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Additional simulation results on the impact of applied current density and stack pressure

Q) Impact of applied current density

The current density majorly determines the Li deposition rate. Under a high applied current
density of 1.6 mA cm?, the deposition thickness reaches 30 pm within 400 s with a fully-
developed Li penetrant in the GB as illustrated in Figure Sla. On the other hand, a low current
density of 0.9 mA cm™ leads to a slower rate and a more uniform Li deposition. Figure S1b
shows under the high applied current density, the current density at the Li/GB interface is twice
of that at the Li/grain interface. In contrast, under the low applied current density, the current
density is more uniform throughout the Li/SE interface.
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Figure S1. (a) Li morphologies under different applied current density captured when the
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Li/SE interface normalized respected to the maximum current density.



(i) Impact of stack pressure

Figure S2a demonstrates that although the overall Li deposition is reduced under the high stack
pressure, the Li penetrant exists in the GB region. Stack pressure essentially adds compressive
stress throughout the domain, including the Li/SE interface where the reaction occurs. Thus, the
electrodeposition rate is slowed down. However, the magnitude of stress at the Li/GB and
Li/grain interfaces is still largely different due to the inhomogeneous mechanical properties as
shown in Figure S2b. Therefore, Li preferentially grows in the GB region where compressive

stress at the interface is much smaller.
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Figure S2. (a) Li morphologies under different stack pressure captured at 400 s. (b) The

corresponding stress profile.



The derivation of modified Butler-VVolmer equation

At the interface of the Li metal/SE, the electrodeposition process, Li*+ e < Li, involves the
competing influences of forward and backward reactions. When the forward reaction is
dominant, the electrodeposition occurs. In contrast, if the backward reaction is more favorable,

the Li metal is dissolved. The net of reaction kinetics can be written in the form of

Rt:_ko{e [(u —ul)] [(M —Hz)]} (s1)

where k is the reaction rate constant. uf* is the excess potential at the transition state. u, and u,
are the electrochemical potential at the states of Li metal and Li-ion, respectively. To derive the

expression for uy and u,, it is convenient to write the potential for each component in the

reaction,

UL, = RTlnay; + pup; + Pvy, (S2)
Iy = RTIna, + pl + Foq, (S3)
- = RTlna_ + u° — FQ,, (S4)

where @¢ and @, are the electrostatic potential in the SE and Li metal electrode, respectively.
Pv;; refers to the mechanical contribution that shifts the electrochemical potential of the
electrode, where P is the hydrostatic pressure acting on the reaction front and v,; is the molar

volume of Li metal. p; and u, can be expressed as follows:

U =ty +np_ = RTlnaa_ + pl + u® — F(AD), (S5)

Uy =, = RTlna;; + u?i + Py, (S6)



where AQ = @, — @, represents the electric potential difference at the Li/SE interface. Next, to
define 5, we assume that the electrostatic potential varies linearly across the Li/SE interface. In
addition, due to the nature of a solid-state system, the mechanical stress is intensified at the
contact areas of the Li/SE interface where the reaction takes place. Thus, we assume that the

mechanical action also contributes to the excess energy of the transition state, described as

ug* = RTInyr + ag(FOs — FO + ud + 1) + ac(uy) + Py, (S7)

where y; is the non-ideal activity coefficient of the transition state. The anodic and cathodic
charge transfer coefficients yield «a, =1—a and a. = a, respectively, where a is an

asymmetric factor varying from 0 to 1.

The equilibrium state is reached when Ay = u; — u, = 0, or

g =S B0 po _ pgea PV (S8)
F aLl' F

Thus, we have the equilibrium potential of the reaction under the excess pressure, P, expressed

as
Pv,. ;; RT a,a_
APeT = (EO - ;"“) b= (S9)
L
where
0 o_ ,0
Eo — W (S10)

is the standard potential difference between the reactants and products. Without the pressure
acting on the interface (P = 0), Equation S9 yields the classical Nernst equation. On the contrary,

the presence of the mechanical action at the Li/SE interface shifts the standard potential



difference E°, resulting in a new equilibrium potential and thus a new exchange reaction rate or
current density. In addition, the sign of P, is dependent on the state of stress at the interface: P >
0 refers to compression and P < O refers to tension. When the system is out of equilibrium,

Au # 0, the electrochemical reaction rate is regulated by the overpotential, which is defined as

a,a_ Py

RT
nzA(D—A(Deq:A(D—EO—?ln (S11)

ari F l

The total overpotential (n) is comprised of (i) the activation overpotential, n, = A® — E°, (ii)

concentration overpotential, n, = —RF—Tln a;a‘ , and (iii) the change of total overpotential due to
Li
the mechanical action or the mechanical overpotential, ,,, = adh By plugging in Equations S5-

