scenarios. In this session, we
parametrically examine cases with €=0", 15", 30°, 45", 60", 75 and 90°, while the

initial defect is a rectangular shape with fixed L=60 um and W=10 um without the size
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effect. Note that the dendrite growth in the grain boundary region is the same for the cases
with different defect angles because neither the mechanical strain energy density nor the
electrochemical driving forces are determined by the position angles.

When <45, the crack areas are almost the same, and the total value is high (Region
I in Fig. 10a). The crack area decreases substantially as the angle increases when 6 > 45
(Region IT). The maximum Mises stress o, of Region I (~240 MPa) is higher than that
of Region II (~200 MPa) (Fig. 10b). The fluctuation in the curves comes from the
continuing evolution of the phases and structures. Due to the structure evolution induced
by crack propagation, thereis an obviousdrop of o, ., forRegion I, and the dropping time
of the case with € =30" is the earliestat ~=120 s.

We can observe that the area with larger von Mises stresses o (i.e., the red region)
are larger for =0 and € =30", implying stronger mechanical driving forces to push
the crack forward and dendrite growth (Fig. 10d). Besides, o in the dendrite area is
smaller than that of the solid electrolyte area because Young’s modulus of lithium is ~4.9
GPa, at least one order of magnitude smaller than LLZO’s Young’s modulus ~150 GPa. As
the crack propagates, the stress concentration area for € =30" at =115 s is located within

the narrow vicinity (marked in Fig. 10d), and disappears soon at /=120 s. This serves as the

responsible reason for the o, curve dropping inFig. 10b.
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Figure 10 Effect of initial defect angle on dendrite growth and crack propagation behavior:
(a) evolution of normalized crack area §; (b) maximum von Mises stress o,,,, inthe crack

propagation area under different pre-defect angle; (c) Li dendrite & growth of different
pre-defect angle at 200 s, i.e., 0°, 15°, 30°, 45°, 60°, 75°, and 90°; (d) von Mises stress o
contour plots for selected pre-defect angles, i.e., 0°, 30°, and 75°.

2.3.1.3 Shape effect
The smoothness of the defect edge varies with the shape, which potentially affects the
crack and dendrite growth behavior. As such, four shapes are selected here, i.e., a circle

with radius R=15.96 um, an ellipse with semimajor axis 4=25.5 um and semiminor axis
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B=10 pm, a triangle with base »=20 pm and height /=40 pum, and a rectangle with length
L=40 pm and width W=10 pm. Note that these four types of initial defects share the same
area.

The newly developed dendrite area within the grain boundary for all four shapes are
almost identical (Fig. 11a), about 6.04x10™° um? at =200 s, showing the independency
of the defect shape on the driving forces for dendrite in the grain boundary. However, the
total developed dendrite area for circular, elliptical, triangular, and rectangular defects are
6.29 um?, 6.69 um?, 8.66 um?, 10.04 um?, respectively. This clearly demonstrates that the
major difference in the dendrite area stems from the cracking situation. The normalized
crack area § in Fig. 11b shows the same increasing trend as the curves for WD in Fig. 11a,
which again supports the above explanations. The S values for models with circular,
elliptical, triangular, and rectangular defects are 1.52, 2.49, 8.06, and 11.47, respectively.
The newly cracked area increases little under circular and elliptical defects but rapidly
under triangular and rectangular defects because o, and Eu. of the crack region with
triangular and rectangular defects are larger than those of circular and elliptical defects
(Figs. 11c-d). The fundamental reason should be attributed to the smooth edges of the circle

and ellipse alleviate the stress concentration extent significantly.
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Figure 11 Effect of initial defect shape on dendrite growth and crack propagation behavior:
(a) newly grown Li dendrite area in whole domain and in grain boundary; (b) evolution of
normalized crack area S; (c) maximum Mises stress o, ,, of different pre-defect shape; (d)

Average strain energy density E,y. of different pre-defect shape.

2.3.2 Stacking pressure effect

Stacking pressure provides a mechanical driving force externally to influence the
grain cracks and Li dendrite. To eliminate the effect of the pre-defected pattern when
studying the stacking pressure effect, we use the same rectangular defect with length L=40
pum, width W=10 pm, and angle € =0" for all the cases in this section.

During charging, the lithium dendrite grows from the anode side towards the cathode
side, and a short circuit is triggered once the dendrite reaches the cathode side. To

quantitatively represent the possibility of the short circuit, the distance of the farthest
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dendrite tip in the grain boundary from the anode side, X, is analyzed (Fig. 12a). Here, a
farther dendrite represents a faster short circuit since the distance between anode and
cathode is fixed as 500 um. Naturally, X increases with time and stacking pressure P,
however, if P<10 MPa, no obvious increase for X can be observed, indicating that smaller
stacking pressure will not increase the short circuit risk. The grown dendrite areas in grain

boundary Sgg is 1.744x10° um? for 0 MPa pressure case where there is only
. 1-a)nF —o)nF
electrochemical driving force Fe.=—Lh'(¢) {exp {(R#} —C.C.exp {(R)—Tq}

(the last term from Eq. (6)), is taken as the baseline case. Once the pressure is greater than

of

0 MPa, an additional mechanical driving force F,=- L aL‘*‘“h (the second term from Eq.

(6)) will be added. At =200 s, compared with the baseline in 100%, Sgg are 100.2%,
101.4%, 115.36%, 175.02%, 277.82%, 344.34% and 458.24% for 5, 10, 20, 30, 40, 50 and
60 MPa, respectively (Fig. 12b). In addition, strain-energy induced dendrite growth area
accounts for at least 15% if P>20MPa.

The mechanical driving force F,, and electrochemical driving force F.. for
dendrite growth as a function of X explicitly demonstrate that a higher mechanical driving
force would be for the dendrite if the crack is longer (Figs. 12c and 12d). When the dendrite

grows into the crossing region with the grain boundary at about /=90 s, substantial drops

of F, and F.. canbe observed (Figs. 12c and 12d). That is due to the weak interface

for the grainboundary. F,, increases with P, which further explains the phenomenon that
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Sgg increases with the stacking pressure. F,, is less than 0.001/s, about two orders of

magnitude smaller than F.. when P<10 MPa, demonstrating that mechanical driving

force for dendrite induced by such small stacking pressure is trivial. When P= 60 MPa,
Fv increasesto~0.15/s~0.3/s. Such value is still small compared to F. ~0.6/s; however,
it becomes a nontrivial factor. It is not safe to apply a larger stacking press on the ASSBs
as it may lead to a severe Li dendrite situation.

The grain boundaries are interconnected in polycrystal material, thus there are quite a
few routes for lithium dendrite to grow. The routes for the farthest and shortest dendrites

under 60 MPa are R1 and R2, respectively (Fig. 12¢). At 200 s, X is 230 pum for R1 while

only 101 um forR2. F,, has a much larger value at dendrite tip (Fig. 12f) to drive dendrite
growth. R1 has larger F,, than R2, causing faster dendrite growth in R1. The angle
between horizontal line and grain boundary S is larger than 30° in R1 while it is less than
5¢ for R2 (R2 is almost parallel with the applied pressure direction). The tension and shear-
induced strain energy density within the vicinity of R2 is small such that the crack is
reluctant to propagate along R2. This implies a new strategy to suppress the dendrite
growth by creating more aligned initial defects near the Li/SE interface and voids around

the crack tip to release the stress concentration.
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Figure 12 Effect of stacking pressure on dendrite behavior: (a) farthest Li dendrite growth
distance X in grain boundary; (b) newly grown dendrite area Sgg in grain boundary; (c)
mechanical contribution term Fy to the dendrite growth; (d) electrochemical contribution
term Fgc to the dendrite growth; (e) dendrite growth for 60 MPa pressure; and (f)
mechanical contribution term contour plots for 60 MPa pressure.

The other focus in this section is on the crack propagation and corresponding dendrite
growth behaviors. The normalized crack area S=1,1.002, 1.009, 1.149, 1.832,2.743,5.912,

and 11.426, for P=0, 5, 10, 20, 30, 40, 50, and 60 MPa, respectively. Similar to the Li
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dendrite, under P=10 MPa or less, S are almost the same, which indicates that the driving
force for crack propagation is also negligible (Fig. 13a). S increases visibly with pressure
from the overall trend, especially when the pressure is above 20 MPa. Intuitively, the crack
seldom propagates under P=0, 5, and 10 MPa (Fig. 13b). Crack propagation speeds up with
larger pressure when P>20 MPa, and particularly, crack nearly occupies the whole grain
under 60 MPa, in which case S=1, 2.854, 5.331, 8.769, and 11.426 for =0, 50, 100, 150,
and 200 s, respectively. With a larger newly created open surface (cracked area), more
dendrite resides there.

Both the average and maximum von Mises stress and energy density increase with

stacking pressure (Figs. 13b and 13c). Both o, and Emax curves show fluctuations due
to the changing structure, and the dropping of o, ., under 60 MPa at /=110 s is also due
to the disappearance of the narrow vicinity, similar to Fig. 10d. When P<20 MPa, o,

and E,y. curves almost keep the same value all the time due to the little crack propagation

and nearly unchanged structure. While o, curves show a downward trend when P>20

ave
MPa, because the sharp edge between initial defect and grain becomes more smooth; thus
the stress concentration area is reduced. Larger stress and energy density together provide
a stronger driving force for crack propagation, thus creating more space for dendrite growth.
From both views of dendrite growth in the grain boundary and crack propagation, the
driving force induced by small stacking pressure blew 10 MPa is small and has a trivial

effect in impairing the solid electrolyte. It would be beneficial to apply a stacking pressure
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no greater than 10 MPa to improve the electrode/electrolyte interface properties of solid-

state batteries without sacrificing safety performance.
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Figure 13 Effect of stacking pressure on crack propagation behavior: (a) normalized crack
area S; (b) contour plots of the crack parameter at 200 s under different pressures; (c)

average value o,, and maximumvalue o of Mises stress in crack propagation area;

ave max

and (d) average value E,,. and maximum value En.x of strain energy density in crack
propagation area for different stacking pressure.

2.3.3 Fracture threshold strain effect
The mechanical properties, especially the fracture parameters, play an essential role
in the crack behavior of solid electrolytes. In this study, the crack propagation is described

from the energy conservation perspective, and governed by Eq.(6) where W is the

elastic
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strain energy density, W_ is LLZO’s fracture threshold energy density, i.e., the fracture

c

energy. If W

esic 18 greaterthan W_, crack propagation is favored. Here we only consider

the elastic stage of LLZO, then W, can be expressed as W, = Eg.e? where ¢, is the
fracture threshold strain. The fracture threshold strain effect (i.e., the fracture energy effect)
is parametrically studied. The baseline ¢, is 6.663e-6 calculated from the reference
fracture threshold energy density 6.66 J/m? ’2, Different threshold strain valuesare selected,
l.e. ¢,=6.663e-5, ¢,=1.3326e-4, ¢,=2.6652e-4, ¢,=3.9978e-4, ¢,=5.3304e-4, &,
=6.663e-4, ¢,=6.663e-3. To eliminate the effect of other factors, the same rectangular
defect with length L=40 pm, width W=10 pm, angle 6 =0", and pressure 50 MPa are used
for all the cases in this section.

The crack area increases with decreasing fracture threshold strain ¢, (Figs. 14a and
14c¢), indicating that the fracture energy can be much more easily exceeded by the strain
energy under smaller ¢_, especially when ¢, <4x107. In other words, if ¢, is large
enough, the strain energy can hardly reach the fracture energy threshold value, then crack

propagation is suppressed. The normalized crack area S values for ¢ (i=1, 2,..., 7) are

9.66, 9.02, 7.34, 4.18, 2.60, 1.55, 1.44 and 1, respectively (Fig. 14a). The crack maintains

its initial area all the time for ¢_, which further validates that large enough &, can

c7?
prevent crack, providing a possible solution to the crack and dendrite problems. The crack

propagates fast at the beginning due to the stress concentration caused by the sharp edge

of the initial defect (Fig. 14b), then the propagation speed dS/dt gradually decreases to ~0
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for ¢ >¢, because the cracked region edge becomes much smoother and W,

lastic

gradually decreases to have no advantage over W,. While for ¢ <¢_, the speed dS/dt

maintains a high level and even increases (Fig. 14b), showing a continuous crack

propagation tendency since W, is much smallerthan W

esic under smaller ¢ .

The newly grown dendrite area in the whole domain Swp increases with decreasing
&., While in the grain boundary region Sgg is almost the same for ¢, (i=1, 2,..., 7) (Figs.
14d-e), demonstrating that the driving force for dendrite in grain boundary is mainly from
the electrochemical aspect and not affected by the crack propagation within grain, and that

the Swp difference is caused by the crack behavior. Since the cracked area provides space

for dendrite to grow, faster crack propagation speed under smaller ¢, results in larger
grown dendrite area, which clarifies larger Swp for ¢, <e_. From the mechanical point of
view, increasing ¢, to a large enough value can prevent the crack propagation; however,
from the perspective of suppressing dendrite, only dendrite growth related to crack can be
prevented by this method, but the dendrite in grain boundary still grows, which indicates
that dendrite suppression requires the combination of mechanical and electrochemical

methodology.
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Figure 14 Effect of fracture threshold strain on crack propagation and dendrite growth
behavior: (a) evolution of normalized crack area S; (b) normalized crack area increasing
rate dS/d¢; (c) contour plots of the crack parameter at 200 s under different fracture
threshold strains; (d) newly grown dendrite area in whole domain and in grain boundary
region; and (e) contour plots of dendrite parameter at 200 s under different fracture
threshold strains.

0.0

2.4 Conclusions
Lithium dendrite and electrode/electrolyte interface defect are two key issues for
developing solid-state lithium batteries with the desired cyclability. However, the

underlying coupling mechanisms of dendrite growth and interface defect induced crack
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propagation under stress remain unknown. In this paper, the coupled electrochemical-
mechanical phase-field model is established for the first time to investigate the lithium
dendrite growth and crack propagation behavior quantitatively. The lithium anode and the
poly-crystalline LLZO solid electrolyte, as well as the pre-defect at Li/LLZO interface, are
considered in the model. Based on the developed modeling framework, the effects of pre-
defect patterns, including defect length, angle and shape, and stacking pressure, fracture
threshold strain, are systematically studied. The dendrite is prone to grow in the grain
boundary and cracked regions. Results show that longer defect with a sharp edge and angle
0>45" causes more severe crack propagation, thus larger dendrite growth area due to
larger von Mises stress and strain energy density. The patterns of the initial defects within
the grain play an irrelevant role in the dendrite growth within the grain boundary region
since the crack in the grain hardly affects the mechanical status in the grain boundary. As
for the stacking pressure effect, dendrite grows faster in grain boundary due to larger
mechanical driving force induced by larger pressure, while the pressure has little effect on
the electrochemical driving force. In the meantime, there is more severe crack propagation
in grain, thus larger space for dendrite growth under higher pressure. On the other hand,
pressure below 10 MPa has little effect on dendrite growth and crack propagation and can
be applied to improve the electrode/electrolyte interface properties of solid-state batteries
without sacrificing safety performance. Increasing the fracture threshold strain or fracture

energy can suppress the crack and related dendrite growth, and the crack propagation may
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be prevented if the fracture threshold strain is large enough. Results lay a strong foundation
for the understanding of the electrochemical-mechanical coupled mechanism in the Li
dendrite growth and crack propagation in solid electrolytes and provide design guidance

for next-generation ASSBs.
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CHAPTER 3 COUPLED DENDRITE GROWTH AND CRACK PROPAGATION AT
CELL SCALE

In this chapter, by integrating the battery model, mechanical model, phase-field model,
and short-circuit model, I establish a physics-based and fully coupled electrochemical-
mechanical model, directly bridging the dendrite growth and crack propagation with
battery charging/discharging. After validation of the developed model, the effects of
electrochemically generated stress, charging rate, electrolyte properties (including
conductivity, Young’s modulus, and fracture toughness) are thoroughly investigated while
considering interfacial defects to provide insights and guidance on the design of ASSBs.
3.1 Methods
3.1.1 Coupling strategy

To describe the crack propagation- and dendrite growth-induced battery short circuit
during charging/discharging in ASSBs, we consider four models: 1) the battery model
solves the potential and concentration evolution within the electrode and electrolyte during
the charging/discharging process; 2) the mechanical model calculates the deformation,
stress, and strain fields caused by the overpotential-driven dendrite growth under the
constraint of the SE; 3) the phase-field model is used to describe the crack propagation and
dendrite growth; and 4) the short-circuit model detects the triggering of the short circuit
and calculates the short-circuit resistance.

To couple the four models described above, the following coupling strategy is adopted
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(Fig. 15) with all parameters given (Table 2) '4. During charging, the battery model outputs
the overpotential 7 to the mechanical model, generating the mechanical stress in the SE
65.80,85,108 Then the mechanical model outputs the stress ( o )-induced strain energy density
(fmecn) to the phase-field model to drive crack propagation. The phase-field model solves
the evolution of crack propagation and feeds the phase-field variable & (&=1 for
intact/no crack SE, &=-1 for crack/dendrite) to other models to affect the effective
electrolyte conductivity o, 1n the battery model, the Young’s modulus Esg in the
mechanical model, and the short-circuitresistance Ry, in the short-circuit model. Once
&=-1 (i.e., dendrite) is detected at the cathode/electrolyte interface, the short-circuit

model feeds the short-circuitresistance R to the battery model, causing the voltage

short

drop.
‘E/“’ = {?"‘»f =
. 27 Qv Cathode M
& Anode o (e
/ = | \ s j‘,;qﬂ
Battery model
von Mises stress (GPa) n_ R Penetration
25 / \shorr
| q 1 . bl Dendrite ]
i Mechanical model !¢ Short-circuit model - B
10 \ ¢ 1 éz ’ @ &
oé& mech & L 4

Phase-field model

Figure 15 Multiphysics coupling strategy for battery model, mechanical model, phase-field
model, and short-circuit model.

