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Internal Li deposition in isolated pores inside the solid electrolyte (SE) is found to
be one of the main reasons for dendrites growth (short) in solid-state batteries, due
to the presence of electronic conductivity of the SE. In this work we show for the
first time a clear picture of how this happens and what the controlling factors are.
We also propose several solutions to reduce/eliminate the dendrites growth
caused by internal deposition.
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Understanding metal propagation
in solid electrolytes due to mixed
ionic-electronic conduction

Matter

Qingsong Tu,"? Tan Shi," Srinath Chakravarthy,® and Gerbrand Ceder’-##*

SUMMARY

Metal penetration into a solid electrolyte (SE) is one of the critical
problems impeding the practical application of solid-state batteries.
In this study, we investigate the conditions under which electronic
conductivity of the SE can lead to metal deposition and fracture
within the SE. Three different stages for void filling (metal plating
initiation, metal growth, and metal compression) in the SE are iden-
tified. We show that a micron-size isolated void in the SE near the
anode can be quickly filled in by metal and fractured when the devel-
oped pressure in the void grows larger than the maximum pressure
the SE material can sustain. We find that the anode voltage and
applied current density play a significant role in determining the
vulnerability to metal deposition. We discuss several strategies to
prevent electronic conductivity-driven metal propagation in elec-
trolytes that are not fully dense, including the densified layers be-
tween the anode and SE.

INTRODUCTION

Solid electrolytes (SEs) are widely believed to be compatible with metallic anodes for
high-energy batteries because of their high mechanical strength and high ionic
transference number.” However, metal penetration is frequently observed in SEs,
including Li;S-P,Ss (LPS),? LizLasZrsOq (LLZO),®> and beta-alumina.”® Extensive
studies have been conducted to explain the unexpectedly low maximum charging
rate (critical current density [CCD]) that an SE can withstand without metal penetra-
tion (less than 1mA/cm?).“"® Different mechanisms for metal propagation in SEs
have been proposed, including possible low diffusivity of mobile cations at grain
boundaries (GBs),” low relative density of SEs,” pre-existing microstructural defects
(such as cracks and pores) on the surface of and in bulk SEs,'® inhomogeneous
plating resulting from contact loss between metal anodes and SEs,"" and enhanced
electronic conductivity in SEs resulting from vacancy generation during cycling.”

The proposed mechanisms for metal propagation in SEs can be categorized into two
modes."” In the mechanisms that are controlled by microstructure and defects, the
metallic phase nucleates at the anode/SE interface and propagates from the inter-
face into the SE, leading to shorting upon contact with the cathode.” In this
mode, the metal penetration is mainly caused by the uneven electrodeposition of
metal at the anode/SE interface and in the SE, which is controlled by interfacial de-
fects (such as surface roughness, pre-existing cracks)'? and SE microstructure (such
as percolating pores/GBs).1 ®> On the other hand, when electronic conductivity is an
important factor in SE penetration, as has been recently argued,’®'’ the
metallic phases can nucleate inside the SE, and shorting occurs when these nuclei
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Progress and potential
Among the alternatives to
conventional Li-ion batteries,
solid-state batteries (SSBs) have
the potential for high energy
density with the use of a metal
anode. However, the penetration
of metal filaments into a solid
electrolyte (SE) is an obstacle to
the commercialization of metal
anode SSBs. This work utilizes
continuum modeling to study the
mechanism of metal deposition
within the SE due to the electronic
conductivity of the SE. We show
that metal deposition can happen
in isolated micro-size voids within
the SE and can cause catastrophic
failure due to SE fracture. The
vulnerability to metal deposition
in the SE is investigated by
controllable parameters (such as
the cell voltage, applied current
density, etc.), and suppression
strategies of metal deposition are
then proposed. These findings
provide a deeper understanding
of the Li penetration in the SE to
eventually overcome the
challenge in SSBs.
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interconnect with each other through SE fracture. The dendrite growth in this mode
requires the electronic conductivity of the SE to be high enough to transport elec-
trons to pre-existing internal defects (such as vacancies, pores, and GBs). The two
metal propagation modes may occur simultaneously in a real solid-state battery
(SSB) system™> making it difficult to study them separately.

The microstructure/defect-driven mechanism has been widely studied, and different
strategies have been proposed to prevent or alleviate the propagation including
decreasing the SE surface roughness'® and increasing the anode/SE contact qual-
ity."” However, the electronic conductivity-driven mechanism has been much less
explored both experimentally and theoretically. In early work, the deposition of
sodium metal inside a B-alumina SE resulting from enhanced electronic conduction
was studied.” Field-driven migration of silver metal particles on the surface of an SE
(silver bromide single crystal) has also been observed, resulting from the mixed
ionic-electronic conduction of the SE.?” In more recent work, Li deposition inside
bulk LLZO and LPS was directly observed using time-resolved operando neutron
depth profiling."® The electronic conductivity in LLZO and LPS was believed to be
mostly responsible for the Li dendrite formation in these SEs. Even nominally ionic
conductors can have some level of electronic conductivity due to defects, impuirities,
or an intrinsically low band gap. In addition, the electronic conductivity of some inor-
ganic ceramic SEs has been shown to increase rapidly under high voltage.”""”* Work
with density functional theory has shown that enhanced electronic conductivity can
originate from point defects®® and internal pores and crack surfaces in the SE.?*

To systematically study the electronic conductivity-driven metal propagation in the
SE, one must consider the SE as a mixed ionic-electronic conductor (MIEC).>> %7 In
this work, we build an electro-chemo-mechanical model which incorporates mixed

ionic-electronic conduction for $SBs?®?”

to describe metal propagation in an SE
with microstructural defects (as shown in Figure 8 in the "modeling of the MIEC" sec-
tion). We focus on isolated pore-type defects in this work (such as those in LPS) and
neglect the effect of GBs. In the methodology section, a new framework for the metal
deposition inside isolated pores of the SE and its coupling with SE fracture is estab-
lished. The metal deposition in the void is divided into three stages (metal plating
initiation, metal growth, and metal compression). The time needed to complete
each stage is derived and related to the deposition-induced pressure in the void.
The effects of void geometry (pore size, location), SE material properties (ionic/elec-
tronic conductivity and fracture toughness), and electrode chemical potentials on
the metal deposition in the void are systematically investigated. We find that anode
voltage, current density, and overall cell potential play a very significant role in
determining the vulnerability for metal plating in the SE. Two efficient strategies
to reduce/prevent electronic conductivity-driven metal propagation are proposed
based on our analysis, including surface coating (or densification) and anode alloy-
ing. We point out difficulties with extrapolating results from symmetric cells or from
non-metal anode cells to realistic SSBs that use a metal anode.

RESULTS

We present several solutions here, with the detailed methodology and modeling
included in the “modeling of the MIEC" section. When the void size in Figure 8 is
assumed to be infinitesimally small, the problem can be solved analytically (for de-
tails, see the supplemental information, section 2) and this analytical solution is use-
ful to understand how voids create deviations in the potential and current. When the
void is located within the range of SE where deposition can occur (region where the
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Figure 1. Potentials and current density profiles in the SSB cell

(A-D) Potentials and current density profiles in the SSB cell (A) and current densities (B) in the
symmetric M cell. Potentials (C) and current densities (D) in an M metal anode cell (p’:‘ﬂ = 0) with
cathode chemical potential g5, = — 0.1 eV. A and C represent “anode” and “cathode.” Lengths on
the x axis of all plots is normalized by the SE thickness L = 1Tmm. The void is located 1um from the
anode. In (A) and (C), the potentials between 0.1L and 0.9L are hidden for a better view of the region
near the anode and cathode. The current densities in (B) and (D) are not shown to scale due to their
large difference in magnitude, but actual values are labeled on each line.

plating potential 5, <0), the ratio of deposition current density in the void (iy) over
the applied current density (ip) is:

C
R_C.'.ﬂ #J"A”/F + R_A+§ 'uM/F + L-a _Rca
,'v Re L Raig Re " L Raig L Ra L

fo Reploop B B RiRe Kooy Roallba)
] € A

(Equation 1)

ReRa ' Ra L' Ra L2

Here, the thickness of the SE is L and the void is located a distance a from the anode.
The electronic resistance (R.), charge-transfer resistance at the anode/SE interface
(Ra), cathode/SE interface (Rc), and void/SE interface (Ry) are defined as R, = L/
e, Ra = %, Rc = %, and Ry = %, respectively. Equation 1 indicates that the ra-
tio of plating current to total current, w, is affected by the M chemical potential in the

electrodes (ugy, 1Sy, the applied current density iy, and the area-specific resistances
(Ra, Rc, Re, Rv).

