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Abstract

Lithium (L1) dendrite growth in Li batteries is a long-standing problem which causes
critical safety concerns and severely limits the advancement of rechargeable Li batteries.
Replacing conventional liquid electrolyte with solid electrolyte of high mechanical
strength and rigidity has become a potential approach to inhibiting the Li dendrite
growth. However, there still lacks accurate understanding on the role of the mechanical
properties of the metal electrode and the solid electrolyte in the Li dendrite growth. In
this work, we develop a phase-field model coupled with the elasto-plastic deformation
to investigate the Li dendrite growth and its inhibition in the cell. Different mechanical
properties, including the elastic modulus and the initial yield strength of both the metal
electrode and the solid electrolyte are explored to understand their independent roles in

the inhibition of Li dendrite growth. High-throughput phase-field simulations are
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performed to establish a database of relationships between the aforementioned
mechanical properties and the Li dendrite morphology, based on which a compressed-
sensing machine learning model is trained to derive interpretable analytical correlations
between the key material parameters and the dendrite morphology, as described by the
dendrite length and area ratio. It is revealed that the Li dendrite can be effectively
inhibited by the electrolytes of high elastic modulus and initial yield strength.
Meanwhile, the role of the yield strength of Li metal is also critical when the yield
strength of the electrolyte becomes low. This work provides a fundamental
understanding of the dendrite inhibition by the mechanical suppression, and
demonstrates a computational data-driven methodology to potentially guide the
electrode and electrolyte materials selection for better inhibition of the dendrite growth.
Keywords: phase-field simulation, lithium dendrite inhibition, high-throughput

calculation, machine learning, elasto-plasticity

1. Introduction

The ever-growing demand of wearable and mobile electronic devices, electric
vehicles, grid-scale electrical storage, and other energy storage systems requires the
advancement of lithium-ion (Li-ion) batteries of high energy density and improved
safety and stability!?. One of the most promising approach is to replace the existing
graphite anodes with the lithium (Li) metal anodes, which has the highest theoretical
capacity (3860 mAh/g), low density (0.53g/cm?®), and lowest negative electrochemical

potential (-3.04V vs. standard hydrogen electrode) **. However, a critical issue that
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impedes the wide application of Li metal battery is the uncontrollable Li
electrodeposition in the form of dendrites or filaments. These needle- or branch-like
dendrites can eventually penetrate the separator of the cell, which creates serious
problems such as lowered Coulombic efficiency, large mechanical deformation of the
electrodes, reduced battery cycle life, and catastrophic internal short circuit>.
Multiple approaches have been proposed to inhibit the Li dendrite growth’?.
Among them, the mechanical suppression on dendrites using solid electrolyte (SE) of
high mechanical strength and good ionic conductivity is one of the most promising

9,10

methods™"”. Numerous studies have been made to understand the Li dendrite

suppression effect by the solid inorganic (ceramic) electrolytes'!!?

, solid polymer
electrolytes!®, and the ceramic/polymer composite electrolytes'> 16, A seminal model
related to the elastic effect in Li battery was done by Monroe and Newman, who
discovered that the Li dendrite can be stabilized when the shear modulus of the

electrolyte is at least twice as that of Li metal'’

. However, recent findings indicated that
the Monroe-Newman theory cannot explain all the phenomena in Li dendrite growth.
For example, inorganic ceramics, such as Li;LasZr,O12 (LLZO)'®, B-LisPS4!, and
Li2(OH)o.9F0.1CI?°, which showed extremely high elastic (and shear) modulus (~10?
GPa), still suffered from Li dendrite growth. On the other hand, soft SEs with very low
elastic modulus (such as rubber, £= 0.4 MPa) can still suppress Li dendrite growth over
long cycling time?!">2.

One of the reasons that could cause these discrepancies arise from the complicated

mechanical properties of Li metal anode. Monroe-Newman’s theory is based on the
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linear elasticity theory and ignores the plasticity effect. Since Li metal possess a
relatively low melting temperature (180°C) and yield strength (0.7MPa for bulk Li
metal), plastic deformation could occur during Li dendrite growth?*. More importantly,
the yield strength of Li metal (o)) is strongly dependent on the Li grain size'®*,
temperature”, and the strain rate®®. It has been reported that o3 could increase from
~0.7MPa to 10'~10?> MPa when the Li grain diameter decreases down to several
microns®. Li anode could also demonstrate substantial viscoplastic effect?’-*, with its
yield strength (0y*) varying from 0.3MPa to 10MPa when the current density (and thus
the strain rate) changes from 1A/m?to 100A/m? %°. Therefore, it is possible that Li anode
might exhibit a large variation in 03" during the nucleation and growth of Li dendrite.
For a better inhibition effect of the Li dendrite growth, it should balance the bulk
strength for supporting the required stack stress*” and dendrite strength for avoiding the
Li whisker inserting into electrolyte’!.

Another major reason is the existence of local defects and the complicated
microstructure in the solid electrolyte. Pre-existing defects such as pores and cracks are
common in ceramic SEs. Li plating prefer to infiltrate these defects due to a local
electric field enhancement, which produces crack-tip stress that could further drive

crack propagation, causing more Li dendrite penetration'®2.

Inhomogeneous
microstructure, such as surfaces and grain boundaries (GBs) also play key roles in the
Li plating. Yu et al. reported up to 50% reduction in elastic modulus at GB regions of

LLZO than in the bulk®, and the additional electronic states in the vicinity of the GB

regions*, which explains why Li dendrite prefer to grow along the GBs*. On the other
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hand, polymer SE is usually embedded with inorganic fillers (such as oxides) to
increase its overall mechanical stiffness for Li dendrite suppression®. Their elastic
moduli could vary from ~10 to ~10 GPa and their yield strength from ~10! to 10?
MPa, respectively . Thus, the existences of local defects and the microstructure
inhomogeneity significantly influence the overall mechanical properties of the solid
electrolyte, which would further influence the Li dendrite growth behaviors. Therefore,
a fundamental understanding of the mechanical properties of both Li metal and the solid
electrolyte, and their influences on the Li dendrite growth is urgently needed.

Several theoretical models have also been developed to understand the Li dendrite
growth mechanism in solid state electrolyte. Following the pioneer work by Monroe
and Newman'!’, Barai et al. employed a similar morphological domain for dendrite
initiation®3, and studied the external pressure, ionic conductivity, elastic properties, and
solid electrolyte grain structure on the Li anode stability***’. Ahmad et al. postulated a
general criteria for the stability of electrodeposition at electrode-electrolyte interface

(EEI) by considering the density change of Li metal?!