-
S7 into Equation S1, the net reaction rate is expressed as

RTzn% + (1 - Q)F(AD — E°)
T
RT

Ry = —ky<exp

(S12)
RTIn%+%=

—aF(AQ — E°) — Pyy;
RT

—exp

We assume that a, = c, and a_ = c_ , where c, and c_ are the normalized concentrations of
Li-ion and electrons, respectively. With the definition of the overpotential in Equation S11,

Equation S12 can be written in the form of

R, = —Ry, {exp [(1 - Q)ZS]a + 776)] _exp [_aF(na ‘;7726) - an]}’ (S13)

or



I =—ly {exp [(1 - Q)Z’(;)a + nc)] _exp [—(ZF(Wa ‘;Zc) - an]}’ (S14)

where Ryo = ko(cic )" %ay,;*yr 1 and Iy = eko(cic )™ %ay,;“y 1 are the exchange reaction

rate and current density, respectively. By assuming that the electrons are abundant on the Li

CyC—

metal surface (c. = 1), a;; = 1, and plugging in n, = —%ln Equation S14 can be

i)
ari

rearranged as,

(1—-a)Fn, —aFn, — Fnm
1=-1I, {exp [T —ciexp [T] ) (S15)

-(1-a)
) or I, = ekyayyr~ L. If n, <0, the anodic reaction rate is smaller

where Iy = Iy, (:—;
than the rate of cathodic reaction; thus, the reduction of the electrolyte takes place (I > 0). On
the other hand, if (n, > 0), the anodic reaction rate is more favorable, leading to the dissolution
process of Li metal (I < 0). In the case of the electrodeposition (n, < 0) under the presence of

the compressive stress (n,, > 0), the cathodic reaction rate is reduced due to the mechanical

overpotential, retarding the electrodeposition process.

Moreover, Equation S16 can be rearranged as

—(1—-a)Fn, 1—-a)F —aF
I = —Ilyexp [%] {exp [%] - c+exp[ :Tn ]}, (S16)

where n is the overpotential across the deformed surface n = n, + n,,. Therefore, alternatively,

it can be thought that the surface stress impacts the magnitude of the exchange current density,
. —(1-a)Fnm e - : : : -
Iy = Iyexp [T] Specifically, if the interfacial stress is compressive, 7n,, >0, the

exchange current density is diminished, resulting in the reduced reaction rate.



Note that the formulation of our modified Butler-Volmer equation is different from the
one proposed by Monroe and Newman,'™! which implies that the mechanical action shifts the rate
of anodic reaction. Nevertheless, the impact of the mechanical stress at the reaction interface
from both formulations are the same: compressive stress diminishes the electrodeposition rate,

while it is the opposite for the tensile stress.



Electro-chemo-mechanical phase-field equation

In this phase-field model, the order parameter, &, is introduced to describe the phase evolution of

Li metal: £ = 1 refers to the Li metal, and £ = 0 refers to the SE. The phase transformation rate

is driven by the electrodeposition rate of Li, expressed as Z—i = R;. Recall Equation S13 for the

expression of the modified reaction kinetics. As the system is far from equilibrium, the driving
force due to the concentration overpotential (n.) is relatively small compared with the driving
force due to the activation potential (n,). Due to the solid nature of the system, the driving force
from the change of overpotential due to the mechanical action (n,,) is significant. Therefore, we
assume that the evolution of the phase-field linearly changes with the concentration
overpotential, while varies exponentially with the activation and mechanical overpotentials.™

The phase field equation is described as

9

1—a)Fn,
— = —Lo(g' () — kV?&) — L,h'(§) {eXpﬂ

aFr;a Fﬂm]
RT

= coexp |- + 8y, (S17)

where L, and L, are the coefficients related to the interfacial energy and reaction, respectively.
h(&) = &3(10 — 15¢ + 6&2) is an interpolation function applied to describe the reaction at the
diffuse interface. g(&) = Wé&2?(1 — &)? is an arbitrary double well function, where W is the
barrier height. k is a gradient coefficient. The driving force of dendrite nucleation, &, represents
the driving of Li dendrite due to the trapped electrons in SE. See the next section for the

complete details of the nucleation model.