Figure 1 shows the distribution of the potentials (i, fiy ) and current densities (ie-, im+)
with typical parameters used in experiments: SE thickness L = 1mm, void located at x =
1um, applied current density iy = 0.2mA/cm?, ionic conductivity o+ = 0.1mS/ cm,
electronic conductivity ge- = 10~2apm+. Figures 1A and 1B show the potentials and cur-
rent densities in a symmetric metal cell, and Figures 1C and 1D show same quantities in a
cell with a metal anode and the cathode voltage raised by 0.1 V (chemical potential u§, =
— 0.1 eV). While the cathode potential may appear to be unrealistically low, we show
below that all relevant effects with a real cathode can be observed for this scenario.
The plating potential 5, for M metal deposition in the void is multiplied by “ — e” for
unit consistency (— eny = fy+ + .- ). The electronic current density (ie-) in Figures 1B

3250 Matter 4, 3248-3268, October 6, 2021
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Table 1. Key parameters used in this work

Name Symbol Unit Value Ref.

Exchange current density at the electrode/SE i mA/cm? 1.3 Chiku et al.™

interface

Exchange current density at the void/SE v mA/em? 0.01 Tian etal."”

interface

lonic conductivity in the SE oM mS/cm 0.1 Bachman et al.*'

Electronic conductivity in the SE Go mS/cm 104 Han et al.,"® Shin et al.,*?
Minami et al.™

Electric conductivity in the M metal oM mS/cm 10° Bastea and Bastea™

Fracture toughness of the SE K. MPa+/m 0.2 McGrogan et al.,**
Rouxel and Yoshida,** Nose®’

Bulk modulus of the M metal K GPa 1 Masias et al.*®

and 1D are scaled to be comparable with the ionic current iy-, but the actual values are
provided near each line.

For the material parameters in Table 1 and the current condition imposed, a gradient
ofthe electronic potential (Afi.- = 0.21 eV) drives electrons in the SE to migrate from
the anode to the cathode, and a gradient of the electrochemical potential of M* ions
in the SE (Afiy- = 0.2 eV) drives M* to migrate from the cathode to the anode. A
surface overpotential 7,,c =4.0 mV is needed for the plating of M at the anode/SE
interface and the stripping of M* ions at the cathode/SE interface (according to
Equation 9). At the void, the slope of the electronic potential ji,- changes as some
current is absorbed in the void (Figures 1B and 1D). This slope change is not notice-
able in the ionic potential fiy. as the fraction of ionic current iy+ absorbed in the void
is negligible compared with the total ip- . In the symmetric cell, the deposition cur-
rent in the void is only ~0.65% of the total applied current iy (Figure 1B). This value
decreases to ~0.60% when the cathode potential is raised by 0.1 V (Figure 1D) as the
electronic chemical potential (fi,- ) is lowered in the SE by the lower Li-ion chemical
potential in the cathode. The fraction of current absorbed in the void increases
rapidly as the veid is closer to the anode, or when a higher current jp is applied.
For example, when the void is located 0.1um from the anode and the applied current
density is iy = 2 mA/cm?, the deposition current density iy increases to ~1.5% i.

It is important to evaluate the fraction of the SE that is susceptive to internal M depo-
sition. We define the region in which M deposition can occur as [0,ap], where ag is the
position where plating potential v (or deposition current iy) is zero. The value of ag
can be found by setting iy in Equation 1 to zero, resulting in:

ioRA-»-% _ Na — Va

)_nA + e+ (Ve —Va)’

do

n

(Equation 2)
io(Ra+Rc) + (@ - @
Here, n, and 7¢ are the Butler-Volmer overpotentials at the anode/SE and cathode/
SE interfaces, and V and V¢ are the equilibrium voltage in the anode and cathode,
respectively. This equation can be understood fairly intuitively as it indicates that the
fraction of the SE susceptible to plating is proportional to the amount by which the
anode sits below the Li metal potential and inversely proportional to the overall po-
tential drop across the electrodes. For example, ag reaches a maximum (ap =0.5L)
fora symmetric cell (ufy = u§; = 0, Ra = Rc). This can be understood as a symmetric
metal cell keeps the electronic chemical potential high everywhere in the SE. In a real
cell, the increasing of the cathode voltage reduces the fraction of the SE that is
exposed to a negative plating potential. Even increasing the cathode potential to
only 0.1 Vin Figure 1C (ufy =0, u§; = —0.1 eV) decreases ag to 0.04L. This decrease

Matter 4, 3248-3268, October 6, 2021 3251
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Figure 2. Distribution of potentials and current densities affected by the void in the SE

(A-C) Distribution of potentials in a symmetric SSB cell around the first void (with diameter dy =
1pmandlocated atx = 1 um, y = z = 0). Only values in the range: O<x<4 um, —1 um<y<1 umandz=
0 are shown here.

(D) Deposition current density around the first void.

(E) Total current density at the anode/SE interface. Both the vertical coordinate and the contour
plot represent the magnitude of the deposition current. All the length units in the figures are in um.

is also reflected in the plating potential (— eny), which is pulled down at the cathode
side by an amount that is equal to the cathode voltage. Notably, in a metal anode
cell, decreasing u§, (increasing cathode voltage) can narrow the range in which M
metal deposition occurs, but cannot stop the deposition because ap is always posi-
tive when the anode equilibrium voltage is zero (,u‘,f‘,, = 0). However, it is possible to
fully prevent metal deposition by increasing anode voltage (e.g., alloy anode). The
increase in anode voltage needs to be just enough to offset the anode overpotential,
@5 — igRa (Va =n4). For example, when ;Lf‘,,s — 4.0 meV in Figure 1C, no deposi-
tion occurs regardless of the position of the void. This indicates that even minor
anode voltage changes can modify the Li penetration behavior in the SE. Indeed,
many demonstrations of SSB in which no Li metal penetration occurs use a non-metal

anode.**1°

The previous results are obtained under the assumption of an infinitesimally small
void, which allows the current distributions to be obtained analytically. To study
the actual filling of finite voids and their perturbative effects on the current distribu-
tions we use numerical simulations. Computational details are given in the supple-
mental information, section 4. Figures 2A-2C shows a 2D cut (at z = 0) of the poten-
tials at the start of metal plating near the void that is closest to the anode (detailed
3D potential distributions are shown in Figure S3). We only show deposition in the
first void since its deposition current makes up more than 70% of the total deposition
current in all voids of the SE. Similar to the 1D results shown in Figure 1A, the elec-
tronic potential fi.- is significantly perturbed around the void (Figure 2B), whereas
little change is observed for the ionic potential fiy. (Figure 2A). Figure 2D plots
the deposition current density (iv) at the surface of the first void. The part of the sur-
face in yellow color, indicating the largest current, is oriented toward the anode. The
average deposition current density (i) is 0.65% iy, which is similar to the analytical

3252 Matter 4, 3248-3268, October 6, 2021
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Figure 3. Evolution of M metal deposition from stage | to stage Il in a spherical void in the SE
(A) Metal boundary at three deposition time. The metal thickness at t=0.1 h is smaller than shown
but scaled up ten times for a better view.

(B) Deposition current at different time. Each curve is averaged along y and z from the 3D data in
Figure S3. The vertical axis is broken between 0.05% and 0.58%.

(C) Pressure in the void as function of time under three applied currents. The black line is the critical
pressure for fracture of an LPS-type SE.

(D) Deposition time for different void sizes. The green area represents the time for metal growth
(stage |1}, and the blue and red areas represent the time for metal compression, with blue for stage
Ill-case 2 (no SE fracture) and red for stage lll-case 3 (SE fracture). dj is the critical diameter to
separate stages Il and Ill, and dj; is the critical diameter to separate stage lll-case 2 and stage IlI-

case 3, at the same deposition time.

value shown in Figure 1B. Figure 2E shows the magnitude of the total current density
going into the anode. In this graph, the point (y = z = 0) is the projection of the void
centerin the anode plane. Shadowing by the void reduces the current by 0.5% at the
point (x = y = z= 0) but the total current converges to the applied value (ip =
0.2 mA/cm?) far enough from the center. The shadowing effect rapidly increases
as the void approaches the interface. For example, the current inhomogeneity in-
creases from 0.5% to 4% when the void is moved from 0.001L to 0.0001L from the
anode. Therefore, the total current distribution is not only affected by the elec-
trode/SE interface *' but also by pores within the SE.