. However, these analytical
models assumed a fixed electrode-electrolyte interface, and compared the current
density at the interface “peak” and “valley” as the criteria to determine the Li dendrite
growth. Atomic scale molecular dynamics (MD) simulation and first-principles
calculations have also been employed to investigate the grain boundary softening

>3 and the electronic density of states at the SE surface®®. Nevertheless, these

effec
simulations did not consider the real morphology of the Li metal dendrite, which could

play an important role in determining the Li dendrite growth behaviors.
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Phase-field simulation has emerged as a powerful tool to model the microstructure
evolution in various material systems. In the phase-field model, the interface between
different phases is treated as a diffuse interface, which is characterized by an order
parameter that varies its value continuously from one phase (the electrode in this study)
to another (electrolyte). The interfacial motion can thus be explicitly tracked by the
evolution of that order parameter. Several phase-field models have recently been
developed to simulate the Li dendrite growth**** and study the effects of initial anode
surface morphology*’, temperature*, thermal shock healing®’, elastic strain*®, and grain
structure*® on the Li anode stability. However, very few models consider the effects of
both elastic stress and the plastic yielding during the Li electrodeposition on the Li
dendrite growth. While the negligence of the elastic and plastic effects seems valid for
liquid electrolyte, in SE the mechanical stress and the Li plastic yielding play critical
roles during Li plating process and should NOT be ignored. Although some recent
works considered the effects of elasto-plastic deformation, due to the Li filament
growth on a soft or stiff matrix®®, the inverse mechanism of elastic and plastic
deformation on the elastic energy density, and the resulting Li dendrite growth has not
been incorporated.

In this paper, we developed a phase-field model coupled with an elasto-plastic
deformation model to investigate the impact of elastic and plastic deformation of Li
metal and solid electrolyte on the Li dendrite growth. Three key mechanical properties,
1.e., the initial yield strengths of Li metal and the electrolyte, and the elastic modulus of

the electrolyte are selected and their effects on the Li dendrite growth are systematically
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studied to establish a general understanding of their inhibitory effects. Based on this,
we select two characteristic features of the Li dendrite morphology, i.e., the length of
the main branch and the area ratios of the side growth, and perform high-throughput
phase-field simulations by parameterizing the above three key mechanical properties to
create a mechanical property — dendrite morphology database. Machine learning is then
performed to construct a predictive model for the Li dendrite characteristic features as
a function of the above three mechanical properties. Finally, we study the effect of the
elastic modulus of the metal electrode on the dendrite growth, and provide some

guidance for the design of other metal anode batteries.

2. Method
2.1 Electrochemical Model

Our simulation system consists of a standard half-cell which contains a Li anode
and a solid polymer electrolyte. We assume that the anode is composed of pure Li metal,
while the polymer electrolyte consists of the positively charged Li-ion (Li") and
negatively charged anion (A), the latter of which is an effective charge for all the
remaining charges. It is further assumed that Li" is the only mobile ion, while electrons
(e") are always provided on the anode surface due to their relatively high mobility. We
do not consider other types of cations or anions, and the temperature is assumed to be
uniform and not changing with time. For simplify, a solid-electrolyte-interface (SEI)
layer is not explicitly incorporated in our model, although it is known to play a

significant role during the electrodeposition’!-2.
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To differentiate the Li anode phase and the solid electrolyte phase, we
introduce a phase-field variable (&), which equals to 1 in Li metal, and 0 in solid
electrolyte, and gradually changes from 0 to 1 across the electrode—electrolyte interface
(EEI), as illustrated in Fig. 1. Based on these assumptions, the total free energy (£) of
this half-cell system can be expressed as,

F=[ Lful&)* fopud (VO L o)+ oo (B, NV (1)
where V'is the total volume of the system, [, foui> foc » Juus @€ the Helmholtz free
energy density, the gradient energy density, the electrostatic energy density, and the
elastic energy density, respectively. ¢, (i = Li, Li" and A") denote the local
concentrations of the Li metal, the cation, and the anion, and ¢ represents the local
electric potential. The first term ( f,, ) in Eq. (1) is equal to the summation of a local
free energy density ( f,) and an energy of ion mixing ( f,, ). We will use a double-well
function, f (&)= W§§2 (1-£&)* to represent the local free energy density, which yields

two local minimum values when £=0 and 1, corresponding to the equilibrium

electrolyte phase and the Li metal phase. For a dilute electrolyte, the energy of ion

.« . . * * . . .
mixing can be written as, f,, =c,RT ch. In¢,, where ¢, is the dimensionless

1

concentration (¢, =c¢,/¢,) and ¢, is the standard bulk concentration (c,= 1 mol/L).

K
The gradient energy term in Eq. (1) is represented as  f,,,,(VS) = 7‘5 (V&) to account

for the interfacial energy induced at the Li metal/solid electrolyte interface. The Li
dendritic morphology is determined by the anisotropy of the interfacial energy. This

can be implemented in the model by tuning the gradient energy coefficient as



K, =ky(1+cos(wh)) , where «, is a pre-factor term, & and @ represent the
strength and mode of the anisotropy, and & is the angle between the normal vector of
the EEI and the reference axis. The electrostatic energy density in Eq. (1) is written as
Joree(Cir0) = pgo:Zztii(o, where p, z,, F represent the local charge density,
valence number of different charge species and the Faraday’s constant, respectively.
Finally, the elastic energy density in Eq. (1) can be represented as f,, = %Cﬁkﬁ;g; ,
where C,, and & represent the elastic stiffness tensor and the elastic strain. Details
of the elastic energy density will be discussed in Section 2.2.

The evolution of the phase-field variable (&) is modeled by solving the non-

linear Landau-Ginzburg-Devonshire (LGD) equation, i.e.,

0 Yo 2o O : AG(r,t)]| . AG(r,t
a—fz—Lé[g—%—Kév g—g—g]—th(g){exp{a R(T )}—c,- exP[_ﬁ' R(T )}} )

where L, and L, denote the mobility coefficient for & and the reaction rate for the
Li* deposition reaction (Li* + e~ <> Li) at the EEI, and A(&) = &£ (6E° —15& +10) is
an interpolation function to limit the reduction occuring only at the interface. The
evolution rate of & is associated with the reduction current expressed by the Butler-
Volmer equation (the second term in Eq. (2)). AG(r,t) is the driving force of the
electrodeposition reaction and is defined as AG(r,t) = zFn(r,t) , where n(r,t) isthe
overpotential of the reaction, i.e., the difference between the local electrical potential
¢ and the standard equilibrium potential ¢, (7(r,t)=¢—¢,). a and S are the

charge transfer coefficients and o + f=1.