The promising inorganic solid electrolyte LLZO with high conductivity, high Young’s
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modulus, and wide electrochemical stability window >

is selected in this study. To
generalize the model to accommodate both single-crystal and polycrystalline LLZO and to
describe crack propagation/dendrite growth from the cell level, the SE is modeled as a
homogenized domain (Fig. 16), which also facilitates the consideration of battery models.
Li metal and LiCoO,(LCO) are used as the anode and cathode, respectively. The left

boundary of the electrolyte is considered as the Li anode %

, and the right boundary of the
cathode is fixed (Fig. 16). The focus of this study is on the dendrite growth during the
charging process without consumption of the Li anode. Then it is assumed that the
electrode/electrolyte interfaces have perfect contact and no stacking pressure is applied.
The thicknesses of the electrolyte and cathode are L and Lc,, respectively, and the battery
width is Wha. The cell capacity is 1400 nAh/cm?. We designate the pre-defect at the Li/SE
interface to represent the unavoidable interfacial defects, such as voids, impurities, and
cracks (pre-defects in different dimensions cause similar crack propagation behavior (Fig.
17(a)). The absence of interfacial defect can suppress the dendrite initiation/formation, and
makes the battery electrochemical performance better (Fig. 17(b)), which indicates that
elimination of the interfacial defect is an effective method for suppression of Li dendrite in
solid electrolyte. However, currently, the interfacial defects are inevitable, then the focus
of this study is on the influence of interfacial defect. Considering the computational

efficiency, the pre-existing defect is rectangular with length L=100 pm and width W=50

um. The defect dimension is much smaller (<10%) than the solid electrolyte, and is at the
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same magnitude of the crack width reported in the literature .

VA L,=1mm Cell capacity: 1400 yAh/cm?
< b N
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W,=2 mm

b

LLZO LCO
Solid Electrolyte Cathode

Figure 16 Schematics of the established model including geometry, boundary condition,
and defect area.
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Figure 17 Crack propagation behavior with pre-existing defect of different dimensions. (a)
for the large defect, the length L=100 pm, width W=50 um; for the small defect, the length

L=40 pm, width W=15 pum; (b) the voltage response for the model without interfacial defect,
1.e. the defect size is 0.
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3.1.2 Modeling methodology

The battery model calculates the electrochemical status during charging/discharging,
including the evolution of the potential and ion concentration. The inorganic solid
electrolyte is a single-ion conductor such that only Li ions migrate within the electrolyte to
transport charge. Based on the precondition of electroneutrality, the Li-ion concentration is
assumed to be uniform in the solid electrolyte.

Since the anode is pure Li metal and no ohmic loss is considered, the anode domain

can be neglected. The left boundary of the electrolyte is the Li/LLZO interface, where the

charge-transfer kinetics are governed by the Butler-Volmer equation '°%:

- o, F -a F
-3 oa{ 25 J-o 25, | "

jO— = jO—, ref (T) (16)

where j is the current density; j, isthe exchange current density at the anode/electrolyte
interface; ¢, and ¢, are anodic and cathodic charge-transfer coefficients, respectively;
F is Faraday’s constant, R is the gas constant, 7=300 K is the temperature; j, . is the

reference exchange current density. 7_ is the overpotential for the electrochemical

reaction at the Li/LLZO interface, defined in the following equation:

77—:¢s, ext _ﬂ (17)

where ¢, .. is the external electric potential for the Li anode and ¢ is the electric

potential in the electrolyte phase. Since the anode potential is considered as the ground
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potential, then ¢, =0V.

Within the LLZO electrolyte, the electric potential is related to the current density,

governed by Ohm’s law:

I, =—0:V4 (18)
where 1, isthe currentdensity in the electrolyteand o isthe effective conductivity of
the electrolyte. Charge conservation requires:

Vi, =0 (19)
During charging of the battery, the Li dendrite will grow from anode to cathode, which

will affect o :
Oge = h(?)au_zo +(1_h(§))‘7u (20)
where & is the phase-field parameter for crack propagationand o, ,, and o, are the
. . . . 1., 3, 1.
conductivities of LLZO and Li, respectively. The function h (f ) =— 2 &+ 2 E+ 3 isused
for the interpolation of material properties of the interface between the LLZO electrolyte

and the Li dendrite ', i.e., conductivity, Young’s modulus.

At the electrolyte/cathode interface, the electrochemical reaction kinetics are given by

the Butler-Volmer equation as well:

i | ex o, F ex -a F .
J - JO+ p RT 77+ p RT 77+ ( )
_ . c V(e -c )

— T S S, max S 22
o J0+’ ref ( )(Cs, ref ] (Cs, max _Cs, ref ] ( )

where j,, is the exchange current density at the cathode/electrolyte interface; J;, . is
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the reference exchange current density; ¢, and c are the Li-ion concentration and

S s, ref
reference Li-ion concentration in the solid phase of the cathode, respectively; and ¢, .

is the maximum Li-ion concentration. 7, is the overpotential for the electrochemical

reaction at the LCO/LLZO interface, expressed as:

.59~ ¢~ Ey (23)
where ¢, and ¢ are the electric potentials in the cathode solid phase and the electrolyte
phase, respectively; E, isthe equilibrium potential. ¢, is given by Ohm’s law:

i, =—o. V4 (24)
where i, 1is the current density in the solid phase of the cathode and o, is the electrical
conductivity of the LCO cathode.

Porous electrode theory is adopted to describe the physicochemical phenomena in
cathode domain !!!, which sets up current balance for the porous electrode matrix and the
pore electrolyte, as well as the mass balance for the pore electrolyte and for Li ions in the
electrode particles. Charge conservation requires:

Vi =0 (25)
The ion transport in electrolyte within cathode is neglected, and only ion intercalation
in cathode particles is considered based on two assumptions: 1) the inorganic solid
electrolyte is single-ion conductor in which only Li ions move to transport charge, 2)
conservation of charge is maintained within the solid electrolyte, then the ion concentration

in electrolyte is considered constant. Therefore, The electron transport is considered in the
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whole cathode domain including the electrolyte and particles, governed by the Ohm’s law
(Egs. (18) and (24)). The diffusion of Li ions in the active particle of the cathode is
governed by Fick’s second law:

ac,
ot

=V-(D,Vc,) (26)

where D, isthe Li-ion intercalation diffusivity.

S

Based on the above governing equations, the following boundary conditions are

applied for the battery model.

oc, —j
*=—— at X=1
x FD, i (27)
%:0 at X=L,+L, (28)
OX
—igqn=i, at x=L,+L, (29)

where n is the unit outward normal vector of the cathode surface and iapp is the applied

electrode current density at the right boundary of the cathode.

The mechanical model solves the stress and strain fields when the battery suffers
electrochemically driven stress. In this study, only small and elastic deformations are
considered, as LLZO has a large Young’s modulus (i.e., 150 GPa) with a good capability
to resist deformation. The governing equation of the mechanical model follows Newton’s
second law:

o%u

=V-F_(S+S,)+F, (30)
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where u is the displacement field, o 1is the material density, Fi is the deformation
gradient, S is the Piola-Kirchhoff stress tensor, Sex: 1s the external stress tensor representing
the load contribution from electrochemical overpotential-driven stress, and Fv is the body
force. The deformation gradient can be expressed as:

F=1+Vu (31)
where I is the identity matrix and u is the displacement vector.

The overpotential at the interface of the Li dendrite and the electrolyte 7 drives the
dendrite growth under the constraint of the SE, determining the value of hydrostatic stress
(i.e., the external stress tensor). For other regions except for the dendrite/electrolyte
interface, there is no overpotential influence on the hydrostatic stress. Then, the

relationshipbetween S_, and 7 can be expressed as 680 112;

_F n_ atdendrite/electrolyte interface
Sext = QLi (32)
0 for other region

where €, isthe partial molar volume of Li metal.

As the crack propagates and the dendrite grows, the Young’s modulus of the solid

electrolyte Eg. evolves as well, represented as:

Ese :h(f) Elzo +(1_h(§)) E, (33)

Where E  ,, and E are Young’s moduli of the LLZO electrolyte and the Li dendrite,

respectively.

As for the mechanical boundary conditions, the right boundary of the cathode is fixed:
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u =u,=0 at x=L,+L, (34)
The crack propagation is described by the evolution of the non-conserved phase-field
order parameter & of the phase-field model in this study from the perspective of energy.

=1 and &£=-1 represent the intact electrolyte region and the cracked region,

respectively. The phase-field method uses a diffuse interface to show the continuous phase-
field variable across the interfacial region, and —-1<& <1 is the transition interface
between the intact and cracked regions. Note that it is assumed that the cracked region is

filled with Li dendrite - % 113_ The total free energy F,, of the system in this study is

expressed as follows 49 110- 114

I:totall = J.[ fIocal + fgrad + fmech :I dV (3 5)

where fi,., isthelocal energy density, f,, isthe gradientenergy density,and f ., is

the mechanical strain energy density, whose expressions are written as:

A 2 2
fioea= 77 (1) (1+) (36)
pf
fgrad :%(Vg)z (37)
“loe2lc ! (38)
fmech 2 Jijgij 2 Cukm (é:)gu gkm

where A is the mixing energy density, ¢, 1is the parameter controlling the interface

pf

thickness, Cy, (&) is the stiffness (i.e., Young’s modulus Eg in Eq. (33)), &; and

‘gkm

are strain components. The relationshipbetween 4 and ¢, follows ''*:

1= 3Eagpf

B

(25 39)
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where E_ is the surface energy required to create the new cracked surfaces. We assume

that all the mechanical elastic strain energy is used to drive the crack propagation and is

transferred to the surface energy without loss. Due to the fact that each newly formed crack

has two identical surfaces, the surface energy E_ isequal to halfof the fracture energy G:

[oa

G
E =— 40
e 2 ( )
:(1_V2)KELZO (41)
ELLZO
where K, ,, 1s the fracture toughness of the LLZO electrolyte and v 1s LLZO’s

Poisson’s ratio.
The governing equation for the crack propagation follows the Allen-Cahn equation as

110.

) Z)
§+U-V§=V-7—2Wf (42)

&
where y isthe mobility parameter controlling the crack propagation, written as:
V= X (43)
where y is the mobility tuning parameter reflecting the crack propagation speed. y is

obtained from the total free energy through the variational method, expressed as:

2
&
pf mech ( 4 4)

y=-V-eVE+(E-1)&+ o

Since the pre-defect is designated at the Li/LLZO interface, the initial value for the
pre-defectregionis & =—1; for the remaining intact regions, the initial value is &£ =1.

Once the crack continuously propagates and the dendrite grows to reach the cathode
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side, the Li anode and LCO cathode are internally connected by the dendrite, indicating a
triggered short circuit.

The short-circuit model is developed to probe whether the dendrite penetrates through
the solid electrolyte (i.e., whether £ =-1 at the cathode/electrolyte interface). If the short

circuit is detected, the short-circuit resistance R is calculated by the following

short
equation:

L

el

RS [o] = e
et Ose_ave (5) See 43)

where oy ,.(&) is the average conductivity of the solid electrolyte automatically

obtained from the domain probe and Ssg is the cross-section area of the electrolyte.

Table 2 Summary of material properties and simulation parameters

Parameter Symbol  Value References
Anodic charge transfer coefficients @, 0.5 103,109
Cathodic charge transfer o 0.5 103, 109
coefficients ¢ '

Conductivity of LLZO O 4.43%x107% S/m 49,92
Conductivity of Li o 1.1x10" S/m 49,72
Conductivity of LCO cathode o, 1.13x10™" S/m 115
Li-ion intercalation diffusivity of D, Ex10®  mYs 16
cathode

Faraday’s constant F 96485 C/mol 49,72
Gas constant R 8.314 J/mol/K 49,72

Temperature T 300K 2



Density of LLZO

Density of Li metal

Partial molar volume of Li metal
Young’s modulus of Li metal
Young’s modulus of LLZO

Poisson’s ratio of LLZO

Parameter controlling interface
thickness

Fracture toughness of LLZO
Mobility tuning parameter
Cross-section area of the electrolyte

Yield stress of Li metal

PLizo

P

L

L

LLZO

4606 kg/m?

534 kg/m?
1.3x10° m*/mol
4.9 GPa

150 GPa

0.257

1x10° m

0.98 MPaym
6x10° (m-s)/kg
2

1m

0.4 MPa

49

49

49,72

49,53

49,53

49,53

estimated

82

estimated

calculated

47
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3.2 Results and discussion

3.2.1 Representative results

The charging/discharging voltage versus capacity response of the Li/SE/LCO cell

from simulation (Fig. 60 in Appendix A) agrees well with experimental results, and the

predicted critical current density is comparable to the reported value, demonstrating the

validity of the electrochemical response of the model.

With the pre-existing defect and under a 1C charging rate, the Li dendrite grows

around the defect from the beginning of charge until the short circuit. Fig. 18 summarizes

the dendrite growth process using the battery model, mechanical model, phase-field model,
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and short-circuit model. According to the battery model, the battery voltage increases
during the charging process until 423.8 s, at which point the dendrite leads to the short
circuit and the voltage drops (Fig. 18(a)).

During the charging process, an uneven overpotential 5 distribution around the pre-
existing defect surface affects the interfacial chemical reaction ¢°, leading to Li plating
around this area (battery model). Since the Li dendrite affects the effective electrolyte
conductivity o (Eq. (20)), the electrolyte potential 4 changes accordingly (Eq. (18))
and affects the current density within the SE (Fig. 18(d) and Fig. 19). The high-conductivity

dendrite area further facilitates the Li electrodeposition, i.e., dendrite growth, and

accelerates the uneven overpotential 7 distribution (phase-field model to battery model).

In addition, the uneven overpotential 7_ distribution can change the von Mises stress
Ouises (F1g. 18(c)) and cause crack propagation due to the mechanical strain energy density.
The cracks initially become large in random directions, then transverse mainly in the
direction from the anode side towards the cathode side (Fig. 18(b)) (battery model to
mechanical model). The cracks provide space for Li dendrite growth (mechanical model to
phase-field model). In return, the Li dendrite affects the von Mises stress o, and crack
propagation (phase-field model to mechanical model). The strong correlation between the
mechanical model and the phase-field model leads to a similar von Mises stress and phase-
field distribution within the SE, as shown in Fig. 18 (b-c).

However, once the dendrite grows to reach the cathode side, the phase-field variable
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&=-1 1is detected at the LCO/LLZO interface at =423.8 s, then the direct electron
transportation path is built between the anode and cathode and the current density is mainly
concentrated within the dendrite area (Fig. 18(d)), causing the abrupt voltage drop, i.e., the

short circuit (short-circuitmodel).
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Figure 18 Representative computational results at 1C charging rate. (a) voltage response
and detected phase-field variable & at the LCO/LLZO interface at 1C charging rate; (b)

dendrite growth ¢& evolution ( £=-1 for dendrite/crack, &=1 for intact solid
electrolyte); (c) von Mises stress evolution o, ; (d) electrolyte potential distribution and

current density vector (the thicker and longer arrow indicates larger current density) at the
beginning and ending time.
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Figure 19 Representative results: electrolyte potential ¢ distribution and current density
vector (the arrows indicate only the current direction and distribution, not the magnitude).

In the following discussion, representative simulation results are taken as the baseline,
and the parametric study is carried out to understand the governing effects of stress,
charging rate, Young’s modulus o,,,, and fracture toughness K ,, on crack
propagation/dendrite growth in the SE and the electrochemical response of the battery.

3.2.2 Governing effect from overpotential-driven stress

During the charging process, there inevitably exists the overpotential n_ at the Li
anode/electrolyte interface. The negative n_ will drive Li plating along the SE and the Li
interface (Fig. 20(a)). Without the stress effect (i.e., Eq. (32) is disabled), there is no driving
force for crack formation/propagation and dendrite growth, and thus no short circuit occurs.
The average SE conductivity is kept constant, and the normal voltage profile during the

charging process can be seen in Fig. 20(b). When the overpotential-driven stress is
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considered, the stress may drive the dendrite growth and crack propagation. As long as the
current density exists within the SE, there is a continuous driving force to the newly grown
dendrite for further development (Fig. 20(a)).

At the beginning of charge (0~150 s), the battery voltage responses are close to each
other, with and without taking stress into consideration, indicating Li plating behavior.
After that, the discrepancy in voltages gradually appears and amplifies. The baseline
voltage is much lower (Fig. 20(b)), caused by the conductivity change in the SE as a result
of dendrite formation. As the dendrite grows, the effective electrolyte conductivity o
evolves following the governing law described in Eq. (20). Since the electrical conductivity
in the Li dendrite (o, =1.1x10" S/m) is several orders of magnitude higher than the ionic
conductivity of the LLZO electrolyte ( o, ,, =4.43x107 S/m), the dendrite growth
significantly increases the effective electrolyte conductivity (Fig. 20(c)). Moreover, o
significantly influences the current density distribution within the SE because the current
density tends to concentrate at the high o . region (Fig. 20(c)), leading to an obvious
voltage discrepancy (Fig. 20(b)). At r=423.8 s, if the stress effect is enabled, the battery
voltage abruptly drops, indicating that the Li dendrite finally reaches the cathode side and
the short circuit is triggered (Fig. 21(a)). It is important to note that the voltage response
with dendrite growth obviously deviates from normal battery voltage behavior, which
inspires us to propose a possible method for the detection of crack and dendrite issues by

monitoring the voltage-time curve for real-time battery health management.
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The 7_-driven stress mainly distributes close to the dendrite/electrolyte interface,
especially at the dendrite tip (Fig. 21(b)). According to Eq. (32), the generated stress is
linearly related to the overpotential. Under a 1C charging rate, the stress tensor components
o;(i, j=x,y),and o, allreachthe magnitude of GPa (Fig.20(d)). Such large internal
stress causes the strain energy density of 108 N/m? (Fig. 21(c)), providing a sufficient
driving force for crack propagation. The continuous and direct propagation of the crack
towards the cathode side (i.e., the transverse direction) is responsible for the internal short
circuit. In the meantime, the crack propagates laterally as well, along with the
anode/electrolyte interface in the block shape, mainly due to the free mechanical boundary
condition for the left boundary and the relatively smaller o,, (Fig. 21(d)). Note that the
Li dendrite soon fills the crack such that no break-apart of the SE is considered here. The
stress at the dendrite tip is more concentrated, including o, (i, j=xy) and oy, (Fig

20(d)), and the stress component o, islargerthan o, (Fig.21(d)), which can elucidate

the faster crack propagation speed in the transverse direction than in the lateral direction.
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Figure 20 Effect of electrochemically induced stress at 1C charging rate. (a) schematics of
the crack propagation/dendrite growth driven by the overpotential-induced stress; (b)
voltage vs. time curves for models without and with the stress effect; (c) effective
electrolyte conductivity o and current density vector (the thicker and longer arrow

o, and von

indicates larger current density); (d) stress tensor components o, , o, , 0,

Mises stress O, at =200 s.
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Figure 21 Effect of electrochemically induced stress. (a) dendrite & evolution considering
the stress effect; (b) von Mises stress evolution o,,., considering the stress effect; (c)
strain energy density considering the stress effect; (d) maximum stress components o,

and o, withinthe solid electrolyte domain.