The filling of the void occurs in a somewhat surprising way. At the start of charging
(t = 0, beginning of stage I}, M metal is plated on the surface of the void closest to
the anode as the deposition is limited by the electronic current. However, the depo-
sition current changes as more M metal is deposited. This is because plating of metal
in the void changes the electronic current thereby modifying where the plating po-
tential is largest. Figure 3A shows the evolution of the metal boundary (dashed ellip-
ses) in the void under an applied current ip = 0.2mA/cm?, and Figure 3B shows the
averaged deposition current along the x direction obtained by integrating the void
surface current in the y and z coordinates (detailed results are given in Figures S3 and
54). Although our results indicate that metal deposition (stage |, as described in
Figure 9 in the "modeling of the MIEC section") initiates more strongly on the
anode-facing side of the void as it has the largest plating potential for deposition
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(blue curves in Figure 3B), the current pattern changes quickly after deposition has
started (green curve). Once a small layer of M metal is plated, electrons flow through
the M metal because of its much larger electric conductivity (om = 10°mS/cm), lead-
ing to an almost equipotential behavior of fi,- along the void surface where metal
has already plated. Therefore, the pattern of the deposition current iy becomes
mostly determined by the ionic potential iy through the relation:
iveeny o« (e + ity ). This causes metal deposition to become larger on the side of
the void facing the cathode (stage Il in Figure 9). This remarkable reversal of which
side in the void the metal front grows the fastest is illustrated in Figure 3B. While
initially the deposition current declines as one moves further away from the anode,
after about 0.1 h (for the conditions in the simulation), the current reverses and the
void starts to fill faster from the side facing the cathode.

Once the void fills up with metal, continued deposition causes the pressure to
rapidly increase (stage lll). This is shown as function of time (Equation 12) for three
applied current densities iy in Figure 3C. The developed pressure P depends on iy
because larger current densities create larger plating potentials in the void. Plating
only stops when the pressure in the void increases the chemical potential of the
metal M enough to balance this plating potential. Under some circumstances, this
limiting pressure may be higher than the critical pressure for fracture. Fracture resis-
tance of ceramics is measured by the fracture toughness K., which can be related to
the maximum pressure can be sustained, P, = f(df% . As a reference, the horizon-
tal black line in Figure 3C represents the critical pressure required to fracture an LPS-
type SE (with K. = 0.2 MPa-+/m). The material will fracture when P/P.>1, indicating
that, even for reasonable current densities, the pressure in a filled void in the SE can
crack the SE. It should also be noted that the pressure inside an enclosed void can
become considerably larger than the yield stress of Li metal. In our example, the
pressure grows to over 100 MPa even for a reasonably low current density of 1.0
mA/cm?. Notably, slightly different values for the LPS fracture toughness K. are re-
ported in the literature within the range (0.2 ~ 0.23) MPa-/m. ***® The maximum
pressure P. may increase by ~ 10% if the largest K. is used. However, this small effect
on the SE fracture is negligible compared with other factors, such as the void size and
location, and the electronic conductivity of the SE, as discussed in the following.

When cracking does not occur, a dynamic equilibrium takes over in the void. Once
the pressure builds up in the void, the deposition current iy decreases, as shown
by the red curves in the bottom panel of Figure 3B, and as prescribed by Equation 11.
Because the pressure P is the same everywhere in the M metal, the deposition cur-
rent uniformly shifts down until deposition and stripping in the void is balanced. At
this point metal enters from the side facing the cathode, and leaves the void on the
side facing the anode.

Figure 3D shows the total time needed to reach the different stages in different sized
voids for an applied current density iy = 1mA/em?. For times and diameters in the
green area of the graph, the void is being filled with metal (stage Il). The blue and
red areas represent the stage Il growth. For conditions in the blue area, a dynamic
equilibrium of M metal deposition/dissolution is present in the void (stage lll-case 2).
Fracture occurs in the red area (stage lll-case 3). Figure 3D shows that the total depo-
sition time to finish all three stages is dominated by the time required for filling the
void during stage Il (green area). In our specific case, if the charging time is less than
4 h, voids with diameters larger than 0.8 um will not be filled at the end of the charge
and, therefore, no pressure will be developed. These voids may get depleted of
metal again in the discharge process. However, if the charging time is long or if
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the applied current is larger (approaching the CCD), more (and larger) voids will
reach the irreversible stage lll-case 3 (SE fracture, red area). The results in Figure 3D
also indicate that, while larger voids take longer to fill, which may appear beneficial,
they are at greater risk of propagating fracture once they are filled.

As shown in Figure 3D, at the same deposition time, there are two critical void diam-
eters that separate the different stages: dj is defined to separate stage Il and stage llI
(the size when void space equals to metal volume and no pressure is developed), and
djy is defined to separate stage -2 and stage llI-3 (the size when the terminate pres-
sure Py equals the maximum pressure P.). The cell charging time is usually defined by
the cell capacity Ca and the applied current density (t = %‘). By comparing the charging
time and the total time needed to reach different stages, it is possible to relate the cell
capacity (Ca), the applied current density (ip), and the critical void diameters (dy, di), as
given in Equation 3 (for details see the supplemental information, section 3):

dy = W?M&)CA (Equation 3a)
_CZCA/'O C3 .
e i+ o \/ET:‘]' (Equation 3b)
0 il

The plating current ratio  is defined in Equation 1 (w = iy/ip). The constant ¢; and
c3 are: ¢ =% and ¢ =%¥f’:‘( (refer to Table S1 for definitions of other vari-
ables). Equation 3a shows that the critical diameter dj;, below which a void is filled
by metal, is proportional to the cell capacity Ca and the plating ratio w (depending
on the applied current, electrode chemical potentials, electronic conductivity, and
void location in Equation 1). Notably, in the symmetric cell (ufy = u§; = 0, Ra =
Rc), the plating ratio @ only depends on the SE properties (electronic conductivity
and void location), and therefore d is only a function of Ca. Equation 3b can only
be solved numerically but an inverse parabolic relation can be observed between
djy and ip. This is because a small void requires a higher critical pressure for SE frac-
ture (P.x1/+/dy). Even though less time is required to completely fill in smaller
voids, they are less able to fracture the SE. To limit the number of variables for anal-
ysis, and represent a realistic scenario, we extend our analysis in Figure 4A under the
constraint of a fixed areal capacity Ca =4 mAh/cm? for an M metal symmetric cell, as
has been used in many experiments. '***? For a given void located 1 pm from the
anode, the condition of the void at the end of the charge can be determined accord-
ing to its diameter dy and the applied current iy, as shown in Figure 4A.

When the void size in the SE is large (dy>d) = 0.8 um, Equation 3a), the charging
time is not sufficient for the metal to completely fill the void (green area in Figure 4A).
Smaller voids can act as fully reversibly metal reservoirs when the current density is
small enough (blue area), but will fracture under charging with high current densities
(red area). The boundary between these two areas defines a CCD that the SE can
withstand before fracture. The CCD increases as the void diameter decreases, as ex-
plained in Equation 3b.

Figure 4B shows the relative deposition current (iy/io) of the voids in the SE under an
applied current ip = 0.2mA/cm? for different electronic conductivities as a function of
the position of the void. The deposition current decreases rapidly when voids are
positioned deeper within the SE. This is because both the electrochemical potential
of electrons (fi.-) and the plating potential (— eny = iy + fie-) decrease rapidly (Fig-
ure S5). For SE materials with higher electronic conductivity, the average deposition
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Figure 4. Deposition status in the void and effects of key parameters

(A) Evolution of voids in an SE as function of void diameter and applied current. For the green area
the void is never filled upon charging. In the blue area the void will be filled but the pressure
developed is not sufficient to fracture the SE. For conditions in the red area the void will fracture.
The areal capacity is 4 mAh/cm?. The two horizontal lines (0.25C and 0.40C) indicate the C-rate for
the corresponding applied current.

(B-D) Distribution of deposition current iy under applied current density of 0.2mA/cm?, at three
different SE electronic conductivities (B}, three different M chemical potentials in the cathode when
the anode is M metal (C), and three different M chemical potentials in the anode when M chemical
potential in the cathode is uf; = — 1 eV (D).

current is larger and decays much more slowly. However, the deposition current still
decays to a negligibly small value for voids located deeper than 0.02L. Therefore,
preparing a sufficiently dense or void-free surface of the SE at the anode side can
be an efficient strategy to prevent M metal deposition in the voids of the SE.

Figures 4C and 4D evaluate the effect of cathode and anode chemical potential un-
der an applied current iy =0.2mA/cm? and electronic conductivity g~ = 107*mS/
cm. Although lowering the M chemical potential in the cathode increases the decay
rate of the deposition current in the voids deeper in the SE (Figure 1C, ag shifts to-
ward the anode), it does not decrease the magnitude of the deposition currentin the
first void significantly, which is the void most vulnerable to SE fracture. Therefore,
changing the M chemical potential in the cathode is not an efficient strategy to pre-
vent M metal deposition in the void. However, lowering the M chemical potential in
the anode (even by a few meV) not only rapidly decreases the deposition current in
the first void but also increases the decay rate of the deposition current in the voids
across the SE. Therefore, an alloy anode with sufficiently low M chemical potential
will prevent M metal deposition in the void.

DISCUSSION

In this paper we investigated the effect of electronic conductivity in an SE on
possible plating of metal inside pores of the SE. Our findings show that metal depo-
sition in the SE is indeed possible and depends in a substantial way on the electronic
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and ionic conductivity, the local current density and location of the void, the anode
voltage, and the anode-cathode voltage difference. For symmetric metal cells, the
SE is most vulnerable to plating as half of the SE is exposed to a favorable plating
potential. In contrast, cells in which a real cathode is used, the large potential
gradient in the SE limits metal deposition to voids close to the anode, although
this region can propagate as filled voids back-connect to the anode.