In this study we assume that Li" is the only mobile species of interest driven by



the local electric field. Furthermore, the electrodeposition reaction (Li" + ¢~ «» Li) act
as a source term for the generation/consumption of Li". Thus the evolution of Li"

concentration (¢, . ) is governed by a Nernst-Planck transport equation,

ag—Ltf* =V:[DIVe,. +u,.c,.zFVp|- aa—f 3)
where D;ff is the effective diffusivity of Li", which is dependent on the Li" diffusiviy
inside the Li metal ( D/, ) and the solid electrolyte ( D;. ). Thus Dzlff can be
intepolated as DLe’:f =D" (&) +D; . (1-h(&)). u,,.1sthe Li" mobilty. The last term in
Eq. (3) describes the Li" concentration variation due to the electrodeposition reaction.
It is assumed to be linearly proportional to the evolution rate of & (0&/0t) via an
accumulation constant (K).

The local electrical potential in Eq. (3) is determined by solving the current

continuity equation,

V-(0"Vg)=RE )

ot
Here o< is the effective electrical conductivity, which is interpolated as
o =c"WE)+o°(1-h(£)) where o” and o° denote the electrical conductivity in

the Li metal and the electrolyte. Also, the local charge density change is incorporated

s

by adding a source term related to the electrodeposition reaction (Ra—
t

) on the right-

hand side of Eq. (4), where R is the current constant.

2.2 Solid Mechanics Model

To obtain the elastic energy density ( f,,, ) in the total free of the system (Eq.

las

(1)), the local strain distribution needs to be determined. Based on the continuum
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mechanics, the displacement of any point in a continum material can be represented as
u =x - X, where u is a continuous displacement field, x is the position of that point

at time 7, and X is the position at /=0. Thus the total deformation gradient is defined

as F(X,¢) = Vyx , where Vy represent the gradient operator with respect to X. The

total deformation gradient (F) can further be decomposed into the multiplication of

three deformation gradients, i.e.,

F=FF,,, F,=FF (5)

e inel ? inel p

where F, and F

inel

represent the elastic and inelastic deformation gradients, the latter
of which can be further decomposed into the deformation gradient (F,) arising from
the Vegard strain due to the local concentration inhomogeneity, and the plastic
deformation gradient (F, ).

The local phase transformation strain (53) caused by the Li dendrite formation

(from Li-ion) and growth can be expressed as 5§ =V,86;,

where V, is the Vegard
strain coefficients which can be obtained from previous literature, 6, 1is the
Kronecker’s delta function. Then F° can be written as F, =1+g" where I is the
second-order identity tensor.

The mechanical equilibration of the system occurs at the speed of sound, and is
much faster than the Li dendrite growth rate. Therefore, a mechanical equilibrium
equation will be solved to estimate the hydrostatic and deviatoric stresses across the
entire system, i.e.,

V-PT+f,=0 (6)
where P is the first Piola-Kirchhoff stress tensor, f, is the volume forces and will be
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ignored in this work. P is related to the second Piola-Kirchhoff stress tensors (S) via
P =FS, where S is the second Piola-Kirchhoff stress tensor. It is related to the Cauchy
stress (o) as,

S = ‘]Fli-nlelcFl-T ;

inel ° 6 = C : ae (7)
where J is the Jacobian operator. It converts the infinitesimal element of the volume in
the initial configuration into the corresponding fraction of the volume in the

intermediate configuration, i.e. J =det(F). C is the elastic constant tensor written as

E Ev
C,=—(86,+38,6,)+——36.6,
’f"l 2(l+v)( e f’> A+v)1-2v) "H

, where E, v , 9, denote the
elastic modulus of the entire system, the Poisson’s ratio, and the Kronecker’s delta
function. £ is dependent on the elastic modulus of the electrode ( £™ ) and the electrolyte
(E%), ie., E=E"W(E)+E‘(1-h(&)). Finally, €° is the elastic strain tensor and is
written as &° = %(FeT F,-1) where F, =FF],.
According to the von Mises stress criterion, plastic deformation happens when
the von Mises equivalent stress (o, ) exceeds the yield strength (o, ). The von Mises
equivalent stress is defined as o, = m , where 7, is the deviatoric part of
Cauchy stress (o), i.e., 7, =0, —tr(c;)0,/3. The variation of the yield strength
follows the isotropic strain hardening law (Eq. (8)) as,
o,=o0, +He," (®)
where o, denotes the initial yield strength, H is the hardening modulus, and m is

the hardening exponent. The associated J>-flow rule is used to obtain the plastic stretch

rate as in Eq. (9),
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T.
Aep =Ly ©)

v

Here Ag; denotes the incremental plastic strain obtained at each load step, &/ is the

[

: : : /2
equivalent plastic strain rate and can be calculated as &, = EA&‘; Ag . Then the

plastic deformation gradient is written as F, =1+¢”.

By solving Eq. (6), the total deformation gradient F can be obtained from
F =1+Vu, where u is the displacement field. Once F is obtained, the other mechanical
field variables, such as the first and second Piola-Kirchhoff stress tensors (P and S),
and the elastic strain tensor (€°) can be defined as a function of F. Finally, the elastic
energy density can be calculated from £}, = % Cyu€;€q »iInwhich &; is the component

of the elastic strain tensor (&°).

2.3 Machine Learning Method

We select four key mechanical properties of the system, i.e., the elastic modulus
of the metal electrode ( £™) and the solid electrolyte ( £°), and the initial yield strength
of the metal electrode (o} ) and the electrolyte (o7 ) as the primary features (or
“fingerprints”) to identify the potential materials used for the metal anode and the solid
electrolyte in the cell. On the other hand, we employ the vertical length of the dendrite
structure (E) and the area ratio (;1%) as the target properties in the machine learning
approach.