In addition, as the SE contains microstructural structures such as grain boundary, to differentiate
grain boundary from the bulk grain (GB) in the SE phase, we introduce another non-conservable
phase field parameter, ¢, which is unity in the grain boundary and zero in the bulk. By scaling

with this phase field parameter (¢), the properties of the SE, for example, elastic modulus and

8



Li-ion diffusion coefficients, smoothly changes from the properties of bulk grain to that of GB at
the interface. The equation can be written as,

do SOF

9t =-L %. (S18)

where L,° is the interfacial mobility of the phase in SE. The phase-field equations, Equation S15
and S16, are solved together with the mass transport, electrostatic distribution, and stress
equilibrium equations. The diffusion of Li-ion is governed by the classical Nernst-Plank

equation, expressed as

dcy DTV, " cs 0¢

— =V |[D¥TVc, +

where Déf = h(&)Dy; + (1 — h(E))(h(p)Dgp + (1 — h(9))D;) is the effective diffusion
coefficient. D;;, Dgg and D are diffusion coefficients of Li-ion in Li metal, GB, and grain of SE,
respectively. The last term on the right-hand side of Equation S17 relates to a sink term
representing the decrease of Li-ions in the SE due to the electrodeposition process. ¢, = 7.64x10*
mol m-3 is the site density of Li metal, and ¢, is the bulk concentration. The electrostatic
potential is governed by the Poisson’s equation with a source term representing the charges

annihilation at the reaction interface, expressed as

7l rel= $20)

where & = h(&)a,; + (1 — h())(h(@)agp + (1 — h(p))ag) is the effective conductivity.
The source term, I = nFc,0&/0t, is non-zero at the metal/electrolyte interface where 9¢/dt >

0. The complete details of the model development can be found in reference.!!



Mechanical stress is generated due to the volume change of the Li metal anode during Li
deposition. The contact surface, microstructural features and creep behavior of Li metal are the
factors for internal stress evolution. However, for simplicity, in this work, (i) the contact
mechanics is not considered, and (ii) the inelastic strain due to the volume expansion of Li metal
is the only source of the internal stress evolution. The stress equilibrium is solved to get the Li

stress distributions at the interface, which is expressed as,

S21)
where

(S22
o=CT gl = - (e - &)
CIT (&) = h(E)C + (1 — h(E)(h(@)Cqp + (1 — h(@))Cg) is the effective elastic stiffness
tensor. ¢! is the elastic strain, and small deformation theory is assumed. £° is an inelastic strain
due to the volume expansion of Li metal during the Li deposition process. It can be expressed as
€% = K;;&, where K;; is a constant diagonal matrix. Nonetheless, K;; is unknown; thus, to obtain

the value for K;;, the calibration process is required.

The magnitude of the Li interfacial stress is likely to be in an order of a few megapascal
due to the very low yield strength of Li and its creep flow behavior. However, according to the
formulation of mechanical overpotential, n,, = Pv;;/ F, a few megapascal of stress at the
interface (P = 1 - 10 MPa) leads to a small mechanical overpotential, n,, = Pv,,;/F = 107* —
1073 v, which would exert no influence on the reaction rate, particularly when |n,| > |7,,].

However, due to the nature of electrochemical reaction in a solid system, the mechanical stress

10



should play a critical role in governing the Li deposition rate.®! Therefore, we introduce a
constant, C, to correct the change of the overpotential due to the mechanical action. The

mechanical overpotential is now expressed as
N = C 2l (S23)

For electrodeposition (n, < 0), the cathodic reaction rate should remain quite larger than
the anodic reaction rate. Thus, the exponent term for the cathodic reaction rate (Equation S15)
should remain positive: —aFn, — Fn,, > 0 or —an, > n,,. In this work, we assume a = 0.5;
therefore, the mechanical overpotential should be less than the half of the activation

overpotential —n,/2 > n,,. Thus, the range of C is defined as 0 < C < Fn,/2Pv,, 1;.

11



Li dendrites nucleation model

Following the work of Tian et al.!, the driving force of dendrite nucleation, &, is given by

Sy = (S24)

)

{1, Py =1 — exp(—JAt) > random [0, 1]

0, otherwise
where Py is a nucleation probability described by a Poisson distribution. J is the Li nucleation
rate, which is expressed as

UinhomoAG)

)= enp - 2222

S25)

where J, is a constant related to the nucleation rate. o;,n0mo 1S @ correction factor for
heterogeneous nucleation. AG is the activation energy, which is a function of the chemical
potential difference, written in the form of

_ 1émy’y,?