Three different plating conditions are identified in this work, one of which leads to
electrolyte fracture by pressure build up in the void and defines a CCD. The results
in Figures 3 and 4 show that the maximum applied current that the SE can withstand
due to M metal deposition in the void is highly related to the microstructure of the SE
(e.g., the void sizes and locations). Our analysis also indicates that CCD will depend
on the time of charging. Most CCD values from experiments are obtained for cycling
times of less than 2 h. But longer charging times that displace more metal to the
anode will reduce the CCD as the sub-critical voids (blue/red regions in Figure 4A)
that were not filled under short-time charging conditions, may become filled and
turn critical under longer charging time. Therefore, to obtain a meaningful and
rigorous CCD of an SSB cell, maintaining long charging at each iy is necessary. More-
over, when comparing CCDs between different SSB cells, the CCD must be corre-
lated to the cell capacity (determining the total charging time), SE microstructure
(determining the void size and time to completely fill in the voids), and SE material
properties (such as the electronic conductivity and SE fracture toughness). The corre-
lation between the cell performance (or CCD) and SE microstructure has been widely
studied in both oxide-type SEs***” and sulfide-type SEs."*** Notably, the void size in
the SE rather than the SE porosity is the real factor affecting the CCD. For example,
investigating LLZQO Hatzell and colleagues®®?’ concluded that smaller void size
yields higher CCD, consistent with our work. These authors also showed that lower
SE porosity leads to lower CCD, which may seem inconsistent with our work (Fig-
ure 4A). This apparent discrepancy in findings stems from the different synthesis
methods used for sulfide and oxide SEs. Whereas the holding/cold pressing used
for sulfides reduces SE porosity and pore size,”* oxide SEs are sintered, which re-
duces SE porosity but increases pore size.” It should also be noted that the CCD
value in the work of Hatzell and colleagues (~ 0.1 mA/cm?) was much smaller than
thatin our current work (~ 1 mA/cm?). This is because the LLZO material used in their
work was polycrystalline with GBs for which the electronic conductivity is larger** and
the fracture toughness is smaller than their intrinsic bulk values.*® Therefore, a larger
deposition current and lower critical pressure is expected (Figures 4A and 4B), lead-
ing to a lower CCD for a polycrystalline sample. Single-crystal LLZO exhibits a higher
tolerance to the applied current. Experimentally a Li/LLZO/Li cell was found to short
after 5 min under an applied current iy = 5 mA/cm?,*® whereas we obtained a time of
~ 25 minwhen ourideal model (no pre-cracks at the anode/SE interface, as created in
the experiment) is applied with the parameters used in Swamy et al.*® (SE porosity of
~3% and fracture toughness of 0.6 MPa-+/m). Models incorporating GBs could be
built to investigate the case of polycrystalline materials (such as LLZO).

An important finding in our work is the relation between the size of a pore and the
current density above which it becomes susceptible to fracture by M filling, as
shown, for example, in Figure 4A. While small voids may fill with metal, they may
not build up enough pressure to crack and hence will not contribute to shorting of
the cell. But the size above which voids become critical and fracture decreases as
the current density increases (Figure 6A). This implies that, at higher current density,
more of the pores can contribute to the creation of a metal-percolating path that
shorts the cell. Through this mechanism porosity and CCD are intricately related.
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Figure 5. Scheme of successive cracking events caused by void filling

In each stage the part of the SE that is susceptible to plating is shown in red, and the “safe” part is
shown in green. Li is stripped on the right side of the cell and deposited on the left side. (A) Initial
potential distribution with no metal in any voids, (B) void 1 is filled by M metal, and (C) void 1 is
cracked and connected to the anode and void 2 is filled by M metal. The vertical dashed line is
located at the middle of the cell.

Although we have focused on the pores nearest to the anode, it is clear how failure
can propagate further into the SE. Once a pore cracks toward the anode the crack
will further fill with metal and adopt the anode electrical potential, thereby extend-
ing the region where the metal plating potential is negative further into the SE. Fig-
ure 5 illustrates this possible evolution of the plating front in an M symmetric cell.
Initially, half of the SE volume is susceptible to metal deposition (red area in Fig-
ure 5A). When void 1 fills and cracks, the crack that extends toward the anode will
fill and connect the void to the anode potential. This moves the front for potential
metal deposition further toward the other electrode (Figure 5C) making void 3
now susceptible to plating. Such successive fracture events between disconnected
pores can bridge connected porosity and ultimately penetrate the SE.

The key issue to prevent Li metal propagation through the electrolyte is to prohibit
initiation of metal plating in the vulnerable region near the anode, as illustrated
schematically in Figure é. The fraction of the SE that sees a negative plating potential
(ap/L) is approximately the ratio of the anode surface overpotential (11,) and the cell
voltage V¢ — Va (Equation 2). This area increases with current density because 1, in-
creases, as can be seen from the linearized Butler-Volmer equation (7, =iy Ra). One
should note that the relevant current density is the local current density, which may
be very different from the average current density due to inhomogeneous contact at
the interface.'” From this analysis, three strategies to reduce Li plating in the SE
become apparent: (1) create a dense layer between the metal anode and porous
SE either by introducing a coating between the anode and SE or by densification
to obtain a thin “void-free” layer near the SE surface; (2) decrease the M chemical
potential in the anode (raise its voltage); and (3) improve contact between the anode
and the SE to reduce the local current density, as a lower current density reduces the
depth of the SE that is susceptible to plating. The first two solutions are schematically
shown in Figures 6B and 6C.
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Figure 6. Strategies to prevent metal deposition inside the SE

(A) Schematic illustration of the metal deposition in voids of the SE. Deposition happens in the
region of negative plating potential ([0, ao], red area). This region (ap/L) is affected by the Butler-
Volmer overpotentials at the anode/SE (1,) and cathode/SE (1¢) interfaces, and the equilibrium
voltage in the anode (V) and cathode (V¢), respectively. Two strategies to reduce Li plating in the
SE: (B) create a dense layer between the metal anode and porous SE, and (C) increase the
equilibrium voltage in the anode above the Butler-Volmer overpotentials at the anode/SE interface
(Va>n,).

We investigated in more detail the first two strategies with the models and param-
eters used in the previous section. If the buffer or densified layer accommodates
the full region where the plating potential is negative no Li plating will occur in
the SE as it is never exposed to any Li plating conditions. Note that, in a symmetric
cell, the vulnerable region for plating is half the thickness of the SE (Figure 1A) mak-
ing the use of an interfacial buffer layer impractical. But we show in Figure 7A that
even in this case the negative effects of plating can be mitigated. A metal symmetric
cell with a void (0.5um in diameter) near the anode is modeled in Figure 7A under a
fixed areal capacity of Ca = 4 mAh/cm?. The “void-free thickness” of the SE in the x
axis is defined as the void distance to the anode minus the void radius, as shown in
the inset figure. When the void-free thickness is 0.5 um, the SE will be fractured if the
applied current density is larger than 1.6 mA/cm? (a similar conclusion can be found
in Figure 4A when the void diameter is 0.5 um). However, when the void-free thick-
ness increases to 2 ~ 3 um, the void will stay in stage | (“void not full” in Figure 7A)
during the whole charging process. Therefore, creating a thin void-free layer at the
anode/SE interface is an efficient way to alleviate metal propagation in the void.

Densifying the SE surface not only decreases the metal deposition in the SE but also
decreases the “shadow effect”: voids positioned deeper in the SE cause less current
inhomogeneities at the anode/SE interface (Figure 2D). Although synthesizing an
ideal dense SE layer may be difficult and impractical, a very low SE porosity with
small voids also works (Figure 4A), either by using smaller SE particles'” or applying
high-pressure hold pressing.”® It has been shown experimentally in Cheng et al.’”
that an SE heterostructure (with smaller SE particles at the surface layer and larger
SE particles in the middle layer) not only exhibits much lower interfacial resistance
(owing to better anode/SE interfacial contact) but also higher CCD (because of
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Figure 7. Example of the two strategies for preventing metal deposition in a real SSB cell

(A) Evolution of voids as a function of the void-free thickness and applied currents with an area
capacity of 4 mAh/cm?. The three regions have the same meaning as in Figure 4A. The inset
describes the void geometry.

(B) Safe operating zone as a function of the M chemical potential in the anode uf; and the applied
current. The “No M metal deposition in the SE” means no deposition regardless of the position of
the voids in the SE.

the denser SE surface). Notably, it is not necessary to densify the entire sample; a
thin layer is sufficient to achieve similar improved performance in terms of Li dendrite
resistance.