3.2.3 Governing effect from the charging rate

Since the current applied to the battery is determined by the charging rate (C-rate) and
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the current density within the SE is affected as well to influence the overpotential value,
the increased C-rate ultimately results in larger driving stress for faster crack propagation
and dendrite growth (Fig. 22(a)). Thus, we investigate the C-rate effect on the crack and
the electrochemical behavior considering the values of 0.1C, 0.25C, 0.5C, 1C, 1.5C, and
2C (i.e., current density values of 140, 350, 700, 1400, 2100, 2800 uA/cm?, respectively).

The battery overpotentials increase with increasing charging rates. For a C-rate no
greater than 0.25C, there is no short circuit during the entire charging process. However,
once the C-rate exceeds 0.5C, an abrupt voltage drop (i.e., short circuit) is observed (Fig.
22(b)). The higher the charging rate, the less time it takes for a short circuit.

The dendrite growth behavior is also closely related to the C-rate. The Li plating
mainly grows along the anode/electrolyte interface (y-axis in Fig. 22(c)) when the C-rate <
0.25C because the left boundary is free, leading to energy-favorable crack growth. For the
C-rate > 0.5C, the dendrite grows transversely (along the x-axis) to the cathode in a more

slender shape (Fig. 22(c)). Moreover, at the short-circuit time, the dendrite grows more in

the y-axis at higher C-rates, since the stress tensor components o (i, J=X, y) and von

Mises stress oy, increase with C-rate, and are also large enough under a high C-rate to

drive the dendrite propagating in the y-axis (Fig. 23(a)). The fundamental reason for the

larger stress is the larger electrochemical overpotential 7_ at a higher C-rate; n_ almost

remains the same for each C-rate (Fig. 23(b)). The distribution of electrolyte potential ¢

for different C-rates at =200 s (Fig. 22(d)) shows that a large C-rate significantly increases



67

the ¢4 at the Li/LLZO interface, i.e., from ~0.04 V under 0.1C to ~0.25 V at 2C, which
further validates the large overpotential induced by the high C-rate. Based on 7 and the
short-circuit time fmort, We establish a safety guidance map for dendrite-induced short

circuits (Fig. 22(e)), where the safety region indicates that no short circuit occurs during

the whole charging process if the C-rate<0.25C and n >-0.10 V.
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Figure 22 Effect of charging rate. (a) schematics of the charging-rate effect on dendrite
growth; (b) voltage vs. time curves; (c¢) contour plots of phase-field parameter & ; (d)

electrolyte potential ¢ distribution at =200 s; (e) safety guidance map based on
overpotential 7_/short-circuit time Zshor.
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3.2.4 Governing effect from the electrolyte conductivity

Improving the electrolyte conductivity is one of the major means of improving the
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electrochemical behaviors of the ASSB. Here, the LLZO electrolyte conductivity o,

effect on the crack and the electrochemical response is explored. Based on the baseline
model, we consider the scenarios of 2.215x107% S/m, 4.43x107% S/m, 4.43x107*
S/m, and 4.43 S/m.

Since the electrolyte conductivity directly influences the internal resistance, the
electrochemical response of the battery is expected to change. The voltage of the battery

during charging is higher under lower o, ,, (Fig. 24(a)),because a smaller o, ,, leads

to larger battery internal resistance, which indicates that under the same current density

(1C 1is used for all cases here), a higher voltage will be observed. A lower o, ,,

corresponds to an earlier short-circuittime, i.e., t=374.4 s, 423.8 s, 553.5 s, and 601 s for

= 2215x10% S/m, 4.43x10? S/m, 4.43x10" S/m, and 4.43 S/m,

O-LLZO
respectively (Fig. 24(a)). The x-axis crack propagation is dominant, and the crack
morphology is similar at different o, ,, values (Fig. 24(b)). The only slight difference is
that there is a slim crack in the y-directionunder small o, ,, (i.e., 2.215x10° S/mand
4.43x107 S/m).

0,5, Mainly influences the electrolyte potential ¢, which directly determines the
overpotential 7 . Since the electrolyte with smaller o,,,, bears higher voltage, the
electrolyte potential ¢ 1is larger under the same applied current density, resulting in a

higher absolute value of 7_, i.e., at =360 s, n.=-0.17V, -0.162 V, -0.14 V, and -0.135 V

for o-|_|_20=2.215><10’2 S/m, 4.43x10” S/m, 4.43x10" S/m, and 4.43 S/m,
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respectively (Fig. 25(a)). The higher 5 drives larger stress; moreover, both the maximum
von Mises stress o . and the average von Mises stress oy, ., Increase with
decreasing o, ,, (Fig. 25(b)), resulting in the correspondingly greater strain energy
density. The evolution of the phase-field parameter & isdriven by the elastic strain energy
(Eqgs. (42-44)). Thus, the dendrites grow faster under smaller o, . The above discussion
demonstrates that increasing the electrolyte conductivity can not only improve the battery
electrochemical performance with a reduced internal resistance, but suppress crack
propagation as well.

The dendrite preferentially grows laterally in the y direction under a low C-rate (<0.5C)
andahigh o,,, (>4.43x10™" S/m)due to the free left boundary and the smaller driving
force; thus, no short circuit occurs (Region 1 in Fig. 24(c-d)). Increasing the C-rate or
decreasing o, ,, both give rise to greater |77| (absolute value of 7 ), which causes a
stronger driving force for the crack and dendrite, resulting in an earlier short circuit
(Regions 2-3 in Fig. 24(c-d)). An abrupt change of |77| between Region 2 and Region 3
can be clearly observed in Fig. 24(c). The critical |77| value at the boundary of Region 2
and Region 3 is about 0.16 V. |77| is greater than the critical value with C-rate>1 C and
0,170<4.43x10% S/m, corresponding to the earlier short circuit scenarios. From Fig.
24(d), there exists a specific threshold C-rate (namely, critical current density) value under
a certain electrolyte conductivity. At 0.25C or below, there is no short circuit for o,

from 2.215x107 S/mto4.43 S/m. Increasing o,,,, can reduce |77| and avoid a short
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circuit for 0.5C, but if the C-rate>0.5C,

777| is still large (>0.1V) and the dendrite growth-

induced short circuit is only delayed but not completely prevented. By contrast, the C-rate

is in the dominant position in terms of controlling the |77| and avoiding a short circuit.
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3.2.5 Governing effect from Young’s modulus

In general, a solid electrolyte with a larger Young’s modulus is more resistive to

deformation. The inherent nature of how an LLZO electrolyte’s Young’s modulus E, .

affects the crack propagation and dendrite growth will be investigated here. Based on the
baseline model, we select different E .., i.e., 15 GPa, 50 GPa, 100 GPa, 150 GPa, and
200 GPa.

According to modeling results, the crack grows only along the Li/LLZO interface for

a 15 GPa LLZO SE, shown in Fig. 26(a), and no short circuitis observed while the crack

growths are along the x axiswhen E, ,,=50 GPa or above. The short circuits are triggered
in all these cases, and the short-circuit triggering time #son decreases with increasing E |,
if E ,,<100 GPa, while tsor increases with E  ,, above 100 GPa (Fig. 26(b)); fshort 1S

directly related to the transverse dendrite growth. For E, | ,,>100 GPa, the farthest dendrite
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growth distance x is larger for smaller E while the dendrite growth speed for 50 GPa

LLZO

is much lower when approaching the fixed cathode side (Fig. 26(c)), which may explain
its longer tsor. The low speed at the final stage for 50 GPa is caused by the relatively high

fracture energy (Fig. 26(d)).

The crack propagation is described from the energy perspective, and E  ,, will

significantly influence both the driving force (the elastic strain energy) as well as the

fracture threshold energy (the fracture energy G) in a competing way. Thus, E ,, will

influence the crack propagation and corresponding dendrite growth as well as the short-

circuit behavior. The maximum/average von Mises stress increaseswith E_ . (Fig. 27),
while the average elastic strain energy density Ea. increases with E  , <50 GPa but

decreases with increasing E, ., >50 GPa (Fig. 26(d)), which reflects the trends of the

LLZO

driving force. The resistive force G decreases with increasing E in the whole range

LLZO

(Fig. 26(d)). For E, ,,<40 GPa, both the maximum and average strain energy density are

much smaller (Fig. 27(b)), and the fracture energy is much higher to resist any crack (Fig.

26(d)), demonstrating that E,  ,, <40 GPa produces lower driving force and higher

LLZO
resistance for dendrite growth/crack propagation. As a result, the dendrite induced short

circuit is delayed or even prevented at the C-rate of 1 C (1400 pA/cm?) with E,,, <40

GPa, namely the low short-circuit risk, which provides insight for the designing of

inorganic solid electrolyte. For 40 GPa<E  ,,<100 GPa, E.. maintains at a high level,

while G decreases dramatically. Thus, the crack propagates faster, and the short circuit risk



is high as well. For E

LLZO

is delayed, which is at a medium risk level (Fig. 26(b)).
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3.2.6 Governing effect from fracture toughness
The fracture toughness of an LLZO electrolyte K, ,, represents LLZO’s capability

to resist fracture. Based on the baseline model, different K ., values are selected to

study the fracture toughness effect, i.e., 0.77,0.98, 1.24, 1.41, and 1.58 MPa+y/m. All other
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governing factors, i.e., the C-rate (1C), Young’s modulus (150 GPa), and pre-defect area,

remain the same.

only affects the fracture energy. A larger K represents a higher resistive

K LLZO LLZO

force to form a crack, resulting in a smaller crack area, which can delay the short-circuit

time. For instance, the short-circuittime increases from r=420.3 sto =621.1 s when K|,

increases from K ,, =0.77 MPav/m to 1.41 MPa+/m , and may even prevent the short
circuitin some extreme cases, e.g., when K, ., =1.58 MPavm (Fig. 28(a-b)). Since the

crack propagation speed is faster under smaller K the dendrite is more prone to

LLZO »

penetrate the electrolyte, resulting in an earlier short circuit. Under smaller K the

LLZO
crack will also propagate laterally ( K ,,=0.77 MPay/m  in Fig. 28(b)).
Straightforwardly, increasing K, ,, can effectively hinder the crack propagation and

delay the short-circuittime;if K, ,, islarge enough, the crack can even be prevented.
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Crack propagation and dendrite growth are responsible for the short circuit. To
quantitatively unlock the mechanistic relationship among E ,,, K5, and ¢ (=00
stands for no short circuit), we establish a mechanism map (Fig. 28(c)) with three regions:

no short circuit, late short circuit, and early short circuit by using the governing variables

1

of E ,o/E, and K / [O-Y_Li . Lg} . The early short circuit covers a large part of the
domain, leaving a relatively small portion of the design space. That is why we have

el

1
witnessed the failure of ASSBs during operation. Generally, larger K, / (UY_U . LZ}
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leads to higher safety performance, while E _,,/E; needsto avoid a certain domain to

obtain a larger design space. This straightforward relationship reveals a much boarder
design view for the SE in terms of several key mechanical properties with enhanced and
optimized safety and cyclability behaviors by mitigating the short-circuit behavior with the
desired Young’s modulus and fracture toughness.
3.2.7 Implication on engineering application

Plenty of efforts have been attempted to address the scientific and engineering
problem: how to realize the applicable all-solid-state battery with appropriate solid

electrolyte and at practical current density. The governing effects of stress, charging rate,

electrolyte conductivity o,,,,, Young’s modulus E and fracture toughness K, .,

LLZO

have been comprehensively investigated above, which provide the basic guidance for the
development of solid electrolyte and battery management. Based on the findings in this
study, we provide insights towards more robust ASSBs in engineering.

The perfect Li/SE interface without any defect has proven to prevent the dendrite
initiation and growth (Fig. 17(b)), implying that improvement of Li/SE interfacial property
is an effective way to suppress dendrite. However there is inevitable interfacial defect for
current inorganic solid electrolyte. One of the main limitations for ASSBs is the critical
current density, above which the battery will be short-circuited due to the dendrite growth
in solid electrolyte. To make a practical current density for ASSBs, such as 2 mA/cm? (i.e.,

1.5 C in this study, at which dendrite grows to short circuit the battery (Fig. 22)), both the
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electrochemical and mechanical properties of the battery can be considered to reduce the
driving force and increase the opposing force for dendrite growth/crack propagation. The
driving force mainly stems from the overpotential |77| related strain energy density (lower
|777| corresponds smaller driving force), and the opposing force comes from the fracture
energy.

At the practical current density (1.5 C), increasing o,,,, from 2.215x107 S/m to
4.43 S/m can reduce the |777| from 0.3 V to 0.16 V, while the reduced |777|=0.16 V is still
large enough to cause the dendrite growth- and crack propagation-induced short circuit
(Fig. 24(c-d), tshort 1s increased from 263 s to 445 s), which shows that increasing o,
can only delay (but not completely inhibit) the occurrence of short circuit at 1.5 C. In
addition to improve electrochemical property, the mechanical properties should also be
considered. As indicated in Fig. 26(b), E ,, below 40 GPa corresponds to the low-risk
region with lower strain energy density (driving force) and higher fracture energy (resisting
capability), conductive to suppress the dendrite growth. The computational results
demonstrate that E  ,, within the low risk region only postpones short circuit at the
charging rate of 1.5 C (i.e., fsort 1s delayed from 445 s at 150 GPa to 674 s at 40 GPa). To
completely inhibit the dendrite growth induced short circuit, we need to consider the
improvement of K, .. When K, ,, increasesfrom0.98to1.73 MPa+/m , the dendrite
growth is in block shape along y-axis rather than the long strip shape in x-axis (Fig. 29),

such that the dendrite induced short circuit is prevented.
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Such computation results show a promising direction towards realizing applicable
ASSBs with inorganic solid electrolyte after modulation of electrolyte conductivity (~10

S/m), Young’s modulus (<50GPa) and fracture toughness (>1.7 MPa</m ).

C-rate=1.5C C-rate=1.5C
O, 7z0=4.43 S/m O, z0=4.43 S/m
E\170=40 GPa E\170=40 GPa

Kuz0=0.98MPa-m'2 K. ;0=1.73 MPa-m'?

t=2000 s é:

0.5
0.0

-0.5

Figure 29 Dendrite ¢ evolution at the practical current density 2100 pA/cm? (i.e., 1.5 C
in this study) considering different electrolyte fracture toughness.

3.3 Conclusions

Dendrite growth- and interfacial issues-induced battery failure and poor cyclability
are the two main problems hindering the further commercialization of ASSBs. To
understand the dendrite growth and crack propagation behavior during battery
charging/discharging, considering the interfacial defect, we developed a fully coupled
electrochemical-mechanical model, including the battery model, mechanical model, phase-
field model, and short-circuit model. After validation, the effects of electrochemically

generated stress, charging rate, electrolyte properties (including conductivity, Young’s
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modulus, and fracture toughness) are comprehensively investigated. When the

electrochemically driven stress is considered, there is crack propagation in the SE, and the

battery voltage response is different. Eventually, the short circuit is triggered due to
dendrite penetration through the SE. We have reached the following conclusions:

e The shortcircuit occurs earlier with higher C-rate (i.e., C-rate exceeds 0.5C) due to the
larger overpotential |77| -driven crack propagation and dendrite growth.

e The overpotential |777| increases with decreasing electrolyte conductivity, resulting in
an earlier short circuit.

e Increasing o,,,, can reduce the internal resistance to improve the battery
electrochemical performance, as well as lower the crack propagation speed (delaying
the internal short-circuit time).

e The Young’s modulus E ,, affects both the competing mechanism serving as a
driving force (strain energy density) and the resistance (fracture energy) for the crack.

E, o Wwithin 40~100 GPa accelerates the crack propagation, causing a high short-
circuitrisk.

e A larger electrolyte fracture toughness K, ,, can suppress or even stop the crack
propagation, significantly reducing the internal short circuit risk.

It is reported that the constitutive behavior of the Li mental would be linear elastic
first and after it reaches a yield point, the plasticity starts, and the general profile of the

1 117

plasticity is a plastic flow in general ''’. The majority of the literature reported the yield
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stress magnitude is in the order of 10' MPa~10> MPa with Young’s modulus from 2
GPa~20GPa 7°-3°, From our simulation, we may clearly see that when we use £=4.9 GPa,

the stress required to drive the crack propagation in our paper can be calculated as

o> KLLE/ ~ 49 MPa

4 Jra 65 mainly falls within the linear elastic region. Note that
during the contact between Li dendrite and the pristine SE, our linear elastic description of
the Li metal model may over predict the crack propagate slightly while during the Li
dendrite growing stage, such simplification for Li dendrite has no effects on the results.
The domains of lithium dendrite and solid electrolyte are evolving and changing in phase-
field methodology, posing great challenges and limitations in defining the complicated
mechanical property of the moving area and the interfacial area in the phase field model.
In the meantime, the focus of this study is on the interfacial -defect-induced dendrite growth
during charging/discharging in cell scale, and the influence of electronic conductivity
mainly reflected in micro-scale is not included in the current study. Future work would be
considered to solve these limitations. The established physics-based modeling framework
unravels the physics-based mechanisms of the crack propagation, dendrite growth, and
electrochemical behavior of the ASSBs during charging/discharging. In the meantime, the
mechanism map offers critical guidance for the design, evaluation, and improvement of

next-generation robust ASSBs.
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CHAPTER 4 MITIGATION STRATEGY OF DENDRITE GROWTH

In this chapter, inspired by the nacre-like “brick-and-mortar” structure, I propose the
strategy of embedding heterogeneous blocks (HBs) into the solid electrolyte to reduce the
short-circuit risk induced by dendrite growth through taking the advantage of mechanical
mismatch. To understand the fundamental mechanism, we assume the main body of the
electrolyte is LLZO with high conductivity to guarantee low cell resistance, and the HBs
are LLZO with enhanced mechanical properties. The governing factors to control the
dendrite mitigation effect are comprehensively investigated to provide insights and

guidance on the design of dendrite-suppression electrolytes of ASSBs.