T (S26)

AG

where y is the interfacial energy between the Li precipitates and the SE. v;; is the molar volume
of Li metal. The chemical potential difference is the summation of concentration and activation

overpotential, expressed as

ciC_

Au = Fn= F(g +n;) = F(AQ — E°) —RTIn (S27)

ari

~

where c_ is the normalized electron concentration and defined as c_ = 1 + ¢,. ¢, is the
(normalized) trapped excess electron concentration. The activity of Li metal, a;;, is unity and in

the bulk SE the normalized concentration of Li-ion, c, is unity as well. In the scenario that the

12



trapped electrons concentration ¢, > 0, the concentration overpotential is rising, and thus,

increasing the driving force for Li nucleation. More details can found in reference.™
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Change in chemical potential due to the mechanical stress

The effect of mechanical stress on the chemical is derived from the classical Gibbs-Duhem

Equation,
Ndy = VdP — SdT, (S28)

where u is the chemical potential, N is the mole of substance, S is entropy, V is volume, P is
hydrostatic pressure, and T is temperature. For solids, the following assumptions are made: (i) N
=1, (ii) the stress is uniform over the molar volume, 1}, (iii) the metal behaves linearly elastic,

and (iv) the process is isothermal (dT = 0).! Due to the low compressibility of the solids, the
volume V can be described as V = V,,exp(— g),[s] where K is the bulk modulus. By integrating

pressure from the initial to the final state, the equation is expressed as

AP?V,,
2K

p, p, )2
A,u=j V(P)dP =j Vm exp (_E) dP =~ V,AP —

Py Py

(S29)

V., AP represents the stress energy, and AP?V,,/2K is associated with the strain energy. As K is
large; therefore, the contribution from the strain energy can be negligible. Consequently, the

change of chemical potential due to the mechanics is reduced to

Ap = V,,AP. (S30)

14



Calibration and verification of eigenstrain due to the volume expansion

In this work, we simplify the complicated mechanics problems by assuming that volume
expansion of Li metal is solely the origin of the internal stress generation and the contact
problem is not considered. The values of eigenstrain should give a similar magnitude of
interfacial compressive stress to those obtained from analytical or computational approaches,
which fully account for the mechanics problems. X. Zhang et al.”! performed contact stress
calculations by involving deformation, creep, and the volume change of Li metal during the Li
depositing/stripping process. The result indicates the maximum contact stress at the Li/SE
interface is approximately -5.5 + 1.1 MPa. In addition, Q. Tu et al.”®! carried out a theoretical
study on the impact of the surface irregularity on Li deposition behavior by considering
interfacial contact of Li/SE and plastic behavior of Li. The results show the maximum stress
could reach -5.8 MPa around the defects (as plotted in Figure 1e). Both studies inform a
magnitude of stress at the Li/SE interface is around a few megapascals (< 7 MPa). So, we
determined K;; values by changing the value of eigenstrain until the magnitude of stress at the

Li/SE interface generally agrees with those analytical approaches.
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Simulation details for Li deposition in a solid electrolyte (SE) with a single GB

The simulation is carried out in COMSOL Multiphysics 5.4, employing the finite element
analysis. The model involves 5 governing equations, Equation S15-S19, which govern the phase
fields order parameters (¢, ¢), Li-ion concentration (c), the electric field (@), and stress-strain
relation, respectively. Figure S3 illustrates the geometry and initial and boundary condition for
all equations. The applied current density of 1.6 mA cm™ can be correlated to the applied electric
potential of 62.5 mV through Ohm’s law: | = g4®@/L, where L is the length of the electrolyte
domain. We set the initial electric potential in the SE is 62.5 mV, while the initial electric
potential in the electrode is 0 mV. The initial normalized Li-ion concentration in the SE and the
electrode domain are 1 and 0, respectively. The initial stress and displacement in both SE and
electrode domains are zero. The Dirichlet boundary conditions are applied at the opposite side of
the electrode with the normalized Li-ion concentration of 1 and the electric potential of 62.5 mV.
In mechanics part, the roller boundaries are applied at the top and bottom. The right boundary is
fixed, and the left boundary is subjected to either fixed displacement or stack pressure. Through
calibration, the values of K, K,,, and K55 were determined to be 2.1 x 10~*. The others model

parameters are listed in Table S1.
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Figure S3. The geometry and initial and boundary condition of the Li deposition

simulation in SE containing a single GB.
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Table S1. Model parameters in simulation of Li deposition in a solid electrolyte (SE) with a
single grain boundary. The characteristic values used in normalization are the following: [, = 100

x 10°m, Aty =4000s, AE, =5x 10° I m™, ¢, = 7.64 x 10* mol m*.