To obtain the correlations between the four primary features (E” , E*, 0';’(’] , U;O )

and the two target properties (i, A% ), a compressed-sensing method named Sure
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Independence Screening and Sparsifying Operator (SISSO) is used>*. The SIS tackles
the immense and correlated features, and the SO optimizes the solution from
combinations of features. Before building the feature space, the initial yield strengths
and elastic modulus are divided by 1MPa and 1GPa respectively to obtain
dimensionless results and avoid small number, the target properties, L and A%, are
obtained by the dendrite length L and area ratio 4% divided by Lo and 40%, respectively,
which are the calculated dendrite length and area ratio in the half-cell with PEO
electrolyte and lithium metal electrode. To expand the feature space, we assume that
the bottom-level feature space (@) only contains the bottom-level fingerprints, i.e.,
the four primary features (E”,E°, o} , o, ). Then the 1* order feature space (®@,)
will contain complex features (x;) that are constructed by mathematical operations
performed on the bottom-level primary features in @ . We define an operator (")
that includes 10 basic mathematical operations, i.e., H" ={+, -, X, /, log, "-1, "2, "3,
\/_ , 3/_ ,| -1}, in which the superscript ™ indicates that only meaningful combinations
are considered by grouping the features with the same unit. Following a similar process,
feature spaces of higher order (®,, ®,) can also be built from the combinations of
H" and the features in the lower-level feature spaces. The number of features in @, ,

®,, @, are calculated to be 54, 3183 and 14360474, respectively.

We use Root Mean Square Error (RMSE) as the metrics of this SISSO model,

RMSE = (10)

in which #» is the number of simulation dataset in the high-throughput database, y, is
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the ith value obtained from the phase-field simulation, and J, is the ith predicted value
from the machine learning model. yp, is obtained from the summation of all the

features (x;) in the entire feature space (®,~®,), weighted by their associated

coefficients (8,), i.e., J,= Zt?/x » which provides a quantitative prediction of the

j=1
target properties. The regularizer or the sparsifying operator in this model is ‘Lo’, which

1S written as,

m

L, = 0; (11)

J=1,6;#0

where 6, is the jth coefficient and m is the number of coefficients. Both RMSE and

Lo are minimized during the machine learning process to extract the best D descriptors.

A total of 2337 phase-field simulation results from different combinations of the
initial four features are performed to generate a high-throughput database. These
datasets are split into the training and test dataset with the ratio of 8:2 after random
shuffle. A total of 1870 simulation results are used to train the SISSO model and obtain
the corresponding analytical equations, while the remaining 467 simulation results are
only used to test and evaluate the trained SISSO model. To benchmark the SISSO model,
an additional Deep Neural Network (DNN) model is also implemented. The details of

DNN model are provided in the Supplementray Information.

3. Model Implementation

3.1 Parameters used in the model
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We first choose Li metal as the anode material, and poly (ethylene oxide) (PEO)
as the solid electrolyte in our model system, and employ the phase-field model to
simulate a realistic Li* + ¢~ <> Li electrodeposition process in a half-cell system. The
entire model is in two dimension (2D) and is solved by the finite element method on
the platform of COMSOL Multiphysics 5.4. The total system size is 900x900um? with
an adaptive mesh size from 1.8x10? to 9um, defined by the COMSOL default
extremely fine mode. To keep convergence and avoid numerical errors, the nonlinear
method of the time-dependent solver is set to be Automatic highly nonlinear (Newton)

instead of Constant (Newton) with a maximum number of iterations as 30. The Li"
concentration ( ¢,. ) is normalized by a bulk concentration ¢, = Ilmol/L, ie.,

¢,.=c,./c, . Similarly, the other parameters in the electrochemical part are
normalized by a characteristic energy density £,=1.5x10°J/m?, a characteristic length
[, =100pm, a characteristic time step f, =400s, and their combinations. For the
mechanical part, all the parameters are normalized by a characteristic strength
S, =1.0GPa . The charge transfer coefficients are set to be a=/£=0.5. The
temperatures in all simulations are set to be 298K. All parameters used in this model

and their normalized method are listed in Table 1.

Table 1 Parameters used in the phase-field model

Parameters Symbols | Real Values | Symbols Normalized | Referen
Values ces
Interfacial mobility L, 5.6x10°¢ Zg =L§ x(E, x At,) 3333 45,55
m>/(Jxs)
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Reaction constant L, 1.39x10° Z” =L, <x(E;xAt)) |833.25 45,55
m?/(Jxs)
Gradient energy | K, 1.5x104J/m | &, =, (E, 1) 0.01 45,55
coeft. 1
Li* diffusivity in the | D" 2510 | D" =D" /(2] Aty) | 107 4553
electrode m?/s
Li* diffusivity in the | D* 2.5x10°!1 D =D /17 /At) | 1.0 s
electrolyte m?/s
Electric conductivity | ¢ 1.0x10° S/m 5" =" | i .ﬂ ) 107 45,55
Aty RT
in the electrode
Electric conductivity | o° 1.0x10"' S/m 6= o /(i.ﬂ) 1.0 37
At, RT
in the electrolyte
elastic modulus of | E™ 4.9GPa E™ =E" /1GPa 4.9 17
the electrode
elastic modulus of | E* 0.3GPa E¢=E°/1GPa 0.3 17
the polymer
electrolyte
Initial yield strength | o7/ 0.4MPa 6, =o, /1GPa 4x10* 27,57
of the electrode
Initial yield strength | o 0.77MPa 6, =o, /1GPa 7.7%x10% 58 59

of the polymer

Yo

0
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electrolyte

Partial molar volume | V, 1.3x10° V =V xc,/10° 1.3x10° 17
of the electrode m?*/mol
Partial molar volume | V, 1.674x10* | V. =V, xc, /10’ 1.674x10 17
of polymer m?>/mol
electrolyte
Lithium transference | £, . 0.3 0.3 17,60
number
Strength coefficient | H, 1.9MPa H,=H,/1GPa 1.9x107 7,37
of the electrode
Strength coefficient | H, 3.5MPa H,=H,/1GPa 3.5x10° 58,59
of the electrolyte
Hardening exponent | m,, 0.4 0.4 27,57
of the electrode
Hardening exponent | ., 0.4 0.4 58.59
of the polymer
electrolyte
Poisson’s ratio v 0.36 0.36 53
Eigenvalues of the | V) —0.866x107] —0.866x10] o1
strain tensor v, —0.773x107] —0.773x10]

£ ~0.529x107 ~0.529x10]
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Charge transfer | a, 0.5 0.5 45,55
coefficients

Accumulation K 1.8mol/L K=K/c, 1.8 45,55
constant

Strength of | 4 0.02 0.02 45,55
anisotropy

Mode of anisotropy | © 4.0 4.0 45,55
Current constant R 1.5x10°J/m?3 R=R/ E, 0.1 45,55

3.2 Boundary Conditions

For the electrochemical part, zero-flux boundary conditions are applied to the

four boundaries for the order parameter & (Eq. (2)). When solving the Li" transport

and the electrical potential distribution (Eq. (3) and (4)), Dirichlet boundary conditions

are applied at the right side and left/right sides of the system, respectively, while zero-

flux boundary conditions are used for the other sides. For the mechanical part, periodic

boundary conditions are applied to the top and bottom sides of the system, while fixed

constraint boundary conditions are used for the other sides. All the boundary conditions

above are shown schematically in Fig. 1a. The 2D approximation is made such that the

out-of-plane strain vanishes®.