4.1 Methodology

The multiphysics model used here is developed to include a) the battery model to
describe the electrochemical phenomena; b) mechanical model to calculate the
overpotential-induced stress o fields; c¢) phase-field model to solve the evolution of
dendrite growth and crack propagation (phase-field order parameter £ =1 for intact SE
region, &=-1 for crack/dendrite region); and d) short-circuit model to detect the
triggering of dendrite growth-induced short circuit. These four sub-models are inter-
connected by transferring relevant physical variables, described by the governing equations
(Table 4 in Appendix B). More details of the modeling can be referred to Chapter 3.

The lithium and LiCoQ, are used as the anode and cathode, respectively (Fig. 30(a))"8.
The promising LLZO solid electrolyte with high Young’s modulus Er170=150 GPa and

ionic conductivity kyg=0.443 mS/cm is set as the main body of the electrolyte in this study.
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Note that due to the high hydrostatic stress developed within the vicinity of the tip of Li
dendrite (Fig. 36), the plasticity of Li material is not considered here. The geometry is
simplified as a 2D plane to improve the computational efficiency (Fig. 30(b)). For the
dendrite growth simulation (without any heterogeneous blocks) in this study, the model is
validated in three ways: 1) the cell voltage response during charging/discharging agrees
with the experiment results '4; 2) the predicted critical current density, i.e., threshold value
of applied current density to drive dendrite growth is comparable to reported values '+-6%77;
3) the simulation morphology of dendrite penetration and its coupled crack propagation is
similar to the observations of transverse cracking with minimal branching in the
experiment #0-41:30:66.67 The current density adopted in this study of 1.918 mA/cm? mimics
current densities used in practical ASSBs. Note that the Li dendrite initiation mechanisms,
e.g., Liplating and nucleation, are not the focus of this paper. Thus, we pre-define an initial
defect with length 4 um and width 2 pm to initiate dendrite growth. We also confirm that
the initial geometry of the defect does not influence the Li dendrite growth (Figure 31). An
HB with length Ly and width Wyp=2.5 pm are selected to demonstrate the representative

result. The electrolyte and HBs are assumed to be homogeneous without voids; thus, the

effect of the internal void is not considered in this study.
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Figure 30 Illustration of the strategy of adding heterogenous blocks into ASSBs: (a)
schematic of 3-D battery structure, (b) simplified 2-D battery model.
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Figure 31 Effect of initial defect length on dendrite mitigation behavior: (a) initial defect
length 4 um; (b) initial defect length 6 pm.

4.2 Results and discussion
4.2.1 Dendrite propagation

The baseline case is dendrite growth from an interfacial defect at the lithium anode
side, that grows along the x-axis. Upon reaching the cathode, the dendrite bridges the SE,

and electron transport between the anode and cathode triggers an internal short circuit (ISC)
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(Fig. 32). The aim of this study is to investigate possible mitigation mechanisms where this
type of dendrite growth-induced short circuit is slowed/stopped by diverting dendrite

propagation away from the x-axis direction.
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Figure 32 Baseline model: dendrite growth in solid electrolyte without HBs. (a) Voltage
response, (b) dendrite growth behavior, (c) electrolyte potential evolution, and (d) von
Mises stress distribution.

To determine the dominant properties of HBs that are capable of blocking a dendrite,
we conduct parametric studies of Young’s modulus Epg, ionic conductivity xus, and
fracture toughness Kcys. The computational results indicate that adjusting Exs from 100 to
200 GPa or xpp from 9x1073 to 4.43 mS/cm is incapable of mitigating dendrite growth (Fig.
33(a-b)). However, the dendrite growth behavior (i.e., growing speed, dendrite angle, and

length) is highly dependent on Kcug. There are a variety of possible factors that may
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promote dendrite penetration within the solid electrolyte, such as cracks, voids, grain
boundaries, local electronic structure, and electron segregation at surfaces and interfaces '"°.
The relative contributions of these phenomena are currently not well understood and thus
it is difficult to incorporate all of these factors in the model in a meaningful way. Recent
experiments provide direct evidence that dendrite growth in some inorganic solid

electrolyte can be coupled with the crack propagation #0-30:66.67

, where dendrite penetration
drives crack propagation, and the newly formed crack then provides further space for
dendrite growth. The model employed in this study is based on this type of behavior, where
internal pressure in the Li-filled filaments drives fracture, and crack extension provides

30, 65, 66 " Herein, the lithium filaments are

space for further Li metal penetration
mechanically constrained by the surrounding solid electrolyte, and their continuous growth
is then driven by electrochemical deposition that exerts pressure on the neighboring

electrolyte. The resulting strain energy in the SE is subsequently relaxed by fracture of the

SE which then provides more growth space.
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Figure 33 Effects of HBs’ properties on dendrite mitigation: (a) Young’s modulus effect,
(b) ionic conductivity effect, (c) fracture toughness effect.

In the model (governing equations in Table 3), the internal stress Sext(x,t) is

calculated from the overpotential n(X,t) in the electrochemical model, and imposed at
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the lithium-electrolyte interface, based on S, (X,t)=—Fn(x,t)/ Q, . This relationship
assumes that the Li filaments are highly constrained, such that full pressurization occurs
quickly and reaches the maximum hydrostatic stress S, (X ,t) that is thermodynamically
possible for a given electrochemical driving force n(x,t) (i.e., the overpotential at the
lithium-electrolyte interface). This assumption gives an upper bound on the pressure.
Lower stresses are predicted in more detailed models that includes more realistic
descriptions of the crack opening displacements and Li plasticity near the base of the crack.
However, these effects are neglected here, where the focus is on dendrite growth/crack
propagation paths in SE’s with heterogeneous mechanical properties over macroscopic
time scales The formulation used here also overestimates the Li flux into the sides of the
Li filament, however, this is also a secondary factor since most of the flux enters at or near
the dendrite tip. To demonstrate this, additional simulations were conducted with variations
in the exchange current density, the applied current density (i.e., faster interface kinetics)
and the SE ionic conductivity values. These effects alter the Li-ion flux into the flaw, and
in all of these cases the predicted dendrite growth is similar to the baseline case (Fig. 61 in
Appendix C). This further justifies the effectiveness of the modeling approach in this study.

The model defines the path for Li dendrite penetration by energy minimization. It is
thus consistent with a crack propagation mechanism, where the resistance of the material
to crack propagation (i.e., described here by the fracture toughness Kc) reflects its

resistance to dendrite penetration. Kcpyp=0.98 MPa m° is used as the baseline value, below
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and above which a series of Kcyg values (i.e.,0.78,0.98, 1.47, 1.96) are studied (Fig. 33(¢)).
The dendrite initially grows along the x-axis through material with small value of Kc (i.e.,
low dendrite penetration resistance), but the growth direction is diverted to the y-axis by
HB with high Kcpg, i.e., Keng=1.96 MPa m®3. This doubling corresponds to a four fold
increase in the fracture resistance, which is sufficient to prevent dendrite growth into the
HB (Fig. 33(c)). The crack propagation/dendrite growth here is described by the phase-
field method which employs energy conservation, where changes in the strain energy
density serve as the driving force. The phase-field model employs continuous property
variations across the interface between the two regions, in contrast to the sharp interfaces
that are considered in conventional fracture mechanics analyses of crack deflection at bi-
material interfaces 2% 121, The latter is based on the fracture resistance of the interface,
which is not specifically defined in our case. However, the results of these two approaches
are generally similar, with deflection induced by a relatively high fracture resistance in the
HB layer. Note that when the dendrite deflects along the LLZO-HB interface (=70 s, Fig.
34), the stress components oy, and oy, correspond to mixed-mode loading (i.e., a
combination of Mode-I in-plane tension and Mode-II in-plane shear). In the phase-field
method, this overall effect is generally reflected in the strain energy density, i.e., the
concentrated energy density at the dendrite tip (e.g., see t=80 s in Fig. 34).

Furthermore, the different dendrite growth behavior and mitigation effect are less

obvious for the HBs with different Eyg and xpys compared to the fracture toughness Kcug
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(Fig. 35). To summarize the general trend based on the above trial computational results,
Kcus (dendrite penetration resistance) is the primary HB property that alters dendrite
propagation, and in general, HBs with higher Kcpg can be used to block dendrite growth.
Therefore, in the following study, we define HBs with large enough fracture toughness
Keng=1.96 MPa m®3to deflect dendrites (Fig. 33(¢)), and the other material properties are

set to be the same as those of the main-body LLZO electrolyte.

Main-body electrolyte Heterogeneous block
+ E,=150 GPa * E =150 GPa

* x;=4.43e-1 mS/cm * xyp=4.43e-1 mS/cm
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Figure 34 Contour plots of strain energy density and stress tensor components when using
high fracture toughness for a heterogeneous block.
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Figure 35 Dendrite mitigation with HBs of different length: (a) HBs with different Young’s
modulus, ionic conductivity and fracture toughness from main body of LLZO electrolyte;
(b) HBs with only different fracture toughness from main body of LLZO electrolyte.

4.2.2 Dendrite mitigation effect with single HB

The risk associated with a dendrite growth-induced short-circuit can be evaluated by
calculating the time that it takes for the dendrite to reach the cathode side, i.e., the short-
circuitrisk is high if dendrite grows to the cathode side within a very short time, while the
short-circuitrisk is low if it takes a long time for dendrite to reach the cathode, and the risk
can be reduced to zero if the dendrite is prevented from reaching the cathode (i.e., the short-
circuit time is infinite). To understand the dendrite mitigation effect using HBs, we first
embed a single HB and focus on the individual HB's size effect from a structural design
perspective. Different cell lengths Lcen (i.e., 50 and 100 um) and normalized HB length
e=Lup/Lcen from 0.05 to 0.2 are considered. Note that adding HB (xus=0.009 mS/cm,
Kenp=1.96 MPa m®?) into the LLZO electrolyte (xpp=0.443 mS/cm, Kcyp=0.98 MPa m®%)
has little influence over the total effective electrolyte conductivity e, (e.g., the xes is only
reduced 0.49% from 0.443 to 0.4408 mS/cm when adding 10 um long HB to 50 pm long

electrolyte). The ionic conductivity xsg is defined individually for the main-body of the
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electrolyte, the heterogeneous block, and the lithium metal domains. Meanwhile, e will
change as the dendrite evolves.!* The electrolyte conductivity directly determines battery
internal resistance which can then influence the electrical potential distribution according
to the Ohm’s law in the governing equations of Table 4 in Appendix B. Furthermore, the
electrolyte potential ¢ distribution is similar for the electrolyte with and without HB (Fig.
36(a)), thus demonstrating that the HB has little adverse influence on the overall
electrochemical behavior. The potential drop over the heterogeneous block is ~0.00109 V
(Fig. 36(a)), which is several orders of magnitude smaller than ¢ (~0.16 V). Thus, the
influence of the additional resistance caused by the additional block is negligible. Note that,
a significantly lower conductivity in HB compared to the surrounding electrolyte will have
a non-trivial impact on the local electrical potential distribution (i.e., by increasing the
potential drop within HB domain).

Interestingly, we discover that dendrite growth exhibits different modes when e=0.05,
0.1, and 0.2 (Fig. 36(b)) (where Lcen=50 um, and the corresponding HB length Lyg are 2.5,
5, 10 um, respectively). For e=0.05 case, the dendrite first grows along the x-axis, then
bypasses the HB, and finally approaches the cathode side along the x-axis. This has no
effect in preventing the ISC, but it delays the ISC triggering time. For the e=0.1 case, after
encountering the HB, the dendrite splits into two parts, i.e., the bottom dendrite branch
diverges its direction towards the y-axis (no ISC risk anymore). The top branch bypasses

the HB and continuously grows along the direction with an angle 6#~45° to the x-axis (Fig.
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36(b)), greatly reducing the safety risk by prolonging the dendrite growth path. For e=0.2
case, the two dendrite branches both divert their growth direction from the x to y-axis,
eliminating short-circuit risk since the dendrite growth along the y-axis will not cause direct
contact between anode and cathode. Similar results also apply to the case of Leen=100 um
with the same e values (Fig. 36(c)).

To illustrate the underlying mechanism, the stress state a;; (i, j=x, y) is extracted at the
moment when the dendrite growth first extends beyond the right side of the HB. The stress
state here varies with e (Fig. 36(d)): (1) for e=0.05, the oy, (-2.88 GPa) at dendrite tip
highlighted in the red dashed circle is larger and more concentrated than oy, (-1.125 GPa)
and oy, (-1.038 GPa), which drives dendritic growth along the x-axis; (2) for e=0.1, the oy
(-2.6 GPa) and oy, (-1.16 GPa) are more concentrated at the dendrite tip, with promotes the
dendrite branches along the y-axis, and the direction 45° with the x-axis, respectively; (3)
for e=0.2, the oy, (-2.6 GPa) at both dendrite tips is larger and more concentrated than g,
(-1.5 GPa) and oy, (-1.12 GPa), which explains the dendrite growth preferentially along the
y-direction. Both x- and y-axis dendrite growth can eventually damage the cell, i.e., in the
x-axis direction it electrically short circuits the cell, and in the y-axis direction it
mechanically splits the solid electrolyte (note that here we do not consider the possible
growth towards z-direction). However, the SE sample is usually a cylindrical pellet and the
thickness of SE (x direction) is at least 1-2 orders of magnitude less than its diameter (y

direction) '*3!, and experimental characterizations revealed that dendrite prefers to grow
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towards the other electrode (i.e., along x direction) *>-4!-122. As such, the focus of this study
is to suppress the x-axis dendrite growth, but attention should also be paid to the y-axis
dendrite growth when long-time cycling is included.

To quantitatively evaluate the short-circuit risk R under HB with varied e, the
normalized dendrite-growth time #/tx is adopted, based on the dendrite tip reaching the
distance X4=35 pm (on the right of single HB), where #=80 s is the baseline time without
any HB (Fig. 32), and t is the dendrite growth time with the HB. R here is defined to be
linear with #/ty, i.e., R=100% when #¢/ty =1 since the dendrite growth is not delayed nor
blocked, and R= 0 when #/tx =0 as the dendrite is completely prevented from growing
towards the cathode side. According to the dendrite growth mitigation effect under different
e values, three categories are classified based on the short-circuit risk, i.e., small e
(0<e<0.1), medium e (0.1<e<0.18), and large e (0.18<e<1.0) (Fig.37). The single HB with
small e has little effect in dendrite mitigation and can only elongate the dendrite growth
path to delay the ISC time, and the ISC risk is above 80%. The single HB in medium e can
partially change the dendrite growth direction to reduce the short-circuit risk below 70%,
which may need further modulation in multiple HBs to realize the full mitigation effect.
The single HB with large e can change dendrite growth direction from x to y-axis, which

is then capable of preventing the dendrite growth-induced ISC completely.
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Figure 36 Dendrite growth behavior with a single heterogeneous block: (a) the electrolyte
potential ¢ distribution without and with adding HB to the electrolyte (Note: the red
arrows represent the gradient of the electrolyte potential); dendrite growth under different

ratios e= Lug / Lcen and cell length Leen: (b) Leen=50 pm, (¢) Leen=100 pm; (d) Stress tensor
component 6 (i, j=x, y) distribution when the dendrite bypasses the block, with cell length

Lceu:l 00 pm.
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Figure 37 Short-circuit risk and dendrite mitigation effect with a single heterogeneous
block under various length ratios e=Lup/Leeil.

4.2.3 Dendrite mitigation effect with multiple HBs in small e

A single HB with large e can lead to full elimination of the ISC risk (i.e., the dendrite
grows along the y-axis), while in cases with small/medium e, the HB cannot fully stop the
dendrite growth towards the cathode. As such, we naturally speculate that multiple HBs in
small/medium e cases may be able to block dendrite propagation.

Two HB arrangements are considered here, i.e., aligned (A1l type) and staggered (A2
type) (Fig. 38(a)). The two governing geometric parameters are the gap G between adjacent
HBs in the same column and the distance D between two neighboring columns. Due to the
synergic enhancing effect from neighboring HBs, different dendrite growth mitigation
behaviors are observed. As for multiple small-e HBs (Lug=G=D=4 um, Fig.38(a)), at =70s,
the dendrite reaches the first-column HBs in both A1 and A2, then it changes growth

direction to bypass HB (Fig. 38(b)). In A1, when the dendrite grows to bypass the HB in
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the first column, it continues to grow along the x-axis, and the dendrite tip faces the gap in
the second column (since the two columns are aligned) (#=96s, Fig. 38(b)). In this case, the
second column plays no role in blocking the dendrite growth. In A2, since there is an offset
distance between the neighboring columns, the dendrite tip faces the HB in the second
column after it crawls across the first column via the gap. In this case, the dendrite growth
direction is altered due to the HB in the second column (=96s, Fig. 38(b)), which elongates
the dendrite growth path. Finally, dendrites in both A1 and A2 cases grow to bypass the
second column HBs and towards the cathode side. The dendrite in A2 is closer to the
cathode than that in A1 case due to the extended dendrite growth path (#=120s, Fig. 38(b)),
delaying the ISC time. In short, by properly designing the staggering space, the dendrite
growth path can be significantly extended, and the growth angle may also be diverted away
from the cathode side. Besides, the total effective electrolyte conductivity xer decreases
from 0.443 to 0.4343 mS/cm by only 1.96% when A1l or A2 is adopted, and the electrolyte
potential is seldomly affected (Fig. 39).