Real Value Normalized Value
Unit Normalization

Li SE GB Li SE GB
System Size (l) pm 400 x 400 =11, 4x4
Time step (4t) s 0.2 At = At/At, 5x10°
Li-ion diffusion 2 15 12 12 = 2 3
coefficient (D) m*s 55x 10 55x10 55x 10 D =D/(l,"/Aty) 2.2x10 2.2 2.2
Conductivity (o) Sm?t 1x 10 0.1 0.1 & = 6(RTAty)/(coly*F?) | 1.0x10° 10 10
(EE'Z;‘S"C Modulus Pa 50x10° | 50x10° | 100x10° - - - -
Poisson ratio - 0.3 0.25 0.25 - 0.3 0.25 0.25
Gradient energy 5 = 2 3
coefficient () Jim 3x10 K =K/ (Ely") 6.0x10
Interfacial 3 " — 3
mobility (L) m® (Js) 25x10 0 0 Ly = LyEyAt, 5.0x 10 0 0
Reaction 1 _ 4
constant (L,) s 15.625 - - L, = LyAt, 6.25x 10 - -
Symmetric factor 05 i i ] 05 i )
(2)
Stress correction
term(C) 125 - - B 125 - -
Molar volume mimolt | 1.3 x10° i i _ i
(vm,Li)
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Simulation of Li deposition in a polycrystalline LLZO

The simulations are performed in COMSOL Multiphysics 5.4, which based on finite
element method. The tetrahedral mesh is applied and is fined enough in the GB region such that
the calculations are run smoothly. The model involves 5 the governing equations, Equation S15-
19. Figure S4 shows the geometry and all initial and boundary conditions. The domain sized was
61.25 x 35 um. The grain structure is randomly generated with the approximate grain size of 7.5
pum. The thickness of the GB and initial Li metal electrode is 0.5 and 1.5 um, respectively. The
current density of 2.0 mA cm™ is applied (correlated to the overpotential of 62.5 mV). The initial
and boundary condition details are similar to the previous section. However, the calculated and
measured LLZO properties such as ionic conductivity and mechanical property and a new set of
parameters are utilized (Table S2). The elastic modulus of the grain is 158 GPa, while the elastic
modulus of the softening GB is approximately 92 GPa.l®! The trapped electrons concentration of
0.337 mol/L™'? is applied throughout the GB domain. The inelastic strain to the volume

expansion, the matrix K;;, are K;; = K,, = 5x 107° and K33 = 2x 1074,

The factor C is approximated through the calibration. Here, LLZO properties are utilized.
Under such a high current density of 2.0 mA cm™, the Li dendrite penetration is expected. The C
factor is adjusted, such that the resulting Li morphology in LLZO resembles with the existing

experimental observation that shows Li dendrites along the GB.™! Thus, C = 24 is obtained.
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Table S2. Model parameters in simulation of Li deposition in LLZO. The characteristic values

used in normalization are the following: I, = 35 x 10° m, At, = 10000 s, AE, =5 x 10° J m?, ¢, =

7.64 x 10* mol m*,

Unit

Real Value

Li

LLZO

GB

Normalization

Normalized Value

Li

LLZO

GB

System Size (I)

61.25 x 35

=1/,

1.75x1.0

Time step (47)

10

At = At/At,

1x10*

Li-ion diffusion
coefficient (D)

1x107%

1x10%

1x10%

D= D/(loz/Ato)

8.2x10*

8.2x10%

8.2x10?

Conductivity (o)

2x10°

2x107?

2x102

& = o(RTAty)/(colo’F?)

10 x 10°

10

10

Elastic Modulus

B

5x10°

92 x 10°

158 x 10°

Poisson ratio

0.3

0.25

0.25

0.3

0.25

0.25

Gradient energy
coefficient (k)

J/m

1.1x10°

K=x/ (Eoloz)

1.8x10°

Interfacial
mobility (L, LS,)

m? (Js)*

44x10°

L, = L E,At,

2.2 x 10

Reaction constant

(Ly)

275

L, = L,At,

2.75x 10°

Symmetric factor

(o)

0.5

05

Stress correction
term(C)

24

24

Molar volume

(vm,Li)

m®mol*

1.3x10°

Bulk Li-ion
concentration (cs)

mol m-3

42.2x10°

42.2 x 10°

Inelastic strain
component Ky

5x10*

Inelastic strain
component Ky,

5x10*

Inelastic strain
component K

2x10%

Nucleation parameters

Nucleation rate
pre-factor (J,)

800

correction factor
(Ufnhnmn)

Excess electron
concentration (Ce)

mol m*

337

Co = Ce/Ceo

0.337

Interfacial energy

)

Jm

0.05
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