3.3 Initial Conditions

All the simulations in this study start with an initial state which consists of a
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solid electrolyte phase of high Li" concentration, and a small protrude of Li metal at the
electrode surface of low Li" concentration to mimic a single broken point on the SEI
layer. The electrical potential is fixed at the electrode (¢ =-0.35V) and the right side of
the simulation system (¢ =0V) which is indicated in Fig. 1a, and is linearly extrapolated

in between in the initial state.

Fixed concentration

(a) g (b)
s electrolyte
5 -
Lithium protrude g E:?
£=1 <]
c=0

Lithium dendrite
(shadow area)

Fixed constraintB.C. for

o)
P
£
©
ot
b=
$%]
f=
o
A=)
o
o
=
w

z
Applied voltage Applied voltage
-0.35v ov

Figure 1 (a) Schematic diagram of boundary conditions, initial state of the system and (b) definitions of
dendrite length (L), width (W) and area ratio (A%).

4. Results and Discussions
4.1 Li dendrite growth in PEO electrolyte

We start with the case when the Li dendrite grows inside the PEO polymer
electrolyte. The parameters used in the simulation are listed in Table 1, and initial and

boundary conditions are shown in Fig. 1a. Fig. 2 shows the temporal evolutions of the

Li dendrite morphology (), lithium-ion concentration (¢, , ), electrical field component
distribution (£:), equivalent plastic strain ( &/, ), and local hydrostatic strain (¢, ),
respectively. First, a lithium protrude is introduced at the center of the Li anode surface
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to mimic the initial nucleation of Li dendrite (Fig. 2(a)). Under an applied bias of -
0.35V, Li ions in the electrolyte migrate towards the protrude where local electric field
is enhanced, and are subsequently reduced to Li metal by the electrons in the electrode.
This results in a progressive growth of the Li protrude into a dendrite morphology due
to the inhomogeneous interfacial energy (Fig. 2(b)-(d)). The simulated Li dendrite
agrees well with the experimentally observed dendritic morphology (Fig. S1). Fig. 2(e)
illustrates the 2D plots of the Li-ion concentration (c¢,.) and local electric field
component (E:) along the vertical (z) direction at /=500s, as well as the 1D temporal
evolutions of ¢ . and E: along the directions as indicated by the arrows in the 2D inset
plots. It is seen that ¢, . remains almost constant in the electrolyte (~1.0 mol/L) and Li
anode (~0.0 mol/L), and decreases across the Li dendrite/electrolyte interface. This
induces a large Li-ion concentration gradient at the electrode-electrolyte interface,
which acts an electrochemical driving force (based on the Bulter-Volmer kinetics in Eq.
2) to promote the Li dendrite growth. Furthermore, the local electric field (£-) is almost
constant inside the electrolyte and the Li anode, and the maximum local field (absolute
value) is seen at the tip of the Li dendrite (2D plot in Fig. 2e). This maximum local
electric field (absolute value) at the dendrite tip increases over time (1D evolution plot
in Fig. 2e), indicating that the Li dendrite growth is a self-accelerating process, which
agrees with previous reports®>. The 2D equivalent plastic strain (&l,) and the value of
hydrostatic strain ¢, = %(sﬁ + &5, +&;5,) at the final state (+=500s), as well as the 1D
temporal evolutions of &, and ¢, (along directions indicated by the arrows in the

2D inset plots) are illustrated in Fig. 2(f)-(g). It is seen that both é‘:; and ¢, remain
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high in the Li metal, and are negligible inside the solid electrolyte. &, reaches the
maximum value (~ -7x10™) in the core of the Li dendrite, and gradually decreases
towards the tip of the Li dendrite (~ -4x10™). Similarly, the equivalent plastic strain
(gj;) mainly exists inside the lithium metal, and its magnitude decrease from the Li
dendrite core to the tip, which agrees with the hydrostatic strain distribution. It is
noteworthy that the maximum ¢ can reach up to 5x107, almost one order of
magnitude higher than the hydrostatic strain. This indicates that a significant plastic

deformation could occur inside the Li metal, due to its low initial yield strength.
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Figure 2 Phase-field simulation results of Li dendrite growth in PEO. (a)-(d) the temporal evolution of

dendrite morphology from 0s to 500s, (e) Evolutions of Li-ion concentration (cu*) (lower) and the
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electrical field component (£:) (upper) along the arrow segment indicated in the inset figures, (f)
equivalent plastic (6‘6’;) and (g) hydrostatic strain (&, ) evolution with time along the arrow segment

indicated in the inset figures.

4.2 Effect of elastic modulus of solid electrolyte on the dendrite growth
To further understand the mechanical properties of the solid electrolyte on the
Li anode stability, we simulate the Li dendrite growth behavior in solid electrolytes of

different elastic moduli ( £°’s) that range from 5.0 to 50GPa. While the yield strength

of the solid electrolyte (o ) usually increases with increasing £°, here we assume that
o, 1sfixed to be 7.7MPa in all cases to better understand the pure elastic effect of the
electrolyte. The elastic modulus (£™) and the yield strength (o} ) of the Li metal
electrode are fixed to be 5GPa and 0.4MPa, respectively. Fig. 3(a)-(d) illustrate the final
morphology of the Li dendrites after evolving for 500s in solid electrolyte of different
elastic moduli ( £°’s). It is clearly seen that when E° increases, the dendrite growth
is inhibited in the vertical direction (along z). Furthermore, the growth of side branches
from the primary arm of Li dendrite is also inhibited when E° increases. This trend
agrees well with our previous work and the well-recognized theory!”*3. To further

understand this effect, we compare the elastic driving force at the electrode-electrolyte

_a-felas

interface, calculated as Y (Fig. 3(e)-(h)), with the sum of the remaining driving