Using a coating or buffer layer between electrodes and the SE is widely used to
achieve better chemical stability to prevent the formation of uncontrollable SE inter-
phase™” or to reduce interfacial contact loss."”” Although these objectives are
important in preventing cell degradation, our study points out that the improved
cell performance after adding the coating/buffer layer might partially stem from
the void-free layer contacting the SE surface (Figure 5A).

Tuning the M chemical potential in the anode is shown to be a good strategy to pre-
vent/alleviate metal propagation in the SE (Figures 4C and 4D). Figure 7B shows the
requirements for the anode M chemical potential to completely prevent M metal
propagation in the SE as a function of applied current. As long as the M chemical po-
tential in the selected anode material is in the green region, no deposition will occur
in the voids regardless of the positions of the voids. M metal alloying is a good strat-
egy to control the M chemical potential in the anode and has been widely studied in
the literature.**“° Both the Li-Mg alloy anode and the Ag-C composite anode have
shown to lead to great cell performance with high specific and areal capacity.
Although an alloy anode may provide better interfacial contact and chemical stabil-
ity at the anode/SE interface, which results in better cell perfermance, the lower
chemical potential in the alloy anode is also beneficial for preventing metal deposi-
tion in the SE. Our findings in this context also indicate that symmetric cells may not
be representative of full-cell dynamics in terms of M metal deposition in voids (or
CCD) as they present the worst conditions for M metal deposition in the SE.
Conversely, our work also shows that solid-state batteries with a non-metal anode,
such as Si or graphite, will not suffer from M plating in the SE and hence theirimpres-
sive cycling results cannot be extrapolated to metal anode S$SBs.**

It should be noted that in our work we only focused only on electronic conductivity-

driven metal propagation (metal deposition in the SE), and metal may penetrate an
SE for a variety of reasons.”””" Hence, our results provide an upper limit for
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experimental observations. In addition, the SE fracture model used in this work is
based on classical fracture mechanics with the assumpticon of viscoelasticity for the
M metal in the voids. More advanced fracture models for M metal insertion in a
confined space”'**” can be incorporated for a more accurate evaluation of the critical
pressure allowed in the SE, the maximum pressure developed in the M metal, and
the time needed to fracture the SE. One should also consider that the electronic con-
ductivity in the SE may be enhanced locally during cycling by the generation of va-
cancies or by chemical reactivity of the electrolyte.”*>* Any increase of electronic
conductivity near the anode will increase the M metal deposition rate in the SE (Fig-
ure 4B). Our modeling was performed with a spherical void geometry. However, the
void morphology in a real SE material can be much more complicated in terms of
pore connectivity and tortuosity. Because the spherical voids used in this work
have the lowest curvature of all shapes with the same volume, the results obtained
should cause the smallest inhomogeneity of potentials and deposition current.
Therefore, the M metal deposition rate in a real SE material with more complicated
pore structure is likely to be higher than the results predicted.

Conclusion

The existence of electronic conductivity in SEs is believed to be a key reason for
metal penetration in SSB cells. In this work, we developed a computational frame-
work that integrates electronic and ionic transport, Li deposition, and mechanical
events. Our model indicates that a small electronic conductivity is indeed sufficient
to trigger metal propagation in the SE whenever porosity is present near the anode.
Large pores are particularly problematic as they can build up enough pressure to
crack the SE when they become completely filled. In contrast, small porosity may
filland empty in a reversible manner. We find that symmetric cells may overestimate
the growth of metal through the SE as half the SE is exposed to plating conditions. In
full cells the part of SE in which plating conditions are favorable is initially confined to
a small region near the anode. Fracturing in this region may, however, extend the
plating-susceptible region further into the SE and eventually lead to metal penetra-
tion in the SE and cell shorting. Our work also establishes a relation between CCD,
microstructure features, fracture toughness, and the intrinsic electronic and ionic
conductivity of the SE. Creating a densified layer on the SE near the anode, or alloy-
ing the metal anode, are proposed as two strategies to prevent/alleviate the metal
deposition in the SE.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Gerbrand Ceder (gceder@berkeley.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data and code associated with the study have not been deposited in a public re-
pository but are available from the lead contact upon reasonable request.

Modeling of the MIEC

Figure 8 illustrates the setup of the model. A MIEC SE with a void (shown as the white
area) is contained between two electrodes. As we focus here on possible metal
plating and cracking around the void, we assume flat interfaces and perfect contact
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Figure 8. Schematic illustration of the MIEC model for an SSB cell during charging

The movements of cations and electrons can be described by an equivalent circuit that has ionic
conduction and electronic conduction connected in parallel under the same externally applied
potential AU. The top part (in the red box) represents the ionic conduction, where cations M* are
removed from the cathode, migrate across the SE, and plate onto the anode. The bottom part (in
the blue box) represents electronic conduction, which lets electrons flow from the anode to the
cathode. Metal deposition occurs in the void (white area).

with the electrodes. The effect of surface roughness has been studied in our previous

work and can mainly be considered as a local increase in current density.'**"

During the charging process shown in Figure 8, M* ions migrate from the cathode to
the anode with partial current density iy- (red lines); meanwhile, electrons move
from the anode to the cathode with partial current density i~ (blue lines, the direc-
tion of i~ is opposite to the flux direction of electrons). The partial current densities
im+ and ie- are vectors, and related at the SE interfaces through the following bound-
ary conditions:

(iy+ + i)+ n®= —iySy, atSE/cathode interface, (Equation 4)
(im+ + i-) »n*= —iySy, at SE/anode interface, (Equation 5)
(im+ +ie)+n¥=0, atSE/void interface. (Equation 6)

The externally applied current density (ip) is a constant scalar under galvanostatic
conditions. The surface area of the SE (So) at both the anode and cathode side,
and their outward unit normal vectors (n* =[—1,0,0]" and n = [1,0,0]") are constant
because flat surfaces are assumed. Note that iy- i.- are treated as vectors. Equa-
tions 4 and 5 show that a total current iySp flows into the SE from the cathode/SE
interface, and flows out of the SE into the anode/SE interface. Equation 6 states
that no net charge accumulation occurs in the void: the magnitude of the ion flux
(ip-+ +n) should be the same as the magnitude of the electronic flux (— i+ n).

For an SE in which the mobile M* has a charge of +1 (such as Li* and Na™), transport
of cations and electrons can be described by the Ohmic relations:

i = J”f‘_i* Vi, e = "%’vae” (Equation 7)

The partial current densities (iy-, i.-) are driven by their respective electrochemical
potentials in the SE (fip- for M* and ji.- for electrons). We assume no cross-coupling
between ionic (electronic) current and electronic (ionic) electrochemical poten-
tials.>® Transport equations are solved under steady-state condition, and, apart
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from the void, no accumulation of carriers occurs in the SE,® so that Laplacian equa-
tions can be applied:

V2. =0, V2. =0. (Equation 8)

All charge-transfer reactions (stripping at the cathode side, plating at the anode
side, metal deposition in the void) are described by the Butler-Volmer relation:

agFy acFny

=i |em —eF |. (Equation 9)

The charge-transfer current density across the interfaces (i, k = Afor the anode/SE inter-
face and k = C for the cathode/SE interface) is defined as positive for an anodic reaction.
The exchange current density i, represents the reaction rate of the M/M* reactions.
The anodic and cathodic coefficients («,, «.) satisfy the relation a; +a. = 1; R, T, and
F are the gas constant, temperature, and Faraday constant, respectively. The surface
overpotential 5, is the difference between the M chemical potential in the electrode
(X, k=A for the anode and k= C for the cathode) and the electrochemical potential

(fim+ + fie ) at the SE/electrodes interfaces: Fuy = pf; — (e +fie )" 0770

Equation 9 describes the surface overpotential (1) for an M* ion to move from the
electrode to the SE (anodic reaction) or from the SE to the electrode (cathodic reac-
tion). All potentials can be related through the following equation:

—FAU=) — kS = (ﬁff;c - ,aff;") +(Fne — Fna) + (i — 1), (Equation 10)

The first equality (-FAU = g2 — &5 ) is the definition of the externally measured po-
tential (AU). This potential is also the driving force for electronic current across the SE
when there is non-negligible electronic conductivity. The first two terms on the right-
hand side of Equation 10 constitute the overpotentials needed: fip::© — fipr” is the
driving force to move M* across the SE, and Fne — Fny, is the contribution of the
surface overpotentials at the electrode/SE interfaces. Added to these is the term
uhy — 15, which is the thermodynamic open-circuit voltage (Nernst equation: —

FAUCPYY = uf, — ul).