The applied current density i dictates the internal electrochemical reaction kinetics of
the cell, which further affects the dendrite growth behavior. Here various current density
values are selected to explore its influence, i.e., i = 0.4795, 0.959, 1.4385, and 1.918
mA/cm?. At low current density (i < 0.959 mA/cm?), dendrite growth occurs along the y-
axis without short-circuit risk (Fig. 38(c)). However, when i > 0.959 mA/cm?, the dendrite

penetrates the electrolyte and grows towards the cathode. Furthermore, the dendrite reaches
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the right edge of the 2"-column HB earlier with both the A1 and A2 arrangement methods
at i=1.918 mA/cm? than it does with the i=1.4385 mA/cm? (Fig. 38(c)), indicating faster
dendrite growth at higher current density. Increased current density and simultaneous
dendrite suppression are critical requirements for ASSB commercialization, thus i=1.918
mA/cm? is selected in this study to explore dendrite mitigation strategies with practically

relevant current densities.
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Figure 38 Dendrite mitigation with multiple heterogeneous blocks in small length ratio e:
(a) illustration of two representative arrangement methods, (b) the dendrite growth
behavior and mitigation effect in the two arrangement methods, (¢) dendrite growth
behavior at various applied current density.
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Figure 39 Electrolyte potential distribution with multiple HBs in small e: baseline without
any HB, Al and A2 with multiple HBs (Lup=G=D=4 pm).

4.2.4 Dendrite mitigation effect with multiple HBs in medium e

Again, the HB structures are classified into two categories, the same as in the small-e
cases (i.e., A3 and A4 for aligned and staggered lineups, respectively). Inthe A3 case, after
the dendrite grows through the gaps in the first column, it continuously grows along the
direction 45° to the x-axis. Once the dendrite meets one of the HBs in the second column,
the growth angle further changes along the y-axis for further growth (which turns 90°
compared to its original growth path, Fig. 40(a)). In this way, the dendrite growth-induced
ISC can be completely prevented. On the other hand, in A4 cases, the dendrite penetrates
through the gap in the first column and extends diagonally, then it reaches the gap in the
second column, which provides an accessible opportunity for the growth path (Fig. 40(a)).
In this case, ISC cannot be entirely avoided, though the dendrite growth path is extended.

As an additional step to obtain comprehensive knowledge about the modulation of the
HB arrangement to completely block dendrite growth, a further parametric study is carried

out following the effective arrangement method in A3. The dominant geometric parameters
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are: (1) the HB length L, (2) the gap G between HBs in the same column, and (3) the
distance D between two adjacent columns. To make it more generalized, the normalized
gap ratio G/L and distance D/L are used to quantitatively characterize the geometric
information. Within the range of medium e, four values are selected, i.e., e=0.1,0.12, 0.14,
0.16. Furthermore, since the large gap and distance provide additional possible space for
dendrite growth resulting in poor performance in mitigating dendrite (Fig. 41), the G/L and
D/L values are limited within 1.

Similarly, the normalized time 7o/t is adopted to evaluate the dendrite growth induced
short-circuit risk R. Here # is the time when dendrite grows to the right edge of the second-
column HBs in each specific arrangement, and ¢y is the corresponding baseline time without
any HB. Based on the mitigation effect of HB lineups, we classify the effects into two
categories: Group 0 for completely preventing dendrite from growing towards the cathode
(safe region, blue area in Fig. 40(b)), Group I for dendrite still growing to cause a short
circuit (dangerous region, non-blue area in Fig. 40(b)). The region of G/L close to 0 is safe,
which is much close to the scenario with large e. For e=0.1, the dangerous regions in Group
I are: Region 1 (0.1<G/L<0.4), and Region 2 (0.6<G/L<1, 0<D/L<0.6). As e increases to
0.12, the dangerous Regions 1 and 2 are both split into two small regions, one of which
further disappears in e=0.14. When it comes to ¢=0.16, only a small portion of Region 2
(0.9<G/L<1, 0<D/L<0.3) remains and the high-risk red area (R close to 100%) nearly

disappears, indicating a promising dendrite mitigation effect. Thus, for multiple HBs in
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medium e, the dendrite can be completely suppressed with specific combination of gap and
distance ratios. The overall trend discovered with larger medium e, is the larger safe Group

0 area and the smaller high-risk red region in dangerous Group 1, thus demonstrating better

dendrite mitigation.
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Figure 40 Dendrite mitigation with multiple heterogeneous blocks in medium length ratio

e: (a) illustration of two representative arrangement methods, (b) the short-circuitrisk as a
function of distance ratio D/L, gap ratio G/L, length ratio e.
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Figure 41 Dendrite mitigation with multiple HBs in medium e.

4.2.5 Multilayer electrolyte design to mitigate dendrite

In extreme cases, HB arrangement with gap G=0 becomes a new layer of electrolyte.
As such, a multilayer electrolyte structure consisting of a main-body electrolyte and an
embedded layer (EL) is formed (Fig. 42), combining the mechanical advantage from HB
(high fracture toughness) and electrochemical advantage from baseline electrolyte (high
conductivity). To leverage the mechanical stiffness gradient and mismatch, we assign
different Young’s moduli to the embedded layer and the main body of the electrolyte to
improve the overall dendrite mitigation effect of the multilayer electrolyte.

The main-body electrolyte is LLZO with Young’s modulus 150 GPa. Here four
different Young’s modulus Eg;. (i.e., 50, 100, 150 (baseline), 200 GPa) are considered to

investigate the dendrite mitigation effect for the 10 pm thick embedded layer. Note here
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(1-v?)K?

that the energy release rate at fracture G, = ~—— 2 ° describes the fracture resistance.

To study the effect of Young’s modulus, the fracture toughness K. of the embedded layer
is firstheld constant as 0.98 MPa m®3 which is same as the main-body electrolyte. As the
dendrite grows into the embedded layer, the stress tensor component a,, at the dendrite tip
is -1.436 GPa for Eg =50 GPa, smaller and less concentrated than the other cases (o,,=-
1.938, -2.39,-2.28 GPa for Er =100, 150, 200 GPa, respectively) (Fig. 42(a)). Accordingly,
the short-circuit time is 276, 235, 225, 234 s for Eg =50, 100, 150, and 200 GPa,
respectively, and G. increases with decreasing Egr, which implies that smaller Young’s
modulus Er =50 GPa improves dendrite mitigation. As a second case, we set the G. of the
embedded layer to be the same as that of the electrolyte (i.e., G. =3.02 J/m?) and vary Eg;.
Similarly, Eg1=50 GPa leads to better dendrite mitigation and can even keep the dendrite
growth within the embedded layer (Fig. 43). Thus, Eg.=50 GPa is then selected to study
the structure effect on dendrite mitigation, and the other properties, including fracture
toughness and ionic conductivity, are the same throughout the whole electrolyte.

Three scenarios are then considered to study the multilayer effect on dendrite growth:
(1) single embedded layer with thickness W=10 pum; (2) two embedded layers with both
thickness W/2=5 um, the gap of 5 um; and (3) single embedded layer with thickness W/2=5
um (Fig. 42(b-d)). Note that once the HBs become the enhanced layer, the dendrite growth
diversion can no longer be achieved without gaps. Thus, we observe a continuous dendrite

growth along the initial dendrite direction (Fig. 42(b-d)). The farthest dendrite growth
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distance X4 (from the leftmost base to the rightmost tip) is used to intuitively indicate the
degree of dendrite mitigation since larger X4 implies earlier short circuit, and smaller Xy
represents a better mitigation effect and lower short circuitrisk.

For all cases in Fig. 42, the dendrite initiates from the pre-defect area and grows
towards the cathode side. At /=55 s, the dendrite reaches the left edge of the embedded
layer in all the scenarios, then penetrates into the embedded layer and continues to grow
along the x-axis. At /=120 s, the dendrite reaches the right edge of the embedded layer in
Scenario 1 with X4=35 pm, meanwhile the X4=37.3 pm, 39.2 um for Scenarios 2 and 3,
respectively. Later, the dendrite penetrates through all the embedded layers and re-enters
the main-body electrolyte as the charging process continues. At =160 s, X4=49.8 um, 43.8
um, 57.5 um for Scenarios 1, 2, 3, respectively, while X4=71.8 um for the baseline case
without any embedded layer (Fig. 32). Finally, the dendrite reaches the cathode side,
causing short circuits in all the scenarios, and short-circuit time #pnon=276, 290, 262 s for
Scenarios 1, 2, 3, respectively. Such results demonstrate the effectiveness of the dendrite
growth mitigation for the multilayer. It is also clear that a thicker embedded layer can
further slow down the dendrite growth. For the same total thickness, multiple layers with
gaps impose more mechanical stiffness gradient transitions on the multilayer electrolyte
design, thus leading to better dendrite mitigation. The embedded layer affects dendrite
growth mainly by delaying growth speed within EL, thus, the EL thickness is one dominant

factor that controls the mitigation effect. EL with different thicknesses (i.e., 10 pm, 5 um,
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and 0 um) are considered here. The dendrite grows at the same speed until it reaches the
EL region. Then, the dendrite growth speed is reduced by the EL region and the dendrite
penetration distance is largest for the baseline case (Fig. 44). The short circuit time is
delayed at the thickest EL case (i.e., 10 pm), demonstrating that increasing the EL thickness

also helps to mitigate dendrite penetration and reduces short circuit risk.
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Figure 42 Dendrite mitigation effect with multilayer solid electrolyte design: (a) effect of
Young’s modulus Eg;. of the embedded layer, dendrite mitigation behavior of (b) embedded
layer with width W=10 um, (c) two embedded layers with both width W/2=5 um, gap 5 um,
and (d) embedded layer with width W/2=5 pm.
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Figure 43 Dednrite mitigation effect by adding the embedded layer (varying Young’s
modulus Egr, constant fracture resistance G.): stress tensor component o,, at 73 s, and
dendrite growth at 112 s.
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Figure 44 Dendrite mitigation effect with multilayer solid electrolyte design considering
different thicknesses of embedded layer: (a) 7=10 pum, (b) 7=5 um, (c) baseline 7=0 pum.

To provide a clear overview of the dendrite-induced ISC risk, we consider the main
governing effects from the length ratio e, along with the quantity and arrangement of HBs,
and the Young’s modulus of the electrolyte. The resulting map in Fig. 45 for 0<e<1 (regions
I and II) shows combined strategies that combine the advantages of HBs’ high fracture
toughness to suppress dendrite growth and LLZO’s high ionic conductivity to maintain
electrochemical performance. In Region I (high ISC risk), whether single or multiple HBs

are adopted, the dendrite-induced short circuit is not prevented but only delayed by the
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elongated growth path, for both small e (0<e<0.1) area and medium e (0.1<e<0.18) area
using the A4 arrangement method. Nevertheless, multiple HBs in medium e through the
specific A3 arrangement are capable of completely suppressing dendrite growth towards
the cathode (Fig. 40), and single/multiple HBs in large e can prevent the dendrite-induced
short circuit as well, both of which are included in Region II (zero ISC risk). At e=1 (Region
IIT), the strategy becomes a multilayer electrolyte structure consisting of main-body
electrolyte and embedded layer to mitigate dendrite growth through stiffness gradient
design. In this case, the electrolytes have different Young’s moduli Eg; compared to the
main-body electrolyte, and their other properties are the same. Although the dendrite-
induced ISC is not completely prevented in Region III, electrolytes with smaller Egp in
more and thicker layers show promising dendrite mitigation effects to delay the short-

circuit time significantly.
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Figure 45 Overview of the ISC risk as a function of length ratio e, quantity and arrangement
of HB, and quantity and Young’s modulus of the embedded layer.
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4.4 Conclusions

The dendritic growth-induced ISC safety issue is one of the main problems to be
solved for the successful implementation of ASSBs. Inspired by “brick-and-mortar”
toughening mechanisms, we propose the strategy of adding heterogeneous blocks into SEs.
Dendrite growth mitigation is then evaluated with an established multiphysics modeling
framework under practical current density. The effect of adding HBs within the electrolyte
on dendrite mitigation is then comprehensively investigated by considering the HB length,
arrangement method, and multilayer design. Our major findings are:

e The nominal length e of the HB dominates the dendrite mitigation effect with a
single HB. Specifically, large e (0.18<e<1) may completely change dendrite growth
direction and prevent short circuit, while medium e (0.1<e<0.18) can partially block
dendrite growth, and small e (0<e<0.1) can only mitigate dendrite growth to a
limited extent.

e Multiple HBs with medium e, modulated by a specific arrangement method, can
fully mitigate dendrite penetration, while multiple HBs with small e only elongate
the dendrite growth path and delay the short-circuittime.

e The multilayer SE structure shows promise for mitigating dendrites and delaying
short circuits, especially when thicker and multiple embedded layers with smaller
Young’s modulus are adopted.

These results reveal that adding HBs with high fracture resistance is a promising
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approach to mitigate dendrites and reduce short-circuit risk. To implement these findings,
additional consideration of actual microstructural effects is needed. Current LLZO
electrolyte have a G.=3 J/m? with Young’s modulus 150 GPa, fracture toughness 0.985
MPa m°? and Poisson’sratio 0.257. In polycrystalline ceramics varying the grain size can
have some effect on G., however, in most cases these effects are well below the 4:1 ratio
used in the model. Differences this large can be created by varying porosity 23, but this
might limit overall performance of the SE in other ways. In some ceramics, large increases
in G are obtained with elongated whisker-like grain structures (e.g., Si3N4), and our results
indicate that focused efforts to create these structures in SEs are potentially worthwhile.
Ultimately, nanocomposites that employ second phases may provide a wider array of
options for engineering HBs with large G. differences '?*. The mesoscale model with a
homogenized electrolyte domain in this study focuses on the mitigation of dendrite-induced
short circuit risk. In future work, this can be further improved with a multiscale approach
by including the intricate polycrystalline electrolyte structure to predict the transgranular

or intergranular dendrite penetration.
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CHAPTER 5 ELECTROCHEMICAL-MECHANICAL COUPLING FAILURE
MECHANISM OF COMPOSITE CATHODE
In this chapter, | develop the three-dimensional fully coupled electrochemical-
mechanical model to obtain an in-depth understanding of the mechanical instability issues
inside the composite cathode of ASSBs. The model considers the complicated
heterogeneous particle structure as well as battery electrochemical kinetics, Li diffusion
process, mechanical deformation, and interfacial debonding. The quantitative results from
the established model give out insights into the mechanisms of interfacial debonding and
particle bulk damage, which further result in the degradation of the cell performance. The
governing effects from charging rates (C-rates), heterogeneous properties, interfacial
strength, and particle position are then comprehensively investigated to provide possible
solutions to improve the robustness of composite cathode in ASSBs.

5.1 Methodology

To investigate the coupled electrochemical-mechanical behavior inside composite
cathode of ASSBs, the 3D representative region including composite cathode, LLZO
electrolyte and lithium anode surface is selected as the target domain in this study (Fig. 46).
The composite cathode is further composed of the LiNij;3Co13Mn;30, (NCM111)
secondary particle, electrolyte-carbon black domain (ECBD). The secondary particle
consisting of 53 primary particles ranging in size from 0.1 to 3 pm with random shapes and

orientations is stochastically generated through Voronoi tessellation via a Python script.
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The radius of the secondary particleis 5 um. Since the focus of this study is on the failure
mechanism of composite cathode, especially on the particle-related phenomena, the ECBD
and electrolyte domain (ED) are simplified as homogenized regions with effective
properties in the model. The cross section of the representative regionis a 15 umx15 pm
square, and the length of the ECBD and electrolyte domain (ED) are 25 um and 15 pm,
respectively. The right boundary of ED is the lithium anode surface. The left boundary is

the cathode current collector where the external charging/discharging current is applied.
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Figure 46 Illustration of the established 3D model consisting of composite cathode
(NCM111 secondary particle, electrolyte-carbon black domain (ECBD)), LLZO solid
electrolyte domain (ED), and lithium anode.

Electrochemical reaction kinetics. The electrochemical reaction kinetics at the

electrolyte-particle interface is described by the Butler-Volmer relationship:

F —a,F
o= 19 S |- 2 | ”

where /Igy: is the local charge transfer current density, /o+ is the exchange current density,

F'is the Faraday’s constant, R is the gas constant, 7' is temperature, ¢, and «_ are the
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anodic and cathodic charge transfer coefficients, respectively; 7, 1is the overpotential

expressed as:

Qo, _An

n.= ¢s _ﬂ - Eeq - F int (47)

where ¢, and ¢ represent the electrical potential in the solid phase and the electrolyte
phase, respectively; E¢q is the equilibrium potential, Q is the partial molar volume of
lithium in the active material, o, = (0'11 +0, +G33)/ 3 is the hydrostatic stress,
An., =R -1

is the overpotential drop induced by the increase interfacial resistance Rin

int BV

as aresult of particle-ECBD interface debonding. Theterm —Qo, / F considers the stress
effect on overpotential (namely, the interfacial reaction kinetics).