—O0(fon + S graa  Jotee)
og

force

(Fig. S2 (1)-(1)). The sum of the remaining driving force is

found to be positive along the Li/electrolyte interface, indicating that the
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electrochemical reaction as described by the Butler—Volmer kinetics promotes the Li
dendrite growth. Furthermore, the remaining driving forces are almost constant (~6x10"
2J/m?) in all cases, due to the fact that the gradients of the Li* concentration and the
electrical potential are less dependent on the elastic modulus of the electrolyte (Fig. S2).
In contrast, the elastic driving force at the interface varies from -3 to -12 (107 J/m?)

when FE°changes from 5.0 to 50GPa (Fig. 3 (e)-(h)). Since a negative elastic driving

force favors the & evolution from 1.0 to 0.0, i.e., the Li dendrite growth is inhibited,
thus a more negative elastic driving force due to a larger elastic modulus of the
electrolyte can better offset the positive remaining driving force, and finally leads to a
better Li dendrite inhibition effect. The von Mises stress distributions (Fig. 3 (i)-(1))

indicate that the plastic yielding could occur based on the overall level of deviatoric

stress 7, . It is seen that larger deviatoric stress (light blue region) is mainly distributed
at the tips of the dendrite, and in the spacings between neighboring Li dendrite branches.

The magnitude of the von Mises stress increases with increasing E°.

24



3 0
(2 5x10'3[JIm3]
:
-20
. _ 15[MPa]
: =
- 7
X ~b
N gy’
=
- 0

Figure 3 Dendrite morphology (a)-(d), the corresponding elastic driving force (e)-(h) and the von Mises
stress distribution (i)-(1) from the phase-field simulation results after 500s evolution in solid electrolytes
of different elastic moduli (£°). The elastic moduli of the electrolyte are (a)SGPa; (b) 20GPa; (¢) 35GPa;

(d) 50GPa. The yield strength of the electrolyte (U;O ) is fixed to be 7.7MPa.

4.3 Effect of yield strength of solid electrolyte on the dendrite growth

We further study the effect of yield strength of the solid electrolyte (o7, ) on the
Li dendrite growth. Here the magnitude of o  is selected to be from 0.77 to 77MPa,
while the elastic modulus of the electrolyte is fixed to be 35GPa. The elastic modulus
and the yield strength of the metal electrode are chosen to be the same as in section 4.2.
Fig. 4(a)-(c) illustrates the final morphology of Li dendrite after 500s evolution with

e

o, s of solid electrolyte. It is seen that the Li dendrite growth is effectively inhibited

0
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when o) increases from 0.77MPa to 7.7MPa (Fig. 4(a)-(b)), resulting in a shorter
length of primary Li dendrite arms, and the reduced side branch growth from the
primary arm. This is because of a more negative elastic driving force at the electrode-
electrolyte interface, which mainly inhibits the Li dendrite growth (Fig. 4(d)-(e)).
However, when 0;0 further increases from 7.7MPa to 77MPa, the vertical length of
the primary arms of the Li dendrite remains almost the same, although secondary arms
are further inhibited (Fig. 4(b)-(c)), indicating that the inhibition effect is less
significant when o7  is abovel 7.7MPa (Fig. 4(e)-(f)). To further understand this trend,
we compare the distributions of the von Mises stress (o, ) under different o) ’s (Fig.
4(g)-(1)). The maximum deviatoric stress of the von Mises stress (o, ) is found to be
inside the electrolyte and close to the electrode-electrolyte interface. Its value is well
below the yield strength of the electrolyte when o) = 0.77MPa (Fig. 4g). When o)

increases from 0.77MPa to 7.7MPa, the maximum o, also increases accordingly (Fig.
4h), which further inhibits the Li dendrite growth (Fig. 4b). However, when o,

reaches its maximum value under given E° (~10 MPa for E°=35GPa in this case),
further increase of o] (from 7.7MPa to 77MPa) can no longer enhance the deviatoric
stress to further inhibit the Li dendrite growth (Fig. 41). This is further illustrated in a
schematic stress-strain curve of the solid electrolyte with different o, s (Fig. 4j). Under
a smaller o} (case 1), the maximum deviatoric stress (o)) with a given deformation
strain is mainly limited by the initial yield strength of the electrolyte (o ). In this case,
the increase of o] (from case 1 to 2) gives rise to a larger deviatoric stress (o)) to

effectively suppress the Li dendrite growth. However, when o] exceeds the
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maximum limit of the deviatoric stress that could be induced under given elastic

modulus, further increase of o (case 2 to 3) could no longer enhance o, and is less

effective in the Li dendrite suppression. In this case, the Li dendrite can only be
inhibited by further increasing the elastic modulus of the solid electrolyte (case 4 ~ 6 in
Fig. 4k). Therefore, effective inhibition of the Li dendrite growth requires both a large
elastic modulus that is able to induce large deviatoric stress, and a corresponding yield

strength that allows the deviatoric stress to reach its maximum value.
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Figure 4 Dendrite morphology(a)-(c), elastic driving force (d)-(f) and corresponding von Mises stress
distribution (g)-(i) from the phase-field modeling after 500s evolution in the polymer electrolyte of
different yield strength (G;0 ): (a) 0.77MPa; (b) 7.7MPa; (c) 77MPa. The elastic modulus of electrolyte
(E*) is fixed at 35GPa. (j)-(k) Schematic diagram of the von Mise stress change when the yield strength
increases at fixed elastic modulus (j), and when the elastic modulus increases at fixed yield strength (k),

based on the assumption of fixed induced strain.
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4.4 Effect of yield strength of metal electrode on the dendrite growth