Two conventions are used in this work: (1) the anode voltage is always zero: ;1‘:_ =0
(therefore, FAU:;]E, in Equations 10), and (2) the chemical potential of Min M metal
(uM) is zero, meaning the other (electro)chemical potentials are set with respect to
,um. Therefore, for a symmetric cell with M metal as the electrode, the chemical
potential of M in the electrode (ufy, ug) is zero: pfy = uf; = 0. Notably, the effect
of mechanical stress on the charge-transfer kinetics at the electrode/SE interfaces
is neglected in our treatment, consistent with the small value of "stack pressure”
that is typically applied in experiments (<10 MPa).'* The possibility of SE fracture
is included when metal deposits inside the void because large stress can build up
when metal is deposited in a confined space. No space-charge layer is assumed in
this work due to its negligible effect in SSBs.”*” The nucleation energy of M metal
is also neglected as in similar work.?%:°°

With both M* ionsand electrons available inside the SE, metallic M can deposit in the
void when the potential at the location of the void is in the appropriate range. Because
we have set the equilibrium potential for the M anode equal to zero, the plating po-
tential is equal to the overpotential for Li plating. Figure 9 presents a schematic illus-
tration of the deposition process. Before cycling, no metal is present in the void.
Equation 9 indicates that M metal deposition (cathodic reaction: M* +e~ = M) in a
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Stage I: Metal Initiation Stage II: Metal Growth Stage III: Metal Compressmn

Case 1: l =0 Case 2: Dynamic balance Case 3: SE fracture
E Possible scenarios at the end of Stage I11

Figure 9. Schematic illustration of different stages of metal deposition in the void

(A) Voids close to the cathode side (void 2) have positive plating potential (,>0), and no deposition
occurs. Voids close to the anode side (void 1) have negative plating potential (5, <0), and metal will
be deposited.

(B) Stage | {metal initiation) of the metal deposition at a rate of i,’,. The gray color at the surface of
void 1 represents a thin layer of M metal.

(C) Stage Il (metal growth) with a deposition rate of il). Most of the space of the void is occupied by
M metal.

(D) Stage lll (metal compression) with a deposition rate of;”‘ A hydrostatic pressure (P) is built up to
counterbalance the metal insertion.

(E) The three possible scenarios at the end of the metal compression stage. Case 1: zero deposition
rate at the metal/SE interface. Case 2: equal amount of deposited M metal and dissolved M metal,
leading to zero net M metal insertion. Case 3: SE fracture due to high pressure.

void only occurs when the plating potential (n,, where "V" stands for void) at the loca-
tion of the void is negative. During charging, the plating potential increases from
negative near the anode side (void 1 in Figure 9A) to positive near the cathode
(void 2). When initiated, metal deposition will start with a thin layer of Mmetal plating
on the surface of void 1 under deposition rate i}, (Figure 9B). We refer to this as “stage
I: metal initiation.” After this stage, the void is gradually filled by Mmetal under depo-
sition rate {f} (Figure 9C), which we refer to as “stage II: metal growth.” When the void
is fully ﬁlled with metal, a hydrostatic pressure (P) will build up as new M metal con-
tinues to insert into the confined space. This pressure in turn reduces the plating po-
tential and decreases the deposition rate il (Figure D). Thisis “stage Ill” and involves
metal compression. The metal compression stage can end in three different ways de-
pending on the deposition rate (ill), the pressure (P) developed, and the strength of
the SE material (Figure 9E). We define case 1 as when the pressure is high enough
to completely suppress M metal deposition at any location in the void before SE frac-
ture occurs. In case 2, the pressure in the void modifies the plating potential 9, lead-
ing to plating of half of the metal/SE interface (7, <0) while stripping of the other half
(ny>0). The total amount of M metal inserted is zero because the deposition on one
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side of the void is balanced by the stripping on the other side. In this scenario,
observed experimentally,?’ the void participates in metal transport through the
conductor. Case 3 occurs when the pressure (P) becomes large enough to
fracture the SE. Cases 1 and 2 are reversible, whereas case 3 is not. If, at the end of
the cell charging, a void near the anode is not completely filled (stages | or II), or
completelyfilled (stage lll-case 1 or-case 2), Mmetal in the void will gradually dissolve
when the cell discharges. However, if the SE fracture occurs (stage lll-case 3), depo-
sition current will concentrate near the fractured area due to the larger curvature,
leading to further fracture of the SE and propagation of M metal. °' Notably, cases
1 and 2 can also become irreversible if the M metal is chemically reactive with the
SE material. Part of the deposited metal may then react with the SE during plating
and less metal will dissolve when the cell discharges. This complication is currently
not included.

The various conditions under which metal deposition occurs in the SE can be
described by the following modified linear Butler-Volmer relation

0, if >0 No deposition
i;w%, ifn,<0 Stage &Il
Iy = . (Equation 11)
(F v — P VM)
EZXCT if P>0  Stage lll

v

v < are the molar volume of M and the exchange current den-

In Equation 11, Vyand i
sity, respectively. From Equation 9 the plating potential 5, is: Fyy = uly— f- —
ﬁfﬁ , where p, is the chemical potential in the Mmetal (1}, = 0). The electrochemical

potentials of M* and e~ in the SE (#if. and i5F) can be obtained by solving Equa-

tions 4-8. The exchange current density i¥,
than that at the electrodes/SE interface since the charge-transfer reaction in the void
is limited by the electron transport in the SE due to the low electronic conductivity.””
As a result, the deposition current (iy) and the plating potential (1) can be obtained
from the linearized Butler-Volmer relation in stages | and Il, because 7y <« R—FT. The
deposition currents in stages | and Il (il,, i) can be very different because M* ions
are plated at the “interface” of the SE and void during stage | but at the interface
of the SE and M metal during stage Il.

at the void/SE interface is much smaller

The effect of pressure P on the deposition current (iy) is described by adding the
PV term to the Butler-Volmer relation in Equation 11, 11285767 1t is possible to
calculate the pressure P in the void as a function of time (t) once the void is filled.
The result has the expected decaying exponent form (for details see the supple-
mental information, section 1):

P= ¢BV(7FTI[\)/) ds (1 _ efc-‘t)'

Vs (Equation 12)

— 2
Here, the constant ¢; = % %igxc, the volume (V), and surface (5) of the M metal are the

same as the void during stage Ill. The bulk modulus of the M metal (K) is assumed to be
constant (e.g., Ki; = 11GPa).*? The initial plating potential (n3) is the value at the end of
stage Il (M metal completely fills in the void but no pressure is present).”’*? When the

terminal pressure Py is greater than the critical pressure, Pr> P, = 53 fracture

Ke
f(dv,a)/ma
of the SE will occur. K. is the fracture toughness of the SE and f(dy, a) is a geometric
factor (with dy the void diameter and a the crack length).>"**
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Analytical solutions for the 1D case are derived in the supplemental information, section
2. An in-house developed code based on the finite element method and the MOOSE
framework®” is implemented to solve all coupled PDEs numerically for 2D/3D cases.
The parameters used in this work are obtained from experimental measurements of
LPS-type SE, as shown in Table 1. For key parameters with different reported measure-
ments, the values that lead to the largest metal deposition inside the SE and the easiest
SE fracture are selected so as to get the most limiting conditions for stability against
plating (for example, the highest electronic conductivity is selected from the range
(107¢ ~ 10~*) mS/cm '©*%33, and the lowest fracture toughness is selected from the
range (0.2 ~ 0.23) MPa-+/m).>>*” The effects of these variations on the internal metal
deposition are discussed separately in the results section. A complete list of all param-
eters and variables is provided in Table 51 in the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].matt.
2021.08.004.

ACKNOWLEDGMENTS

This work was supported by the Samsung Advanced Institute of Technology and the
Office of Energy Efficiency and Renewable Energy of the U.S. Department of Energy
under contract no. 1384-1778. This research used the Lawrencium computational
cluster resource provided by the IT Division at Lawrence Berkeley National Labora-
tory (supported by the Director, Office of Science, Office of Basic Energy Sciences, of
the U.S. Department of Energy under contract no. DE-AC02-05CH11231) and the
Savio computational cluster resource provided by the Berkeley Research Computing
program at the University of California, Berkeley (supported by the UC Berkeley
Chancellor, Vice Chancellor for Research, and Chief Information Officer).

AUTHOR CONTRIBUTIONS

Q.T. planned the project with G.C. Q.T. derived all equations, programmed all co-
des, and calculated all data with the help of S.C. and T.S. The manuscript was written
by Q.T. and was revised by S.C., T.S., and G.C. with the help of the other authors. All
authors contributed to discussions.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 20, 2021
Revised: July 7, 2021
Accepted: August 9, 2021
Published: September 8, 2021

REFERENCES

1. Garcia-Mendez, R., Smith, J.G., Neuefeind, 3. Taylor, N.J., Stangeland-Molo, S., Haslam,
J.C., Siegel, D.J., and Sakamoto, J. (2020). C.G., Sharafi, A., Thompson, T., Wang, M.,
Correlating macro and atomic structure with Garcia-Mendez, R., and Sakamoto, J. (2018).
elastic properties and ionic transport of glassy Demonstration of high current densities and
Li»S-P2S5 (LPS) solid electrolyte for solid-state extended cycling in the garnet Li;LasZr;On2
Li metal batteries. Adv. Energy Mater. 10, solid electrolyte. J. Power Sourc. 396,
2000335. 314-318.