Within the ECBD and ED areas, the electric current density obeys Ohm’s law,
governed by the following equations:

i = _Kfﬁvﬂ (48)

i, =—x{"V, (49)
where the i; and i, are the current density in the electrolyte domain and the remaining
electrically conductive domain, respectively; & =&k, and xI" are the effective
electrolyte conductivity and effective electrical conductivity, respectively; &, is the
electrolyte volume fraction, x, 1is the solid electrolyte conductivity. Furthermore, the
charge conservation requires:

Vi, =0 (50)

Vi =0 (51)
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At the electrolyte-lithium interface, the charge transfer reaction kinetics is governed

by Butler-Volmer equation as well:

loy. = o {exp[%j—exp(%ﬂ (52)

777:¢s_¢|_Eeq (53)
The following boundary conditions are applied for the electrochemical process:

—i-n =i, atleftboundary z=0, ¢, =0V at right boundary z=40 pm, where n is the

unit outward normal vector of the cathode surface, and i,pp is the applied current density at
the cathode current collector.
Diffusion process. The diffusion of Li ions into the NCM secondary particle is affected

by both the concentration gradient and stress effect, described by the Fick’s second law of

diffusion:

oc

§+V~JS =0 (54)
Qc
JSZ—DSKVC—EVO}] (55)

where ¢ is the bulk Li concentration in the particle, J; is the Li flux,

1x107™ 0 0
D.=| 0 1x10™ 0 m?/s is the diffusion coefficient which is anisotropic,
0 0 1x107%

ie, Du=1x10", Dpr=1x10", Dg3=1x10%° m?/s along [100], [010], [001]
crystallographic orientations of the NCM primary particle, respectively. >126 Note that the

crystallographic orientations of the primary particles are randomly created, and the
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adjacent primary particles hold different directions. The Li flux for the particle is from the

interfacial current density of the charge transfer reaction:
Jon, = -2 (56)

where the n; is the unit normal vector from the electrolyte to the particle surface.
Mechanical deformation. The equilibrium equation of solid mechanics follows
V-o+f,=0 (57)
where the stress tensor o is given by Hooke’s law for linear elasticity as o =C:e., fv is the
body force per unit volume which equal zero here, C and & are the constitutive tensor and
elastic strain tensor, respectively. Furthermore, the total strain & is related to the

displacement field u:
£=1«Vuf+Vu) (58)
2

In this study, the total strain ¢ also follows:

E=¢&,+&, (59)
where er; islithiation/delithiation-induced strain. It’s assumed that 1 is proportional to the
normalized Li concentration ¢, in the particle, ch=c/Cmax, Where cmax 1s the maximum Li
concentration at the fully lithiated state, written as:

&, =BG, (60)
where f. is the lithiation expansion coefficient which is anisotropic, expressed as:

B.=0,p,(c)/3 (61)
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0
0 | is the coefficient matrix, fco(c) is the intercalation-induced
-1

where Hﬁ =

o O -
o - O

volumetric strain in NCM particle as a function of Li concentration defined by the curve in
Fig. 47,7 and the volumetric strain is converted to linear strain in each single direction
through multiplying by one-third. Furthermore, the lithiation-induced volume change in
[001] orientation of the NCM particle is opposite to that of the other two orientations,'?
thus Op11=1, Op2=1, Og3=-1 for [100], [010], [001] orientations, respectively. According to
the reference, ' the absolute values of 6 (i, j=1, 2, 3) are close, which are assumed to be
the same in this study. The symmetric mechanical boundary conditions are applied to the

side surfaces of the cell.
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Figure 47 Intercalation-induced volumetric strain fco of NCM111 particle as a function of
normalized concentration c,.’

Interfacial debonding. The cohesive zone model is adopted to describe the
debonding/separation behavior of the particle-ECBD interface. The quadratic failure

criterionis used to predict the onset of separation: 27128

BRIt
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where 7 is the element traction and o. is critical stress (i.e., interfacial strength) in single
mode with the subscripts I, II, III denoting separation Mode I (tensile mode), Mode II (shear

mode), Mode III (tear mode), respectively. The Macaulay bracket < > is defined as

0,x<0 . T . .
<x> :{ 50’ which further implies that normal compressive stress is not assumed to
X, X >

initiate the separation.

The mixed-mode relative displacement un, quantitatively characterizes the
displacement in the adhesive layer, defined as:
u = (u,)2+uﬁ (63)
where u; and uy are the displacements in normal direction and tangential direction,
respectively.

The power-law mixed-mode failure criterion is selected to describe the propagation of
the debonding process, expressed as: 2%

BECE
Ic llc

where Gi. and G are the critical tensile and shear energy release rates (i.e., fracture
toughness), respectively, a is the mode mixity exponent. In this study, the interfacial
strength o, and fracture toughness G, are assumed to be the same for tensile in the normal

direction and shear in the tangential direction.
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The actual debonding gap 4 between the particle surface and ECBD region is
automatically detected by the model, which will influence the particle-ECBD interfacial
resistance Rjy; by: 2% 130

R =R (e“ref —1) (65)
where the Rir:tf is the reference interfacial resistance, A.r is the reference gap. The
interfacial resistance R;n; further affects the overpotential and the corresponding charge
transfer reaction kinetics at the interface.

The material properties and parameters are summarized in Table 3. The one-
dimensional (1D) battery model is established with NCM111 cathode, LLZO solid
electrolyte and lithium anode (Fig. 48). The predicted charging/discharging potential
(NCM111 vs. Li/Li") vs. specific capacity curves by the 1D model agree well with the

experiment results,'?!

which verifies the electrochemical parameters adopted in the 3D
model in Fig. 46. Based on the validated modeling framework, further investigation into

the electrochemical-mechanical coupling failure mechanism is carried out.

Lithium LLZO NCM111
anode electrolyte cathode
»
~ -

4.5

421

391

361

=—m—Exp. charge
—e—Exp. discharge
=—=Sim. charge

== Sim. discharge

Potential (vs. Li/Li*) (V)

33r

30}

0 50 100 150 200
Specific capacity (mAh/g)

Figure 48 Comparison of the charge/discharge voltage vs specific capacity curves between
experiment and simulation.
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Table 3 Summary of material properties and simulation parameters

Parameter Symbol Value References
Anodic charge transfer coefficient a, 0.5 14
Cathodic charge transfer coefficient @, 0.5 14

Partial molar volume of Li metal Q 9x10% m*/mol 7
Faraday’s constant F 96485 C/mol --

Gas constant R 8.314 J/mol/K --
Temperature T 293.15K --
Electrolyte volume fractionin ECBD ¢ 0.9 Estimated
Solid electrolyte conductivity K 0.08 S/m 131
Electrical conductivity in ECBD Pl 1 S/m 132

Li diffusivity in particle D, g;:ll)lez;ox r11§)2/1: m?/s; 155 156
Interfacial strength oc 100 MPa 130
Fracture toughness G 1 J/m? Estimated
Young’s modulus of solid electrolyte Esg 150 GPa 49
Young’s modulus of NCM particle ~ Encwm 78 GPa 133

Mode mixity exponent a 1 Estimated
Reference interfacial resistance R 2x10° Q/m? 130
Reference gap Aref 10 nm 130
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5.2 Results

To obtain a basic understanding about the typical failure phenomena in composite
cathode, the focus is firstly on the scenario of the cell including one NCM111 secondary
particle in cathode domain (Fig. 46) at 1C constant-current (CC) charging and CC
discharging scenario. The lower and upper cut-off voltages are 3 V and 4.3 V, respectively.
The total charging and discharging times are 3103 s and 3008 s, respectively (Fig. 49(a)),
with a Columbic efficiency (CE) of 96.94%, indicating the capacity loss caused by the
internal impedance going on inside the cell. The focus of this study is mainly on the failure
mechanism of composite cathode from two aspects: (a) the interfacial failure between
cathode particle and its surrounding ECBD, and (b) the bulk damage inside cathode particle.

As for the interfacial failure between particle and ECBD, the concern is mainly with
the interface debonding issue. Upon charging, delithiation occurs within NCM111 particle,
whose overall volumetric strain is negative,’ i.e., the volume of NCM 111 particle shrinks
during delithiation (Fig. 50(a)). Meanwhile, the LLZO solid electrolyte owns the Young’s
modulus of 150 GPa, representing a strong stiffness to resist deformation. As a result, the
interface between the particle and its surrounding ECBD begins to separate (Fig. 49(b))
once the onset criterion of the interfacial debonding is fulfilled (Eq. (52) in the
Methodology part). Here the average interfacial debonding gap Dg ave and maximum gap
Dg max are adopted to quantitatively characterize the progressive failure process at the

particle-ECBD interface (Fig. 49(b)), the former representing the overall debonding
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situation and the latter indicating the worst-case scenario. Dg ave and Dg max both gradually
increase until £=2200 s to Dg ave=0.3 nm and D max=6.8 nm, then they rapidly increase to
their maximum values Dg ave=14.3 nm and Dg max=55 nm at charging end (=3103 s),
which significantly raises the interfacial impedance, and the interfacial electrical resistance
Rin: considered in the model is exponentially related to the debonding gap (Fig. 50(b)). The
increased Rin will cause higher charging voltage to reach the upper cur-off voltage earlier,
resulting in smaller charging capacity acceptance of the cell. Meanwhile, higher Rjn
reduces the overpotential at particle-ECBD interface (Eq. (47)), thus, the electrochemical
reaction kinetics is retarded. Around the charging end and discharging beginning
(=3100~3350s), DG ave and Dg max remain at a high-value plateau, because the maximum
volumetric strain (Fig. 49(c)) and the volume change of the whole particle (Fig. 50(a))
reach a plateau which directly determines the corresponding debonding gap. After =3350
s, the lithiation induces the particle volume expansion, then the debonding gap decreases
and the interfacial contact gradually recovers (Fig. 49(b)). The interfacial resistance exists
and acts continuously during the CC discharging, possibly causing the capacity loss and
the above mentioned 96.94% CE. Furthermore, at the discharging end, the debonding gap
is not completely recovered (Dg ave=0.255 nm and DG max=0.889 nm), which may further

accumulate in long-time cycling to contribute to the performance degradation.
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Figure 49 Electrochemical-mechanical coupled behavior of the composite cathode. (a) Cell
charging/discharging voltage curve. (b) The average and maximum debonding gap at the
particle-electrolyte interface, DG ave and DG max. (¢) The maximum von Mises stress
OMises max and maximum volumetric strain ey max (negative value due to volume shrinkage)
of the particle during charging/discharging. (d) The von Mises stress owmises of the 3D cell
and its cross sections at X-Y, Z-Y, Z-X planes. The contour plots of various variables at
different times, including t=0 s (charging beginning), 1550 s (charging midpoint), 3103 s
(charging end), 4650 s (discharging midpoint), and 6111 s (discharging end): (e) Li
concentration in the particle ¢, (f) volumetric strain ey, and (g) von Mises stress omises.
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The failure inside the NCM secondary particle comes down to the cracking or
pulverization issues. The maximum von Mises stress omises max Within the particle domain
increases during the CC charging process from initial stress-free status to oumises max=2.64
GPa at r=3103 s (Fig. 49(c)), which basically is the result of the lithiation/delithiation-

induced deformation as well as the constraint from the surrounding ECBD. Such a large
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stress 1s most probably to cause the cracking failure of the particle. At the charging end
(=3103 s), the stress is mainly concentrated around and inside the particle domain, and the
region away from the particle remains at a low stress status, as can be seen from the 3D
profiles of von Mises stress omises Of the whole cell (Fig. 49(d)). To take a further look at
the phenomena occurring inside the secondary particle, three 2D cross sections are cut from
the 3D geometry, i.e., X-Y, Z-Y, and Z-X planes. Surprisingly, owmises distributes
nonuniformly in all the cross sections, especially at the boundaries of the primary particles
(Fig. 49(d)). The Z-Y profiles of the dominant variables (namely, Li concentration c,
volumetric strain ey, and von Mises stress omises) at specific times are collected to give out
an understanding of the overall evolution process during battery operation, including the
charging/discharging start, middle, and end times (i.e., =0, 1550, 3103, 4650, 6111 s). At
the beginning, the particleis at a free-stress/strain state with uniform initial concentration
distribution (#=0 s, Figs. 49(e-g)). During the charging process (along with delithiation of
NCM particle), ¢ decreases throughout the particle, simultaneously showing the overall
trend of smaller ¢ closer to the particle surface (#=1550 s, Fig. 49(e)), due to the fact that
charge transfer reaction occurs at the particle-ECBD interface. However, ¢ evolves in a
nonuniform way, which is caused by the randomly distributed primary particles with
different crystallographic orientations. Since both the diffusivity and expansion coefficient
are different along [100], [010], [001] directions of the primary particles, the overall Li

diffusion and volume change show markedly anisotropic behaviors for the secondary
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particle, eventually resulting in the significant nonuniformity of ¢ and ey (==1550 s, Figs.
49(e-t)). Though the overall volumetric strain is negative for NCM secondary particle
during charging (i.e., secondary particle volume shrinks), the delithiation-induced strains
are negative along [100] and [010] directions (volume contraction) while positive along
[001] direction (volume expansion). Such mismatch of volume change further aggravates
the nonuniformity of the strain (Fig. 49(f)). giving rise to the nonuniform stress profiles
(Fig. 49(g)). As the charging process continues, the maximum stress and strain increase,
and the stress/strain fields become more inhomogeneous, especially at the boundaries of
the small primary particles (=3103s, Figs. 49(f-g)), eventually leading to the
experimentally observed cracks inside NCM secondary particles 2% 13% 135 because of
weaker grain boundary connections between primary particles compared to particle bulk
domains. During the discharging process, the lithiation leads to larger ¢ closer to secondary
particle surface (r=4650s and 6111s, Fig. 49(e)). The nonuniform ¢ and the inhomogeneous
volume change of the primary particles (expansion along [100], [010] directions,
contraction along [001] direction) cause the nonuniformity of strain and stress distribution
(+=4650 s and 6111 s, Figs. 49(e-f)). Interestingly, at discharging end, the Li concentration
is not recovered to its initial state, and there are residual stress and strain within the particles,
which may partially contribute to the above mentioned 96.94% CE and may also

accumulate during the cycling to further degrade the cell performance.
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In short, both interface debonding failure at the particle-ECBD interface and the
cracking failure inside the particle are the results from electrochemistry-mechanics
interactions, mainly from three aspects: (1) lithiation-induced volume contraction under
the constraint by the surrounding stiff ECBD; (2) structural inhomogeneity caused by the
randomly distributed crystallographic orientations of the primary particles with anisotropic
Li diffusion; (3) nonuniform Li concentration and volume variation mismatch-caused
concentrated stress around the boundaries of primary particles. The failure mechanism of
composite cathode in ASSBs is basically understood, based on which the effects from
various governing factors are investigated, including the charging rate, heterogeneity,
interfacial strength, and particle position, to further dig out the dominant variables and

provide possible improvement guidance on improvement of composite cathode.
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Figure 50 (a) The total volume change of the NCMI111 secondary particle during the
charging/discharging at 1C. (b) The average interfacial resistance Rin calculated from the
average debonding gap.
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5.3 Discussion

5.3.1 Charging rate effect

Achieving high charging rates (C-rates) is one of the main limiting factors for the
commercialization of the current ASSBs, due to the severe mechanical instability and
dendritic issues at large applied current densities. A series of C-rates are selected herein,
ie., 0.1C, 0.5C, 1C, 2C, to investigate the C-rate effect on the failure behavior inside
composite cathode of ASSBs. To fairly compare the results at different time scales from
various C-rates, the actual time 7 is normalized by the nominal charging time 7 at each C-
rate, namely 7=36000 s, 7200 s, 3600 s, 1800 s for 0.1C, 0.5C, 1C, 2C, respectively. The
CC charging-CC discharging scenario is discussed here, and the scenario with constant-
voltage (CV) charging is included in the supplementary materials.

The cell at a higher C-rate shows a smaller charging/discharging capacity (Fig. 51(a)),
which is usually attributed to the larger interfacial polarization and larger voltage drop
caused by internal resistance, but the root cause is that the Li stored in the NCM secondary
particle is less exchanged to anode at higher C-rates (Fig. 51(b)). With the help of the
established model, the total amount of Li My, is calculated by integral of the Li
concentration ¢ within the secondary particle domain, and My; decreases during charging
due to the delithiation and vice versa for discharging (Fig. 51(b)). For the secondary particle,
the initial M;;=24.659x10"'> mol at =0 s decreases to Mi;=1.666x10"'2, 2.362x107!'2,

3.203x107'2, 4.615x10!2 mol at the charging end for 0.1C, 0.5C, 1C, 2C, respectively,
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which serves as the direct evidence that more Li remains within the NCM particle without
participating the charge transfer reaction at a higher C-rate, thus the charging capacity is
reduced. The concentration ¢ that directly indicates the delithiation state determines the
volumetric strain ey (Fig. 51(c)) and the corresponding deformation (namely, particle
volume change, Fig. 52) where particleis in a volume shrinkage process during charging,
resulting in increased stress owmises inside the particle (Fig. 51(d)). Note that the peak values
of maximum ey and owmises are very close for all the C-rates, i.e., ev max=-0.0253 and
oMises max=2.64 GPa, since they all reach the plateau stage. Nevertheless, the particle at high
C-rates owns a less contracted volume (Fig. 52) due to more Li remained in the particle,
especially at 2C case, thus the peak values of the maximum and average debonding gaps
of particle-ECBD interface are smaller at 2C at charging end, i.e., DG ave=13.5 nm and
DG max=52.5 nm, compared to Dg ave=14.3 nm and Dg max=55 nm at 1C (Figs. 51(e-f)).
The higher C-rate appears to contribute less to the interfacial failure and bulk damage
during charging process, evaluated by Dg and owises, respectively, whereas, the situationis
completely reversed once the discharging process is included. During the discharging
(lithiation of NCM particle), the Li amount M;; in the particle increases, and
correspondingly, the other main state variables (i.e., ev, OMises, DG ave and Dg max) gradually
recover. However, these variables are incapable to completely recover at discharging end
to their initial state at charging beginning (Fig. 51(b-f)). The total Li amount

M1i=24.518%10712, 24.058%10712, 23.647x107'2, 22.772x10'2 mol at the discharging end
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for 0.1C, 0.5C, 1C, 2C, respectively, are lower than the initial M1;=24.659x10'2 mol at =0
s, which also indicates that My; at a higher C-rate shows a larger residual discrepancy to
the fully recovered state (Fig. 51(b)). Consequently, at the discharging end, the maximum
volumetric strain and von Mises stress have larger residual values at higher C-rates, i.e.,
ev max=-0.0398x1073, -0.835x1073, -3.032x107, -5.891x107, and omises max=0.003, 0.048,
0.166, 0.327 GPa for 0.1C, 0.5C, 1C and 2C, respectively (Fig. 51(c-d)). Possible damage
to the bulk particle could be caused by the residual ey and owmises, especially at high C-rates
with larger residual stress/strain, which may also be further accumulated after a long-term
cycling and the progressive damage finally leads to the crack or pulverization of the particle.
Furthermore, the particle volume at discharging end cannot be restored to its original state
of good interfacial contact with the surrounding ECBD (Fig. 52), and the unrecovered
interface debonding gap after the CC discharging is larger at higher C-rates, i.e.,
Dg ave=0.01, 0.052, 0.255, 0.762 nm and DG max=0.036, 0.181, 0.889, 2.688nm for 0.1C,
0.5C, 1C and 2C, respectively (Fig. 51(e-f)), indicating larger interfacial impedance at
higher C-rates, which could partially contribute to the deteriorated performance at higher
C-rates. The cell at higher C-rates shows a worse interfacial contact and larger residual
stress/strain within bulk particle after CC charging and discharging, which may be
alleviated by adding the CV charging step but still cannot be completely recovered (Fig.