As the yield strength of Li metal may vary by several orders of magnitude (10
' ~10'MPa) which is dependent on the creep behavior, stretch rate and size effect?* 262,
here we continue to investigate the effect of the yield strength of metal electrode (o7 )
on the metal dendrite growth. Fig. 5(a)-(c) illustrates the final morphology of the metal
dendrite after 500s evolutions when o7 varies from 0.4 to 40MPa. The elastic
modulus of the Li metal electrode and the solid electrolyte, and the yield strength of the
electrolyte are set to be SGPa, 35GPa, and 0.77MPa, respectively. From Fig. 5(a)-(c),
it is seen that the Li dendrite growth is better inhibited when o' increases, similar to
the inhibition effect by the solid electrolyte (Fig. 4(a)-(c)). However, the major
difference is that here both the vertical (along z) and lateral (along x) growth of the
dendrite structure are inhibited when U;:) increases, while in Fig. 4(a)-(c) only the
vertical growth of the dendrite structure is suppressed, and its lateral growth is slightly

promoted when o7, increases. The elastic driving forces (—of,,,, / 0S ) under different

las
o, s are further compared in Fig. 5(d)-(f). It is seen that their values are almost the
same along the electrode-electrolyte interface for all cases. However, from the von
Mises stress distribution as shown in Fig. 5(g)-(i), the high deviatoric stress is mainly
seen inside the metal electrode, which increases with increasing o . This is
significantly different from the deviatoric stress distribution and magnitude under
different o7 ’s, in which maximum deviatoric stress are seen inside the electrolyte and

along the electrode-electrolyte interface (Fig. 4(g)-(1)). Therefore, the deviatoric stress

might be responsible for the inhibition of Li dendrite growth. Our simulation results are
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different from previous studies by Barai et. al. *. In their work, the effective
suppression of the dendritic protrusion occurs when the lithium electrode undergoes
plastic deformation, and the polymer electrolyte is only elastically deformed. However,
based on our simulation results, the Li dendrite can be better inhibited when both
lithium electrode and polymer electrolyte are in the elastic deformation region. This is
probably because a high Li metal yield strength enables the electrode to endure higher
stress induced by the mechanical suppression before plastic deformation occurs. It is
noteworthy that here we only show one scenario of the effect of o) on the metal
dendrite growth ( E” =5GPa , E° =35GPa, O';O =0.77MPa). In fact, under different
combinations of the E” , E°, and O';O , the trend of the Li dendrite growth with

m

increasing o may not be monotonous, which makes the overall trend more

Yo

complicated (See Fig. S3 and discussions in the SI). Therefore, a more comprehensive

analysis of the effect of yield strength of the metal electrode is needed.
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Figure 5 Dendrite morphology(a)-(c), the corresponding elastic driving force(d)-(f) and the von Mises
stress distribution (g)-(i) from the phase-field model after 500s evolution under the Li metal of different
initial yield strength (O';:'] ). The initial yield strengths of metal are as indicated in the first row of figure
which are: 0.4MPa (a)(d)(g); 4MPa (b)(e)(h) and 40MPa (c)(f)(i). The elastic modulus of the electrolyte

is 35GPa.

4.5 High-throughput phase-field simulations
To investigate the overall trend of the inhibitory effect from the three
mechanical properties (o7, ,0, and E°), we perform the high-throughput phase-field

simulations by varying the magnitudes of the above three mechanical properties, and
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calculating the corresponding dendrite length (L) and the area ratio (4%). Here L
measures the growth rate of the Li dendrite. It is directly obtained from the simulated
dendrite morphology. 4% illustrates the side growth of the dendrite, which is calculated
from the dendrite area (4) divided by the product of dendrite length (L) and width (),
i.e., A% = A/(WxL), as illustrated in Fig. 1b. Thus, a low value of 4% indicates the
limited side growth under the similar dendrite main growth (L) along the vertical
direction. The ranges of 0';; , 0;0 and E° are chosen to be 0.4-20MPa, 1-45MPa and
0.3-50GPa, respectively, which include most of the polymer electrolytes, and cover the
variation of o7 caused by the creep, stretch rate, and size effect. The high-throughput
calculation results are shown in Fig. 6(a) and (b). From Fig. 6(a), it is seen that the Li
dendrite lengths after 500s evolution vary from 170um to 447um. As a general trend,

under a combination of higher o} and higher £, the Li dendrite length is minimized
among all-range of o7 . In contrast, increasing the o} only helps to mitigate the
dendrite growth at a higher E° but lowero; . On the other hand, the plot of area ratio
(4%) (Fig. 6b) indicates that the combination of higher o] and E°also contributes
to the inhibition of the dendrite side growth, while the influence of o7 is not obvious
compared to the other two parameters.

To clearly identify the trends from the 3D database, the 2D maps of the dendrite
length and area ratios are plotted as a function of any two out of the three parameters.
Fig. 6(c) shows the Li dendrite length as a function of E° and o] ata fixed o}
of 0.4MPa. A region of low dendrite length is clearly seen at the upper-right corner of

Fig. 6¢ (a red circle), which corresponds to certain solid electrolyte of higher elastic
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modulus and yield strength. In contrast, at a fixed E°= 20GPa (Fig. 6(d)) or a fixed

(<

o, = 2MPa (Fig. 6(¢)), the region corresponding to the lowest dendrite length in the
2D maps is scattered. The trend in the area ratio (Fig. 6(f-h)) is also similar to the

dendrite length, i.e., increasing E° and o) help inhibit the dendrite side growth.
Based on our simulation results, the solid electrolyte with both higher E® and o) is
most effective in the dendrite inhibition and thus could potentially increase the life
cycles of the cells under similar testing conditions. This agrees with a recent report on
the trend of the cycle life of various solid-electrolyte battery systems®’, in which
different solid electrolytes, such as PEO !, lithium sulfide (Li>S—P2Ss—MSx)®*, and thin
film LiPON® with increasing elastic moduli from 0.3GPa to 77GPa, also exhibit
increasing life cycles from 400 to 10,000, which are generally considered to be due to
a stable Li plating/stripping during the charge/discharge cycling. However, if only the
condition of higher £° is met, tuning the yield strength of the metal (o7 ) can also help
reduce the dendrite growth. Our simulation results agree with previous literature that
mechanically stiff solid-state electrolyte (high E° & o} ) are more effective in
preventing the dendrite propagation!’. Meanwhile, the initial yield strength of Li metal
is related its creep behavior, which plays a critical role in the mechanical suppression
of dendrite growth. On the one hand, when E° is high, the induced mechanical stack
stress can suppress void formation in the metal through beneficial creep®®®° . On the
other hand, the detrimental creep will, in extreme cases, cause the lithium extrusion
around the electrolyte and eventually cause short circuit®’. The complexity in the creep

behavior of Li metal may be the reason for different trends of the inhibitory effects of
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Li dendrite from the yield strength of metal electrodes.
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Figure 6 High-throughput phase-field simulation results. (a) the length and (b) the area ratio of the

dendrite growth by parameterizing the three mechanical properties, i.e., the initial yield strength of metal

(O';':) ) and electrolyte (O';0 ) and elastic modulus of electrolyte ( £ ). 2D mapped dendrite length (c)-

(e) and area ratio (f)-(h) as cross sections of the 3D results by fixing one of the three properties ((c)&(f)

O';:l) is fixed at 0.4MPa, (d)&(g) E° at 20GPa, (e)&(h) O';O at 2MPa). The elastic modulus of lithium

metal is set to be 5GPa.