2. Han, F., Yue, J., Zhu, X., and Wang, C. (2018). 4. De Jonghe, L.C., Feldman, L., and Beuchele, A.
Suppressing Li dendrite formation in Li2S-P255 (1981). Slow degradation and electron
solid electrolyte by Lil incorporation. Adv. conduction in sodium/beta-aluminas. J. Mater.
Energy Mater. 8, 1703644. Sci. 16, 780-786.

3266 Matter 4, 3248-3268, October 6, 2021

Matter

5. De Jonghe, L.C. (1982). Transport number
gradients and solid electrolyte
degradation. J. Electrochem. Soc. 129,
752-755.

6. Sharafi, A., Haslam, C.G., Kerns, R.D.,

Wolfenstine, J., and Sakamoto, J. (2017).
Controlling and correlating the effect of
grain size with the mechanical and
electrochemical properties of Li;LazZr,Oq2
solid-state electrolyte. J. Mater. Chem. A 5,
21491-21504.



Matter
Article

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

. Tsai, C.-L., Roddatis, V., Chandran, CV,, Ma,

Q., Uhlenbruck, S., Bram, M., Heitjans, P., and
Guillon, O. (2016). LizLasZr,O45 interface
modification for Li dendrite prevention. ACS
Appl. Mater. Inter. 8, 10617-10626.

. Yonemoto, F., Nishimura, A., Motoyama, M.,

Tsuchimine, N., Kobayashi, S., and Iriyama, Y.
(2017). Temperature effects on cycling stability
of Li plating/stripping on Ta-doped
LizLaszZrz012. J. Power Sourc. 343, 207-215.

. Sudo, R., Nakata, Y., Ishiguro, K., Matsui, M.,

Hirano, A., Takeda, Y., Yamamoto, O., and
Imanishi, N. (2014). Interface behavior between
garnet-type lithium-conducting solid
electrolyte and lithium metal. Solid State lonics

262, 151-154.

Porz, L., Swamy, T., Sheldon, B., Rettenwander,
D., Fromling, T., Thaman, H., Berendts, S.,
Uecker, R., Carter, W., and Chiang, Y.-M.
(2017). Mechanism of lithium metal penetration
through inorganic solid electrolytes. Adv.
Energy Mater. 7. https://doi.org/10.1002/
aenm.201701003.

Sharafi, A., Kazyak, E., Davis, AL, Yu, S.,
Thompson, T., Siegel, D.J., Dasgupta, N.P.,
and Sakamoto, J. (2017). Surface chemistry
mechanism of ultra-low interfacial resistance in
the solid-state electrolyte Li;La3Zr;Oq,. Chem.
Mater. 29, 7961-7968.

Yue, J., and Guo, Y.-G. (2019). The devil is in the
electrons. Nat. Energy 4, 174-175.

Kasemchainan, J., Zekoll, S., Spencer Jolly, D.,
Ning, Z., Hartley, G.O., Marrow, T.J., and
Bruce, P.G. (2019). Critical stripping current
leads to dendrite formation on plating in 3
lithium anode solid electrolyte cells. Nat.
Mater. 18, 1105-1111.

Tu, Q., Barroso-Luque, L., Shi, T., and Ceder, G.
(2020). Electrodeposition and mechanical
stability at lithium-solid electrolyte interface
during plating in solid-state batteries. Cell Rep.
Phys. Sci. 1, 100106.

Cheng, L., Chen, W., Kunz, M., Persson, K.,
Tamura, N., Chen, G, and Doeff, M. (2015).
Effect of surface microstructure on
electrochemical performance of garnet solid
electrolytes. ACS Appl. Mater. Inter. 7, 2073—
2081.

Han, F., Westover, A.S., Yue, J., Fan, X., Wang,
F., Chi, M., Leonard, D.N., Dudney, N.J., Wang,
H., and Wang, C. (2019). High electronic
conductivity as the origin of lithium dendrite
formation within solid electrolytes. Nat. Energy
4, 187-196.

Tian, H-K,, Liu, Z., Ji, Y., Chen, L-Q., and Qi, Y.
(2019). Interfacial electronic properties dictate
Li dendrite growth in solid electrolytes. Chem.
Mater. 31, 7351-7359.

Armstrong, R.D., and Burnham, R.A. (1976). The
effect of roughness on the impedance of the
interface between a solid electrolyte and a
blocking electrode. J. Electroanalytical Chem.
Interfacial Electrochemistry 72, 257-266.

Krauskopf, T., Hartmann, H., Zeier, W.G., and
Janek, J.r. (2019). Toward a fundamental
understanding of the lithium metal anode in
solid-state batteries—an electrochemo-
mechanical study on the garnet-type solid
electrolyte Lig 55Alp z5La3Zr;045. ACS Appl.
Mater. Inter. 11, 14463-14477.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Peppler, K., Reitz, C., and Janek, J. (2008).
Field-driven migration of bipolar metal

particles on solid electrolytes. Appl. Phys. Lett.
93, 074104.

Song, Y., Yang, L, Tao, L., Zhao, Q., Wang, Z.,
Cui, Y., Liu, H,, Lin, Y., and Pan, F. (2019).
Probing into the origin of an electronic
conductivity surge in a garnet solid-state
electrolyte. J. Mater. Chem. A 7, 22898-22902.

Philipp, M., Gadermaier, B., Posch, P., Hanzu, |.,
Ganschow, S., Meven, M., Rettenwander, D.,
Redhammer, G.J., and Wilkening, H.M.R.
(2020). The electronic conductivity of single
crystalline Ga-stabilized cubic Li;LazZr;Oq3: @
technologically relevant parameter for
all-solid-state batteries. Adv. Mater. Inter.
2000450.

Squires, A.G., Scanlon, D.O., and Morgan, B.J.
(2019). Native defects and their doping
response in the lithium solid electrolyte
LiyLasZr,O15. Chem. Mater. 32, 1876-1886.
https://doi.org/10.1021/acs.chemmater.
9b04319.

Tian, H.-K., Xu, B., and Qi, Y. (2018).
Computational study of lithium nucleation
tendency in Li;LasZr;Oq; (LLZO) and rational
design of interlayer materials to prevent lithium
dendrites. J. Power Sourc. 392, 79-86.

Nakamura, T., Amezawa, K., Kulisch, J., Zeier,
W.G., and Janek, J.R. (2019). Guidelines for all-
solid-state battery design and electrode buffer
layers based on chemical potential profile
calculation. ACS Appl. Mater. Inter. 11, 19968—
19976.

Dixit, M.B., Regala, M., Shen, F., Xiao, X., and

Hatzell, K.B. (2018). Tortuosity effects in garnet-
type LizLasZr,0O4z solid electrolytes. ACS Appl.
Mater. Inter. 11, 2022-2030.

Shen, F., Dixit, M.B., Xiao, X., and Hatzell, K.B.
(2018). Effect of pore connectivity on Li
dendrite propagation within LLZO electrolytes
observed with synchrotron X-ray tomography.
ACS Energy Lett. 3, 1056-1061.

Ganser, M., Hildebrand, F.E., Klinsmann, M.,
Hanauer, M., Kamlah, M., and McMeeking,
R.M. (2019). An extended formulation of Butler-
Volmer electrochemical reaction kinetics
including the influence of mechanics.

J. Electrochem. Soc. 166, H167-H176.

Barai, P., Higa, K., and Srinivasan, V. (2017).
Lithium dendrite growth mechanisms in
polymer electrolytes and prevention strategies.
Phys. Chem. Chem. Phys. 19, 20493-20505.

Chiku, M., Tsujiwaki, W., Higuchi, E., and Inoue,
H. (2012). Microelectrode studies on kinetics of
charge transfer at an interface of Li metal and
Li2S-P2S5 solid electrolytes. Electrochemistry
80, 740-742.

Bachman, J.C., Muy, S., Grimaud, A, Chang,
H.-H., Pour, N., Lux, S.F., Paschos, O., Maglia,
F., Lupart, S., Lamp, P., Giordano, L., and Shao-
Horn, Y. (2015). Inorganic solid-state
electrolytes for lithium batteries: mechanisms
and properties governing ion conduction.
Chem. Rev. 116, 140-162.

Shin, B.R., Nam, Y.J., Oh, D.Y., Kim, D.H., Kim,
JW., and Jung, Y.S. (2014). Comparative study
of TiS2/Li-In all-solid-state lithium batteries
using glass-ceramic Li3PS4 and Li10GeP2512

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

45.

¢ CelPress

OPEN ACCESS

solid electrolytes. Electrochimica Acta 146,
395-402.

Minami, K., Mizuno, F., Hayashi, A., and
Tatsumisago, M. (2007). Lithium ion
conductivity of the Li2S-P2S5 glass-based
electrolytes prepared by the melt quenching
method. Solid State lonics 178, 837-841.