53).
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Figure 51 Effect of charging rate on the electrochemical-mechanical behavior of composite
cathode in ASSBs. (a) Cell charging/discharging voltage curves of different charging rates,
1.e., C-rate=0.1C, 0.5C, 1C, and 2C. (b) Li amount My in the secondary NMC-111 particle.
(c) Maximum volumetric strain of the particle v max. (d) Maximum von Mises stress for
the particle omises max- (€) Maximum interfacial debonding gap DG max. (f) Average
interfacial debonding gap Dg ave. Note that the time # is normalized by the nominal charging
time 7 (t=36000s, 7200s, 3600s, and 1800s for 0.1C, 0.5C, 1C and 2C, respectively).
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Figure 53 Effect of charging rate on the electrochemical-mechanical behavior of composite
cathode in ASSBs with constant-voltage (CV) charging stage taken into account. (a) Cell
charging/discharging voltage curves of different charging rates, i.e., C-rate=0.1C, 0.5C, 1C.
(b) Li amount M;; in the secondary NMC-111 particle. (¢) Maximum von Mises stress for
the particle omises max- (d) Average interfacial debonding gap Dg ave.
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5.3.2 Heterogeneity effect

The NCM secondary particle is the heterogeneous mixture composed of many
randomly distributed primary particles with various size and different crystallographic
orientations. The orientation-determined Li diffusivity and expansion coefficient of
primary particles lead to significant heterogeneous distribution of the Li concentration,
stress, strain within the secondary particle (Figs. 49(e-f)). In the baseline model, the
anisotropic diffusivity D (Eq. (55)) and anisotropic expansion coefficient matrix 65 (Eq.
(61)) are employed, i.e., Ds11=1 %107, Dyr=1x10"4, Dg33=1x102° m?/s, and Op11=1, Opo=1,
Op33=-1 along [100], [010], [001] directions of each primary particle, respectively, which
serves as the baseline scenario (Case ). To further look into the heterogeneity effect,
various cases with different D, and My are considered (Fig. 54)--Case I: baseline scenario;
Case 2: isotropic Dy (Dyii=1x101* m?/s (i=1, 2, 3)), and 0 (0p1=0p2=1, Op3=-1); Case 3:
isotropic Ds, and O (0p11=0p2=1, O0p3=-0.5); Case 4: isotropic D,, and s (0s1=0p2=1,
0433=0). Specifically, Case I and 2 are to explore the heterogeneity effect from diffusivity,
and Case 2, 3 and 4 are to study the heterogeneity effect from expansion. Note that 1C C-
rate is selected for all the following discussions.

Switching Li diffusivity D, from the anisotropic Case I to isotropic Case 2, the cell
charging/discharging time are both elongated from 3103 s/3008 s to 3185 s/3155 s (Fig.
54(a)), due to the facts that the particle is more delithiated during charging and less Li

remains at the charging end in Case 2, and more Li remains at the discharging end in Case



132

1 (Fig. 54(b)). The corresponding Columbic efficiency is increased from 96.94% (Case 1)
t0 99.06% (Case 2), indicating that increasing D, and reducing the diffusive anisotropy are
beneficial for battery performance improvement. Since the maximum volumetric strain and
particle volume change during charging are close for Case I and 2 (Figs. 55(a-b)), the peak
values of debonding gap Dg ave and stress omises max are also close (Figs. 54(c-d)). However,
the Li concentration shows a much greater nonuniformity in Case I (Fig. 54(e)). Moreover,
at the discharging end, the residual Li amount in the particle (AMLi=MLi, charging beginning —
M\, discharging end) in anisotropic Case I AM1;=1.012x1071? mol is larger than that of isotropic
Case 2 AM1;=0.744x10'2 mol, which is caused by the slow diffusivity Ds3=1x102% m?/s
in Case 1. Larger AMi; results in larger residual debonding gap and stress at the discharging
end, namely, Dg ave=0.255 nm and owmises max=0.166 GPa in Case I, both larger than
DG 4ve=0.092 nm and owmises max=0.069 GPa in Case 2. It implies that, smaller and
anisotropic D could also impose more mechanical damage to the particle and debonding
issue in addition to the capacity reduction.

The lithiation/delithiation-induced deformation along [001] direction of the NCM
primary particle is opposite to other directions, as can be reflected by Op11=1, Op2=1, Op33=-
1 along [100], [010], [001] directions, respectively, which causes the deformation
mismatch of adjacent primary particles (Fig. 49(f)) since their orientations are randomly
generated and distributed. Such deformation mismatch further induces greater stress

heterogeneity inside the secondary particle, and the stress mainly concentrates along the
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boundaries of primary particles (Case [-2, Fig. 54(f)). Case 3 and 4 take 6s3=-0.5 and
0p33=0, respectively, which means less opposite deformation to other two directions
(0p11=0p22=1) compared to Case 2 (Op3=-1). The deformation mismatch (i.e., volumetric
strain heterogeneity) in Case 4 is significantly alleviated than Case 3, which is also much
better than Case 2 (Fig. 55(d)). Subsequently, the peak values of the von Mises stress and
the stress distribution nonuniformity both follow Case 4<Case 3<Case 2 (Figs. 54(d) and
(f)). Furthermore, due to the more uniform stress profile and thus less stress effect on Li
diffusion (Eq. (55)), the Li concentration profile is more uniform in Case 4 than Case 3
and Case 2 (Fig. 54(e)). Since the deformation along [001] directionis less expanded and
more contracted for Case 3-4 than Case 2 during the charging process, the particle volume
at the charging end Case 4<Case 3<Case 2 (Fig. 55(b)) causes the interface debonding gap
Case 4>Case 3>Case 2 (Fig. 54(c)). The larger interfacial resistance caused by the larger
debonding gap results in higher voltage drop across the interface (Fig. 55(c)) and thus
shorter charging period of Case 4 (Fig. 54(a)). To briefly summarize, the less opposite and
less anisotropic expansion coefficient will cause more uniform concentration, strain, and
stress profiles, thus less adverse effect from heterogeneous structure, which shows a
promising improvement direction to control the crystallographic orientations of primary

particles.
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Figure 54 Effect of heterogeneity from diffusivity and expansion coefficient on the
electrochemical-mechanical behavior of composite cathode in ASSBs. (a) Cell
charging/discharging voltage curves at different diffusion and expansion cases. (b) Li
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Figure 55 Effect of heterogeneity from diffusivity and expansion coefficient on the
electrochemical-mechanical behavior of composite cathode in ASSBs. (a) Maximum
volumetric strain of the particle ey max. (b) Total volume change of the particle during the
charging/discharging. (c) The average value of the voltage drop caused by the interfacial
resistance induced by interface debonding gap. (d) The Z-Y plane contour plots of
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5.3.3 Interfacial strength effect

Interfacial modification or increasing the interfacial strength is a commonly adopted
method to improve the interface contact between particle and surrounding electrolyte for
better long-term cyclability performance. However, one question still remains to be
answered: is stronger interfacial strength always beneficial for the composite cathode?
Herein various interfacial strength o. are selected as Case -4, namely, 6.=50, 100
(baseline), 200, 500 MPa, and based on the reference distance of 10 nm, the corresponding
fracture toughness G. also varies (G.=0.5, 1, 2, 5 J/m?, for Case 1-4, respectively). Note

that the strength is assumed the same in normal and shear directions.
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The cell voltage shows little difference at different interfacial strength in Case /-4 (Fig.
56(a)), which can be explained by their close Li amount in the particle (Fig. 57(a)). The
interfacial strength serves as the mechanical constraint boundary condition for the
deformation of the particle. Since stronger interfacial strength imposes a higher threshold
value for the onset of interfacial separation/debonding, the interfacial debonding gap Dg ave
decreases with increasing o. (Fig. 56(b)) and the Dg .v. peak values are 19.9, 14.3, 1.1,
0.027 nm for ¢.=50, 100, 200, 500 MPa, respectively. The similar trend also exists for
Dg max (Fig. 57(b)). The debonding gap is nearly 0 at Case 4 with high ¢.=500 MPa,
indicating that increasing the interfacial strength to a certain value can address the interface
debonding issue. The average value of voltage drop across the interface caused by the
interfacial resistance is larger at lower o, but the maximum value is still small below
0.015V (Fig. 57(a)), which can also explain the close voltage responses at Case [-4. Since
the higher o, constrains the volume shrinkage of the particle more strictly during charging,
the volumetric strain ev max gets larger to adapt to the particle contraction under the stronger
constraint (Fig. 56(c), resulting in larger stress owmises max (Fig. 56(d)). Both &v max and
OMises max Peak values increase with oc, i.€., &v max=-26%107, -25.3x1073, -33.7x107, -
46.2x107, and omises max=2.1, 2.64, 3.86, 9.7 GPa for ¢.=50, 100, 200, 500 MPa,
respectively. owmises On the particle surface at certain points significantly increases with o,
as shown by the red region in Fig. 56(e), and owmises inside the particle also shows an

increasing trend (Fig. 56(f)). The peak stress omises max reaches above 9GPa at 6.=500 MPa,
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which is most probably to cause mechanical damage to the particle, such as crack or
pulverization. Based on the above discussion, it’s discovered that, increasing the interfacial
strength inside composite cathode has competing contributions to the cell performance:
suppressing the interface debonding to reduce interfacial impedance, and inducing high
stress to cause possible mechanical damage to the particle. Thus, controlling the particle
volume variation and adopting appropriate interfacial strength may be a proper way to both

ensure interfacial contact and avoid particle damage.
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Figure 56 Effect of interfacial debonding strength on the electrochemical-mechanical
behavior of composite cathode in ASSBs. (a) Cell charging/discharging voltage curves at
different interface debonding strength, i.e., 50 MPa, 100 MPa, 200MPa, and 500MPa. (b)
Average interfacial debonding gap Dg ave. (¢) Maximum volumetric strain of the particle
ev_max- (d) Maximum von Mises stress for the particle omises max. (€) Von Mises stress omises
profiles of the particle at charging end. (f) Von Mises stress owmises profiles of the Z-Y plane
at charging end.
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Figure 57 Effect of interfacial debonding strength on the electrochemical-mechanical
behavior of composite cathode in ASSBs. (a) Li amount My in the NCM secondary particle
at different interfacial strength, i.e., 50 MPa, 100 MPa, 200MPa, and 500MPa. (b)
Maximum debonding gap at the electrolyte-particle interface Dg max. (¢) The average value
of the voltage drop caused by the interfacial resistance induced by interface debonding gap.

5.3.4 Particle position effect

The composite cathode in ASSBs contains numerous NCM secondary particles, whose
positions are randomly distributed in x, y, z directions. Usually the active materials in the
x-y plane are considered uniform at a fixed z value. Here the effect from particle position
along the z direction on the electrochemical-mechanical behavior of composite cathode in
ASSBs is investigated. Two particles are included, i.e., P1 and P2 (Fig. 58(a)). P1 is closer
to the anode side and P2 is closer to cathode current collector, and the z-axis distance
between P1 and P2 is 12 pm. The stress mainly concentrates around or within the particle
domain (Fig. 58(a)).

During charging, the movement direction of Li ions is from cathode particle to the
anode side, and the NCM particle closer to anode side will be firstly delithiated, which can
be evidenced by the lower Li amount in P1 at charging beginning (Fig. 59). Similarly,

during discharging, the particle closer to anode side is more lithiated, and P1 has a larger
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Li amount at discharging end than P2. The peak value of the maximum interfacial
debonding gap DG max 0f P11s 26.93 nm larger than 26.66 nm of P2 (Fig. 58(b)), indicating
that the particle closer to anode side suffers worse interface debonding issue, which implies
that gradient design for the interfacial strength may be in need to make the particle
interfacial durability the same through the thickness. Moreover, during the middle stage of
the charging process (=1200~2200 s), the maximum volumetric strain ey max 0f P1 is about
2x107 larger than that of P2 (Fig. 58(c)), which demonstrates more serious deformation in
P1. Correspondingly, the maximum von Mises stress omises max Within P1 is also larger
during this period (Fig. 58(d)), indicating larger mechanical damage occurring in P1. The
above results indicate the particle closer to anode side suffers more severe interfacial
debonding and bulk damage, which should be treated with enhanced properties during

fabrication.
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Figure 58 Effect of particle position on the electrochemical-mechanical behavior of
composite cathode in ASSBs. (a) Von Mises stress awmises profiles of the cell at charging end.
(b) Maximum interfacial debonding gap DG max. (¢) Maximum volumetric strain of the
particle v max. (d) Maximum von Mises stress for the particle oumises max-



141

3

1S

©

X

2

o

b=

®

o

£

I=

=

o

£

s gl . . . .

-} 0 1500 3000 4500 6000

Time, { (s)

g g
£ £
© ©
3 3
2 2
2 9
£ =
® ®
Q a
£ S
€ =
3 >
I} I}
& &
5 0 100 200 300 400 500 5 5700 5800 5900 6000 6100

Time, £ (s) Time, £ (s)

Figure 59 Li amount in the NCM secondary particles (P1 and P2), with zoomed-in views
at charging beginning and discharging end.

5.4 Conclusion

The failure issues occurring inside the composite cathode of ASSBs are complicated
multiphysics phenomena involving electrochemistry and mechanics, mainly manifested as
particle damage and the interfacial failure. Considering the electrochemical reaction
kinetics, Li diffusion process, mechanical deformation and interface debonding, the 3D
electrochemical-mechanical coupled model is developed in this study to unravel the
underlying failure mechanism. The randomly distributed NCM 111 primary particles inside
the secondary particle result in the anisotropic Li diffusion and volume variation, which

lead to significant nonuniformity of the Li concentration, strain, and stress profiles
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especially along the boundaries of primary particles, finally causing the internal cracks or
pulverization of the secondary particle. The NCM particle volume shrinks during charging
while under the constraint of the surrounding stiff ECBD domain, gradually inducing the
interface debonding and increasing the interfacial impedance to degrade cell capacity. Cell
at larger C-rates show a smaller charging capacity and larger residual
stress/strain/debonding gap at discharging end, thus more likely to deteriorate the
performance, which may be partially improved by adding CV charging step. Furthermore,
more homogeneous Li diffusivity and less anisotropic expansion coefficient will cause
more uniform concentration, strain and stress profiles, thus reducing adverse effect from
heterogeneous structure. Increasing the interfacial strength between particle and ECBD can
suppress the interface debonding but also induce high stress to cause possible mechanical
damage to the particle, so simultaneously controlling the particle volume variation and
adopting appropriate interfacial strength may be a proper way to both ensure interfacial
contact and avoid particle damage. Lastly, particle closer to anode side suffers more severe
interfacial debonding and bulk damage, which may be improved with enhanced properties
during fabrication. Results in this study provide comprehensive understanding of the
electrochemical-mechanical coupling failure mechanism inside composite cathode,

shedding light on the further improvement of more robust composite cathode for ASSBs.
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CHAPTER 6 CONCLUDING REMARKS

In this work, we developed a systematic study of the multiphysics behavior for
dendrite growth and mechanical instability of composite cathode in ASSBs. First, the fully
coupled electrochemical-mechanical phase-field model at the electrolyte scale was
developed to study the coupled dendrite growth and crack propagation behaviors in
polycrystalline solid electrolyte. It was revealed that the newly formed crack provides
further space for dendrite to grow and the grain boundary is the preferential path for
dendrite growth. We found that applying stacking pressure to ASSBs can improve
interfacial contact but also provide mechanical driving force for dendrite and crack. Then,
the multiphysics modeling framework integrating the battery model, mechanical model,
phase-field model and short-circuit model was established to investigate the entire process
from battery charging to dendrite growth and to the final short circuit. The overpotential-
induced interfacial stress between dendrite and SE was found to drive the dendrite
penetration through SE to short circuit the ASSB cell at high C-rates, and the stress status
at the dendrite tip determines the dendrite growth direction. The governing effects from C-
rates, electrolyte conductivity, Young’s modulus, and fracture toughness were
comprehensively discussed. Furthermore, inspired by the “brick-and-mortar” structure, the
dendrite mitigation strategy was proposed by inserting heterogeneous blocks into solid
electrolyte to reduce the lithium penetration-induced short circuit risk, and the overall

mechanism map for mitigation strategy was provided. Last, the three-dimensional fully
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coupled electrochemical-mechanical model was developed to investigate the mechanical
instability issues inside composite cathode of ASSBs, considering the electrochemical
reaction kinetics, Li diffusion within particle, mechanical deformation, and interfacial
debonding. It was discovered that the NCM particle volume shrinkage under the constraint
of the surrounding electrolyte causes the interfacial debonding with increased interfacial
resistance to degrade the cell capacity. The randomly distributed NCM primary particles
further result in the anisotropic Li diffusion and volume variation inside the secondary
particle, resulting in significant nonuniformity of the Li concentration, strain, and stress
distributions. Such inhomogeneities ultimately cause the internal cracks or particle
pulverization.

This work explores the dendritic issue and mechanical instability problem inside
ASSBs from particle scale to cell scale through the multiphysics modeling approaches. The
established electrochemical-mechanical models reflect the real physical processes from
battery operation to dendrite growth inside solid electrolyte and particle-electrolyte
interfacial failure, and quantitatively reveal the evolution of dominant variables including
dendrite order parameter, concentration, potential, deformation, stress, and interfacial
debonding gap. The results provide directions for the cell operating conditions (i.e.,
stacking pressure, C-rate), material selection (i.e., electrolyte with high fracture toughness
and high conductivity, and active particle with minimum volume variation and

heterogeneity), electrolyte structure design, and interfacial modification (i.e., appropriate
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interfacial strength), to improve the dendritic issue and mechanical damage of the active
particles in ASSBs. This work gives out an in-depth understanding of the complicated
electrochemical-mechanical coupling mechanism as well as provides insightful

mechanistic design guidance maps for robust and safe ASSB cells.
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APPENDIX A: Validation of the Established Modeling Framework

The charging/discharging process is adopted to calibrate and validate the established
model to assure the validity of the battery model and the phase-field model. The thicknesses
for the LLZO electrolyte and the LiCoO; (LCO) cathode, Ls=2 mm and L.,=0.5 pum, are
from Ref.!” To conform to the reference’s experimental setup, there is no pre-defect area at
the Li/LLZO interface and the stress effect is excluded (i.e., Eq. (32) is disabled). Then the
galvanostatic charging/discharging is performed under a 0.1C charging rate (3.5 pA/cm?)
in the range of 2.5-4.2V. The charging/discharging voltage vs. capacity response from the
simulation agrees well with experimental results (Fig. 60), demonstrating the validity of

the electrochemical response of the model.
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Figure 60 Model validation: comparison of charge/discharge curves between experiment
and simulation.