4.6 Machine Learning Model
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Based on the high-throughput calculation results, we develop a machine-
learning model to explore the correlation between the mechanical properties (elastic

moduli and initial yield strength) and the dendrite morphology (length and area ratio).

In addition to the three parameters (o) , o, , E°) from the high-throughput simulations,

elastic modulus of the metal electrode ( E™) is also included, so that the model can also
provide some guidance to other battery systems. It is noteworthy that the dendrite length
and area ratio are dependent on many factors, such as the initial protuberant morphology,
interfacial roughness, internal temperature in the cell, as well as the external conditions
such as the magnitude and duration of the applied voltage, current density, etc*’. Here
we develop a machine learning model not to quantitatively predict the dendrite
morphology, but to elucidate the relative importance of the mechanical properties of the
electrode and electrolyte in the dendrite growth behavior. A recently developed Sure
Independence Screening and Sparsity Operator (SISSO)>* machine learning approach
is employed to train the database and predict the dendrite length as well as area ratio.
SISSO not only allow us to screen the combinations of input parameters with physical
meanings to build the huge feature space using the sure independence screening (SIS)
but also filter out the correlated features with sparsity operator (SO). The root mean
squared error (RMSE) is used as the metrics to construct the features in descriptors.

After training the datasets, we choose the 3D-descriptor as the predictive expression of

relative dendrite length (E) with RMSE = 0.163 and relative area ratio (;1%) with

RMSE = 0.109, as shown in Egs. 12, 13.

L=-125x107x( E +10go~';';\/£77m)

'Em (12)
+5.30x107 xlog £° ~log &, | [log £” ~log &1 [ +0.97
. i 3|6
A% =—-041x(E =" ) ——2
E o) E s (13)

+8.4x107° x(E" -

re ~m ~e ~m
E - O-}'o ‘)(O—J’O + O—J’o -

E*—E"))+1.296

where E°, E™are the reduced values of E°, E™, which are normalized by 1GPa,
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while 6';) , 5;; represent the reduced values of O';O , G;:) , which are normalized by
IMPa, [ and A% are obtained via dividing L and 4% by Lo and A4¢%, the latter of

which are calculated from the phase-field simulation using PEO solid electrolyte and
Li metal electrode.
When the elastic modulus of the metal is fixed ( £” =5GPa), the first term on

the right-hand side of Eq. 12 indicates that when E® or o} increases, the dendrite

length will decrease (due to a negative coefficient of -0.00125), and E° plays a more

critical role than o since o isin the logarithm. The second term in Eq. 12 reveals
that electrolyte with a higher o] (combined with a higher E°,aslog £° needs to be

greater than logo; ) can also inhibit the dendrite. When o) is much smaller than

1MPa, it will promote the dendrite growth. The second term also explains that when

o, 1s small, increasing o} (such that logo) becomes greater than log £”) will

also result in a smaller dendrite length L. From Eq. 13, the area ratio (4%) is highly
dependent on E°. With a relatively higher E°, the decrease of o] and o) tendto
further reduce 4%. The second term in Eq. 13 has limited effect on 4% due to its much

smaller coefficient (8.4x107°) compared to the first term in Eq. 13.

The dependence of dendrite morphology on the elastic modulus of the metal

electrode (£™) is complicated. From the first term in Eq. 12, with a lower o} (e.g.,

smaller than 1MPa), the increase of E™ will increase the dendrite length. However, this

reduction may be offset if the initial yield strength of the metal (o7 ) is high so that log

G, becomes positive. From Eq. 12, the side growth (area ratio) has less correlation

with E”,as E" is only included in the second term of Eq. 13 with a much smaller
coefficient (8.4x107). It is noteworthy that the current model assumes the same Li metal
electrochemical reaction kinetics while tuning the elastic modulus of the metal
electrode. Therefore the results obtained from this machine learning model can only

qualitatively predict the trend of dendrite growth for other metal electrode battery
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systems.

Finally, we compare the values of the dendrite length and area ratio in the test
datasets (not used for training the machine learning model), which are predicted from
the machine learning (ML) model and calculated from the phase-field modeling (PFM).
These results are plotted in Fig. 7(a), (c). It is seen that these datasets are clustered near
a straight line, where the phase-field-calculated and machine-learning-predicted values
are equal to each other. This indicates the machine learning model merits a good
prediction to the dendrite morphology. The percentage of the prediction errors are
plotted in Fig. 7(b) and (d), which reveal that most prediction errors are in the range of
+20%. The DNN model results are as shown in Fig. S4. It shows that both prediction
errors are also in the range of £ 15% which is slightly better than SISSO results.
However, the DNN model cannot output analytical equations, such as Eqgs. 12, 13 from
the SISSO model. With acceptable sacrifice of prediction accuracy, SISSO model is
able to generate the direct connections between mechanical properties and dendrite

growth which is easy to analyze.
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Figure 7 Comparisons of predicted values from SISSO model and true values from phase-field simulation
for (a) dendrite length and (c) area ratio. Corresponding percentages of prediction error for (b) dendrite

length and (d) area ratio.

5. Conclusion

In conclusion, a phase-field model coupled with solid mechanics module has been
developed to simulate the electrodeposition process in solid state lithium metal battery
system. The effects of the elastic and plastic mechanical properties of the Li metal and
the solid electrolyte on Li dendrite growth are systematically investigated. It is revealed
that electrolytes with high elastic modulus and initial yield strength can effectively
inhibit the Li dendrite growth. This is because the high initial yield strength could help
the electrolytes to endure higher deviatoric stresses that are induced by the higher elastic
modulus, which eventually suppress the Li dendrite growth. Furthermore, increasing
the initial yield strength of metal electrode could also lead to the dendrite inhibition in

solid electrolytes of higher elastic modulus and lower initial yield strength. Finally,
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high-throughput phase-field simulations are performed to explore the dependence of
the Li dendrite morphology on the aforementioned mechanical properties of both the
electrode and the electrolyte, and a machine learning model based on these high-
throughput datasets yield interpretable analytical correlations between the materials
properties and the dendrite morphology. This work thus provides a fundamental
understanding of the mechanical inhibition effect on the dendrite growth in solid state
batteries, and can potentially guide the selection and design of electrode and electrolyte

materials for better suppression of dendrite growth.
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