Bastea, M., and Bastea, S. (2002). Electrical
conductivity of lithium at megabar pressures.
Phys. Rev. B 65, 193104.

McGrogan, F.P., Swamy, T., Bishop, S.R.,
Eggleton, E., Porz, L., Chen, X., Chiang, Y.M.,
and Van Vliet, K.J. (2017). Compliant yet brittle
mechanical behavior of Li2S-P255
lithium-ion-conducting solid electrolyte. Adv.
Energy Mater. 7, 1602011. https://doi.org/10.
1002/aenm.201602011.

Rouxel, T., and Yoshida, S. (2017). The fracture
toughness of inorganic glasses. J. Am. Ceram.
Soc. 100, 4374-4396.

Nose, M., Kato, A., Sakuda, A., Hayashi, A., and
Tatsumisago, M. (2015). Evaluation of
mechanical properties of Na;S-P,Ss sulfide
glass electrolytes. J. Mater. Chem. A 3, 22061-
22065.

Masias, A., Felten, N., Garcia-Mendez, R,,
Wolfenstine, J., and Sakamoto, J. Elastic,
plastic, and creep mechanical properties of
lithium metal. J. Mater. Sci., 1-16.

Krauskopf, T., Mogwitz, B., Rosenbach, C.,
Zeier, W.G., and Janek, J. (2019). Diffusion
limitation of lithium metal and Li-Mg alloy
anodes on LLZO type solid electrolytes as a
function of temperature and pressure. Adv.
Energy Mater. 9, 1902568.

. Lee, Y.-G., Fujiki, S., Jung, C., Suzuki, N.,

Yashiro, N., Omoda, R, Ko, D.-S., Shiratsuchi,
T., Sugimoto, T., and Ryu, S. (2020). High-
energy long-cycling all-solid-state lithium
metal batteries enabled by silver-carbon
composite anodes. Nat. Energy 5, 299-308.

Tian, H.-K., and Qj, Y. (2017). Simulation of the
effect of contact area loss in all-solid-state Li-
lon batteries. J. Electrochem. Soc. 164, E3512—
E3521.

Krauskopf, T., Hartmann, H., Zeier, W.G., and
Janek, J.r. (2019). Towards a fundamental
understanding of the lithium metal anode in
solid state batteries—an electrochemo-
mechanical study on the garnet-type solid
electrolyte Lig 25Alg 25LazZr,Oq2. ACS Appl.
Mater. Inter.

Kodama, M., Komiyama, S., Ohashi, A.,
Horikawa, N., Kawamura, K., and Hirai, S.
(2020). High-pressure in situ X-ray computed
tomography and numerical simulation of
sulfide solid electrolyte. J. Power Sourc. 462,
228160.

. Sakamoto, J., Rangasamy, E., Kim, H., Kim, Y.,

and Wolfenstine, J. (2013). Synthesis of nano-
scale fast ion conducting cubic Li;LasZr,O4 ;.
Nanotechnology 24, 424005.

Wolfenstine, J., Jo, H., Cho, Y.-H., David, |.N_,
Askeland, P., Case, E.D., Kim, H., Choe, H., and
Sakamoto, J. (2013). A preliminary investigation
of fracture toughness of Li;LasZr.012 and its
comparison to other solid Li-ionconductors.
Mater. Lett. 96, 117-120.

Matter 4, 3248-3268, October 6, 2021 3267



¢ CelPress

OPEN ACCESS

46. Swamy, T., Park, R., Sheldon, BW.,
Rettenwander, D., Porz, L., Berendts, S.,
Uecker, R., Carter, W.C., and Chiang, Y.-M.

(2018). Lithium metal penetration induced by
electrodeposition through solid electrolytes:
example in single-crystal LigLasZrTaO12 garnet.

J. Electrochem. Soc. 165, A3648.

47. Luo, W., Gong, Y., Zhuy, Y., Li, Y., Yao, Y., Zhang,
Y., Fu, K, Pastel, G, Lin, C.F., and Mo, Y. (2017).

Reducing interfacial resistance between
garnet-structured solid-state electrolyte and
Li-metal anode by a germanium layer. Adv.

Mater. 29, 1606042,

48. Kim, J.Y., Park, J., Lee, M.J., Kang, S.H., Shin,
D.O., Oh, J., Kim, J., Kim, KM., Lee, Y.-G., and
Lee, Y.M. (2020). Diffusion-dependent graphite

electrode for all-solid-state batteries with
extremely high energy density. ACS Energy
Lett. 5, 2995-3004.

49. Liu, H., Cheng, X.-B., Huang, J.-Q., Yuan, H., Lu,

Y., Chong, Y., Zhu, G-L, Xu, R., Zhao, C.-Z,,
Hou, L.-P., et al. (2020). Controlling dendrite

growth in solid-state electrolytes. ACS Energy

Lett. 5, 833-843.

50. Hatzell, K.B., Chen, X.C., Cobb, C.L., Dasgupta,

N.P_, Dixit, M.B., Marbella, L.E., McDowell,

M.T., Mukherjee, P.P., Verma, A., Viswanathan,

V., et al. (2020). Challenges in lithium metal

anodes for solid-state batteries. ACS Energy

Lett. 5, 922-934,

51. Barroso-Luque, L., Tu, Q., and Ceder, G.
(2020). An analysis of solid-state

electrodeposition-induced metal plastic flow
and predictions of stress states in solid ionic

3268 Matter 4, 3248-3268, October 6, 2021

53.

55.

57.

58.

59.

conductor defects. J. Electrochem. Soc. 167,
020534.

. Klinsmann, M., Hildebrand, F.E., Ganser, M.,

and McMeeking, R.M. (2019). Dendritic
cracking in solid electrolytes driven by lithium
insertion. J. Power Sourc. 442, 227226,

Zhan, X,, Lai, S., Gobet, M.P., Greenbaum, S.G.,
and Shirpour, M. (2018). Defect chemistry and
electrical properties of garnet-type
Li;LasZr;O12. Phys. Chem. Chem. Phys. 20,
1447-1459.

. Zhan, X., Cheng, Y.T., and Shirpour, M. (2018).

Nonstoichiometry and Li-ion transport in
lithium zirconate: the role of oxygen vacancies.
J. Am. Ceram. Soc. 101, 4053-4065.

Wagner, C. (1975). Equations for transport in
solid oxides and sulfides of transition metals.
Prog. Solid State Chem. 10, 3-16.

. de Klerk, N.J.J., and Wagemaker, M. (2018).

Space-charge layers in all-solid-state batteries;
important or negligible? ACS Appl. Energy
Mater 1, 5609-5618.

Monroe, C., and Newman, J. (2004). The effect
of interfacial deformation on electrodeposition
kinetics. J. Electrochem. Soc. 151, A880-A886.
https://doi.org/10.1149/1.1710893.

Swift, MW., and Qi, Y. (2019). First-principles
prediction of potentials and space-charge
layers in all-solid-state batteries. Phys. Rev.
Lett. 122, 167701.

Braun, S., Yada, C., and Latz, A. (2015).

Thermodynamically consistent model for space-

61.

62.

63.

65.

Matter
Article

charge-layer formation in a solid electrolyte. The

J. Phys. Chem. C 119, 22281-22288.

. Ahmad, Z., and Viswanathan, V. (2017). Stability

of electrodeposition at solid-solid interfaces
and implications for metal anodes. Phys. Rev.
Lett. 119, 056003.

Monroe, C., and Newman, J. (2005). The impact
of elastic deformation on deposition kinetics at
lithium/polymer interfaces. J. Electrochem.
Soc. 152, A396-A404. https://doi.org/10.1149/
1.1850854.

Yu, S., Schmidt, R.D., Garcia-Mendez, R.,
Herbert, E., Dudney, N.J., Wolfenstine, J.B.,
Sakamoto, J., and Siegel, D.J. (2015). Elastic
properties of the solid electrolyte Li;LasZr;O1»
(LLZO). Chem. Mater. 28, 197-206.

Tang, S., Dong, Z,, Duan, D., and Li, Y. (2019). A
theoretical model for hydraulic fracturing
through two symmetric radial perforations
emanating from a borehole. Adv. Mater. Sci.
Eng. 2019. https://doi.org/10.1155/2019/
6094305.

. Kutter, H.K. (1970). Stress analysis of a

pressurized circular hole with radial cracks in an
infinite elastic plate. Int. J. Fracture Mech. 6,
233-247.

Permann, C.J., Gaston, D.R., Andr§, D.,
Carlsen, RW., Kong, F., Lindsay, A.D., Miller,
J.M., Peterson, JW., Slaughter, A.E., Slaughter,
A.E., Stogner, R.H., and Martineau, R.C. (2020).
MOOSE: enabling massively parallel
multiphysics simulation. SoftwareX 11, 100430.