Based on the validated parameters, a parametric study is carried out. Considering the
computational efficiency, 20 um is adopted as the cathode thickness. From the results of
the governing effect from the charging rate, it can be roughly deduced that 0.25C is the

critical C-rate and the corresponding current density is about 350 uA/cm?, which is within
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the range of critical current density for the LLZO electrolyte reported in the literature,®

which also demonstrates the validity of the developed model.
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APPENDIX B: List of Governing Equations

Table 4 Main governing equations in the modeling framework

Sub-model

Function

Equation

Battery
model

Butler-Volmer equation
at cathode/anode-
electrolyte interface

i | ex a,F ex -a F
J - JO+ p RT 77+ p RT 77+
F _exp| =% F

n p RT n_

j=j, | exp| £
0- RT

Overpotential for the
electrochemical reaction
at cathode/anode-
electrolyte interface

77+:¢s _ﬂ _Eeq; 77—:¢s, ext _¢I

Ohm’s law and Charge
conservation in electrode
and electrolyte phases

i,=—«& Vi, =—kVg;V-i,=0;V-i =0

Diffusion of Li ions in
the active particle of the
cathode

a;ts =V-(D,Vc,)

Mechanical
model

Mechanical governing
equation following
Newton’s second law

Overpotential-induced
stress at the interface
between dendrite and
electrolyte

Phase-field

Total free energy of the
system

I:total = JI: flocal + fgrad + fmech]dV

Dendrite/crack growth

model governing equation oc FUVE=V. A Vi
following the Allen-Cahn Ot ,ff
equation

S.h ort‘- Calculation of short- R = L,

circuit . . short S
circuitresistance SE_ave (5 ) SE

model
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APPENDIX C: Clarification of the Phase-field Modeling Approach

Since battery is charged by constant current, so the current density is almost
unchanged as a response to the outside constant current charging, which means the
interface kinetics will be forced to be constant. By increasing the exchange current density
joand decreasing the ionic conductivity (case 2, Fig. 61(a)), electrolyte potential ¢ is larger
for smaller jo, then the overpotial is more negative and the stressis thus larger to drive the
crack. To make faster interface kinetics, the external applied current density iappi IS
increased (case 3, Fig. 61(a)) and in this case, the dendrite grows faster also in a similar
way, which can justify our approach. The crack length and width vs. time show the detailed
inforamtion about the evolution process (Fig. 61(b)). Note that we didn't set any value for
W2. We only set the initial defect (L=4 um, W=2 um) at the left boundary, and the dendrite
then grows automatically upon charging. We found that the 2 is also related to the mesh
size, i.e., W2 is smaller when smaller mesh is used, but their growth patterns are similar.
Along with this, we select a suitable mesh size (0.725 um) in this study to consider the
balance of accuracy and computational efficiency. Moreover, the Li-ion flux is added not
only to the tip. Actually, the Li is added around the dendrite, but the dendrite tip has a more
negative overpotential so it grows faster; meanwhile, the stress status makes the dendrite
further grow along the x axis since the dendrite is slim and long along x axis (just like crack
propagation). The phase-field model is developed from the perspective of energy

conservation, and it preferentially chooses the path which has a larger energy release rate.
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Figure 61 (a) Comparison of the dendrite growth between two cases with different
exchange current density, electrolyte ionic conductivity, and applied current density. The
results show that, these cases have silimar dendrite growth pattern. (b) The crack length
and width vs. time.
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10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and their respective officers, directors, employees
and agents, from and against any and all claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed, assigned, or transferred by you to any other
person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing signed by both parties (or, in the case of
publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any purchase order, acknowledgment, check
endorsement or other writing prepared by you, which terms are inconsistent with these terms and conditions or CCC's Billing and
Payment terms and conditions. These terms and conditions, together with CCC's Billing and Payment terms and conditions (which are
incorporated herein), comprise the entire agreement between you and publisher (and CCC) concerning this licensing transaction. In the
event of any conflict between your obligations established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this License at their sole discretion, for
any reason or no reason, with a full refund payable to you. Notice of such denial will be made using the contact information provided by
you. Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier or Copyright Clearance Center be
responsible or liable for any costs, expenses or damage incurred by you as a result of a denial of your permission request, other than a
refund of the amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only unless your license was granted for translation
rights. If you licensed translation rights you may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as follows: Licensing material from an Elsevier
journal: All content posted to the web site must maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at http://www.sciencedirect.com/science/journal/xxxxx or the
Elsevier homepage for books at http://www.elsevier.com; Central Storage: This license does not include permission for a scanned version
of the material to be stored in a central repository such as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier homepage at http://www.elsevier.com . All
content posted to the web site must maintain the copyright information line on the bottom of each image.
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Posting licensed content on Electronic reserve: In addition to the above the following clauses are applicable: The web site must be
password-protected and made available only to bona fide students registered on a relevant course. This permission is granted for 1 year
only. You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-reviewed, nor has it had any other value
added to it by a publisher (such as formatting, copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or enhanced in any way in order to appear
more like, or to substitute for, the final versions of articles however authors can update their preprints on arXiv or RePEc with their
Accepted Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal publication via its DOI. Millions of researchers
have access to the formal publications on ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different preprint policies. Information on these policies is
available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an article that has been accepted for publication
and which typically includes author-incorporated changes suggested during submission, peer review and editor-author communications.
Authors can share their accepted author manuscript:

* immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional uses or as part of an invitation-only research
collaboration work-group
o directly by providing copies to their students or to research collaborators for their personal use
o for private scholarly sharing as part of an invitation-only work group on commercial sites with which Elsevier has an
agreement
« After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

« link to the formal publication via its DOI

« bear a CC-BY-NC-ND license - this is easy to do

« if aggregated with other manuscripts, for example in a repository or other site, be shared in alignment with our hosting policy not
be added to or enhanced in any way to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final record of published research that appears or will
appear in the journal and embodies all value-adding publishing activities including peer review co-ordination, copy-editing, formatting, (if
relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access articles:

Subscription Articles: If you are an author, please share a link to your article rather than the full-text. Millions of researchers have
access to the formal publications on ScienceDirect, and so links will help your users to find, access, cite, and use the best available
version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can be posted publicly by the awarding
institution with DOI links back to the formal publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional private sharing rights for others' research accessed
under that agreement. This includes use for classroom teaching and internal training at the institution (including use in course packs and
courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user license and should contain a CrossMark logo,
the end user license, and a DOI link to the formal publication on ScienceDirect.

Please refer to Elsevier's posting_policy for further information.

18. For book authors the following clauses are applicable in addition to the above: Authors are permitted to place a brief summary of
their work online only. You are not allowed to download and post the published electronic version of your chapter, nor may you scan the
printed edition to create an electronic version. Posting to a repository: Authors are permitted to post a summary of their chapter only in
their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be submitted to your institution in either print or
electronic form. Should your thesis be published commercially, please reapply for permission. These requirements include permission for
the Library and Archives of Canada to supply single copies, on demand, of the complete thesis and include permission for Proquest/UMI
to supply single copies, on demand, of the complete thesis. Should your thesis be published commercially, please reapply for permission.
Theses and dissertations which contain embedded PJAs as part of the formal submission can be posted publicly by the awarding
institution with DOI links back to the formal publications on ScienceDirect.
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This is a License Agreement between Chunhao Yuan ("User”) and Copyright Clearance Cernter, Inc. ("CCC") on
behalf of the Rightsheolder identified in the order details below. The license consists of the order details, the
Marketplace Crder General Terms and Conditions below, and any Rights helder Terms and Conditions which are

included below.

All payments must be made in full to CCCin accordance with the Marketplace Order General Terms and

Conditions below.

Order Date 08-5ep-2022
Order License ID 1266602-1
ISSM 1614-6840

LICENSED CONTENT

Publication Title Advanced Energy

Materials

Article Title Urnlocking the
Electrochemical-
Mechanical Coupling
Behaviors of Dendrite
Growth and Crack
Propagation in All-5olid-
State Batteries

Author/Editor Wiley-VCH.

Date 01/01/2011

Language Erglish

Country Germarny

REQUEST DETAILS

Portion Type Chapter/article

Page range(s) 114

Total number of pages 14

Format (select all that Electronic

apply)

Who will republish the Publisher, for profit

content?

Duration of Use Life of current and all
future editions

Lifetime Unit Quantity Up to 455

NEW WORK DETAILS

Title MECHAMICAL INSTABILITY
OF THE INTERFACES IN
SOLID-STATE BATTERIES

Instructor name Churhao Yuan

Type of Use
Publisher

Partion

Rightshalder
Publication Type
Start Page

Issue

Valume

Rights Requested
Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Institution name

Expected presentation
date

Republishina
thesis/dissertation

Wiley - VCHVerlag GmbH
& Co. KgaA
Chapter/article

John Wiley & Sons - Books
e-|Journal

2101807

36

1

Main product
United States
Original language of
publication

MNo

No

Mo

uUsD

UMC Charlotte
2022-11-01
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The requesting person/
organization to appear
onthe license

Chunhaeo Yuan

REUSE CONTENT DETAILS

Title, description or
numeric reference of the

portion(s)
Editar of portion(s)

Volume of serial or
monograph

Page or page range of
portian

MECHANICAL INSTABILITY
OF THE INTERFACES IM
SOLID-STATE BATTERIES

Yuan, Chunhao; Lu,
Wenguan; XU, Jun

11

2101807
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This is a License Agreement between Chunhao Yuan ("User”) and Copyright Clearance Center, Inc. ("CCC") on
behalf of the Rightsholder identified in the order details below. The license consists of the order details, the
Marketplace Crder General Terms and Conditions below, and any Rightsholder Terms and Conditions which are

included below.

Title of the
article/chapter the
portion is from

Author of partion(s)

Publication date of
portion
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Urnlocking the
Electrochemical=
Mechanical Coupling
Behaviors of Dendrite
Growth and Crack
Fropagation in All-5olid-
State Batteries

Yuan, Chunhao; Lu,
Wenguan; Xu, Jun

2021-09-23

All payments must be made in full to CCCin accordance with the Marketplace Order General Terms and

Conditions below.

Order Date 08-Sep-2022

Order License ID 12666011

ISSN 1614-6840

LICENSED CONTENT

Publication Title Advanced Energy
Materials

Article Title Heterogeneous
Reinforcements to
Mitigate Li Penetration
through Sclid Electrolytes
in All-5olid-State Batteries

Author/Editor Wiley-WCH.

Date 0140172011

Language Erglish

REQUEST DETAILS

Portion Type Chapter/article

Page range(s) 11

Total number of pages 11

Format (select all that Electronic

apply)

Who will republish the Publisher, for profit

content?

Duration of Use Life of currert and all
future editions

Lifetime Unit Quantity Up to 495

NEW WORK DETAILS

Title MECHAMNICAL INSTABILITY
OF THE INTERFACES IN
SOLID-STATE BATTERIES

Instructor name Chunhao Yuan

Type of Use
Publisher

Portion

Country
Rightsholder
Publication Type
Start Page

Rights Requested
Distribution

Translation

Copies for the disabled?
Miner editing privileges?

Incidental promotienal
use?

Currency

Institution name

Expected presentation
date

Republishina
thesis/dissertation

Wiley - WCH Verlag GmbH
&Co. KgaA
Chapter/article

Germany
John Wiley & 5ons - Books
e-ournal
2201804

Main product
United States

Original language of
publication

Mo
Mo
Mo

usb

UNC Charlotte
2022-11-01
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The requesting person /
organization to appear
on the license

Churhao Yuan

REUSE CONTENT DETAILS

Title, description or
numeric reference of the
partion(s)

Editor of portion(s)

MECHAMICAL INSTABILITY
OF THE INTERFACES IN
SOLID-STATE BATTERIES

Yuan, Chunhao; Sheldon,

Title of the
article/chapter the
portion is from
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Heterogeneous
Reinforcements to
Mitigate Li Penetration
through Solid Electrolytes

in All-Solid-State Batteries
Yuan, Chunhao; Sheldon,

Brian W, Xu, Jun
Author of portion(s)

Vol T serial MIA

r!:;l.r;g:p;-erl& or Brian W.; Xu, Jun
Page or page range of 2901804 Publication date of 2022-08-23
portion portion

Mo right, license or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensers is granted hereunder, and you agree that you shall not assert
any such right, license or interest with respect thereto. You may not alter, remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley material. This
Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misreprasented during the licensing process. In no instance may the total amount of Wiley Materials
used in any Main Product, Compilation or Collective work comprise maore than 5% (if figures/tables) or 15% (if full articles/chapters) of the (entirety of the) Main Product, Compilation or
Collective Work. Some titles may be available under an Open Access license. Itis the Licensors responsibility to identify the type of Open Access license on which the requested material was
published, and comply fully with the terms of that license for the type of use specified Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-
410895.html.

Marketplace Order General Terms and Conditions

The following terms and conditions (“General Terms"), together with any applicable Publisher Terms and Conditions, govern User's use of Works pursuant to the Licenses granted by
Copyright Clearance Center, Inc. ("CCC”) on behalf of the applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a "Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:
“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Confirmation Terms® are additional terms set forth on specific
Order Confirmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on specific Order Confirmations.
“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who
the User authorized to accept the General Terms an the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or mare Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of
the copyright rightsholder identified in the relevant Order Confirmation.

3} Applicability of Terms. The Terms govern User's use of Warks in connection with the relevant License. In the event of any conflict between General Terms and Order Confirmation Terms,
the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant. and that CCC
has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept. and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License
provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner
identified on specific invoices, (i) unless otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon receipt of the relevant
invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User
may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon
receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.
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7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (i} is non-exclusive and non-transferable, and (i) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Confirmation, User shall either secure a new permission for further use of the
Waork(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the
Waork. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. Mo Weork may be used in any way that is defamatory. violates the rights of third
parties (including such third parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may
not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCCif it becomes aware of any infringement of any rights
in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)
that are identified in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if
available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise pravided in the Order Confirmation, a
proper copyright notice will read substantially as follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another
location that any person, upen gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as
used (for example, as part of a by-line or footnote) or in the place where substantizlly all other credits or notices for the new work containing the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the
Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability. damages, costs, and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Wark which has
been altered in any unauthorized way by User, induding daims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT. INDIRECT, CONSEQUENTIAL. OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING QUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and
directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,
affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS.” CCC HAS THE RIGHT TO GRANT TQ USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPQSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS, OR OTHER PORTIONS OF THE WORK {AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER: USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR
THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or the Terms,
shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any
unauthorized (but licensable) use of a3 Work that is terminated immediately upon nofice thereof may be liquidated by payment of the Rightshalder's ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including. for example, because materials containing the Work cannot reasonably be recalled) will be
subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable
use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. |f a User is making one of the uses described in this Section 14, the additional terms and cenditions apply:

a) Print Uses of Academic Course Content and Materials {(photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom
handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,
or by off-campus copy shops and other similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by
means of deleting material immediately preceding or following the entire portion of the Waork capied) (i) permit "publishing ventures” where any particular anthology would be
systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;
C) use is limited to no more than the greater of (a) 25% of the text of 2n issue of a journal or other periodical or (b) two articles from such an issue:
D) no User may sell or distribute any particular anthology. whether photocopied or electronic, at more than one institution of learning:

E) in the case of a photocopy permission. no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during
the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a
photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating
permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire partion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User's ordinary business hours, upen two days' prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For uses in
e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants suthorizations to import requested material in electronic format,
and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,
accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not
only the authorizations described in Section 14(b)(i)(4) above, but also the following authorization: to include the requested material in course materials for use consistent with
Section 14(b)()(A) above, including any necessary resizing, reformatting or madification of the reselution of such requested material (provided that such modification does not
alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms). but not including any other form of manipulation. alteration or editing of the
requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not enly the authorizations
described in Section 14{b)(i)(4) above. but also the following authorizations: (i} to include the requested material in course materials for use consistent with Section 14(b)(i)(A)
above; (i) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video
formats; and (iii) to “clip” or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does
not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent
with, the particular autherization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not
autharize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the
Work or to edit or in any other way madify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14{b)(1)B) or (C) above, as described in such Sections) (i) permit "publishing ventures" where any particular course materials would be systematically
marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided
by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (3) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue:

D)

no User may sell or distribute any particular materials, whether photocopied or electranic, at more than ane institution of learning:

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

o

o

o

a

G)

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
a statement to the effect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

3 statement to the effect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the

material or any part thereof.

any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from

any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of 3 Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

V) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such

books

and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have underpaid for, or

underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit: otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.
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<) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internalfexternal business uses
and commercial document delivery). The License expressly excludes the uses listed in Section (c){i}-v) below (which must be subject to separate license from the applicable
Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting: and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) repreduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

) republication in any different form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.
Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electranic repraductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or pesting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use. all as measured from the "republication date” as identified in the Order Confirmation. if any. and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder): provided,
however, that a Work consisting of photographs or other still images not embedded in text may. if necessary. be resized. reformatted or have its resolution modified without
additional express permission, and 3 Work consisting of audiovisual content may, if necessary, be "clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution medification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistant with, the particular License described in the Qrder Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

<) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User's rights in any new material which includes the Work(s) licensed under this Service.

d) Ne amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightshelder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC's standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

&) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.



