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Rechargeable all-solid-state batteries (ASSBs) offer improved safety and the potential for advanced chemistries,
but the susceptibility of solid electrolytes (SEs) to electrochemo-mechanical degradation remains a major
challenge. This degradation manifests in two modes: a fast longitudinal mode, such as short-circuiting
dendrites, and a slow transverse mode, such as in-plane cracking and isolated alkali metal formation. While
prior research has mainly focused on mitigating the longitudinal mode, the transverse mode is becoming
increasingly critical, particularly under the practically required pressure-less conditions. Here, we demonstrate
through thermodynamic modeling that multilayering the SE separator can mitigate electrochemical instabilities
attributed to abrupt jumps in the chemical potential of neutral Li atoms (Li’) within the SE separator, contribut-
ing to transverse mechanical degradation. We first derive an analytic solution for the Li® chemical potential
profile within SEs, confirming its extreme sensitivity to SE-specific redox-sensitive electronic conductivities and
boundary potentials at the SE edges. Inspired by this sensitivity, we propose and theoretically demonstrate that
multilayering can confine potential jumps to less detrimental spatial/Li’-potential regimes, thereby mitigating
transverse degradation and delaying longitudinal degradation as well. We then discuss the effects of both
extrinsic and intrinsic factors on this approach, along with their practical implications. Overall, our findings
suggest that multilayered SEs can provide a comprehensive strategy against both transverse and longitudinal
degradation modes, outlining critical parameters to consider in the development of pressure-less ASSBs with
enhanced electrochemical performance and damage resistance.

1. Introduction Microscopically, degradation mechanisms in ASSBs can be broadly
classified into two categories [8]. The first is the fast longitudinal

Rechargeable all-solid-state batteries (ASSBs) hold promise for re-
ducing fire hazards and enabling advanced battery chemistries [1].
Achieving the practical feasibility of ASSBs requires mitigating the
electrochemo-mechanical degradation of ceramic solid electrolyte (SE)
separators [2,3]. These ceramic SEs typically have limited capacity
to relieve mechanical stress [4,5] and are often not chemically stable
against body-centered cubic alkali metals like Ligc [6,7]. The repet-
itive plating and stripping of Ligcc thus often induce electrochemo-

mode, which accumulates degradation parallel to the ionic current,
such as short-circuiting dendrite formation. Its origin has long been
debated, but recent studies suggest that this mode initially arises from a
combination of current focusing and pre-existing nanoscale subsurface
pores and cracks, rather than from electronic leakage or electrochem-
ical reduction [4,5]. Specifically, these studies link crack initiation
to Lipera (Dot necessarily in the BCC phase) deposition into sub-

mechanical instabilities, such as longitudinal or transverse SE cracks [3,
8]. These instabilities can lead to the loss of cyclable Li, increased
charge-transfer resistance, short-circuiting, etc., especially under abu-
sive cycling conditions such as high charging/discharging rates, no
externally applied pressures, and/or no initial Ligcc anodes. In terms
of battery performance, these phenomena can result in low energy
density, poor cycle life, and reduced device reliability, delaying ASSBs’
commercial viability.
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surface pores via microcracks that connect to the surface [4,5]. As
charging continues, pressure builds in the pores due to the slow ex-
trusion of Liyq, back to the surface via plastic flow, leading to crack
formation [4]. Additionally, the propagation of initiated cracks was
attributed to wedge opening, where Liy, pushes the crack from the
rear rather than the tip [4]. This degradation model was corroborated
by observations that reducing stack pressure extends cycle life before
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short-circuiting [4], and that densifying SE separators increases the
critical current density [9].

The second category is the slow transverse mode, which accu-
mulates damage perpendicular to the ionic current, manifesting as
bowl-shaped or in-plane cracking and the evolution of isolated al-
kali metal islands (disconnected from the surface). This mode has
been attributed to electronic and ionic transport bottlenecks within
the SEs [10]. An ion conductor features a generic electronic bot-
tleneck, where the sum of electron and hole conductivities (c.- +
oy,+) drops sharply, causing the heterogeneous distribution of marginal
Li’(SE) [11]. Large variations in equilibrium lattice constant across this
narrow transition zone between highly reduced and highly oxidized
SEs can generate significant eigen-strain mismatch, leading to brittle
fracture resembling a shock front [10]. Furthermore, abrupt electronic
bottlenecks make SE separators particularly vulnerable to Li® chemical
potential overshoots or undershoots at ionic bottlenecks, such as grain
boundaries, which can induce oxygen evolution or alkali metal island
formation within the SE [11,12]. Notably, a recent in situ magnetic
resonance imaging study revealed that subsurface Liy., deposition is
followed by the formation of isolated Liy, due to electrolyte reduc-
tion in deeper regions of the SE, along with a subsequent interaction
between crack/dendrite propagation and continued SE reduction [13].
This finding suggests an interplay between two modes of degradation.

Most research has focused on addressing longitudinal degradation.
Mitigation strategies typically involve an additional layer [14], ranging
from mixed ionic-electronic conductors (MIECs) with high electronic
transference numbers (7.) [15] to those with 7, ~ 0, which essentially
act as SEs [16]. From a damage control perspective, the former typically
aims to delay damage initiation, while the latter often focuses on
resisting propagation. For example, by varying the ionic and electronic
conductivities and lithiophilicity of a mixed conducting layer, Ligcc
plating/stripping can be directed away from the SE separators, pre-
venting electrochemo-mechanical instabilities [17]. On the other hand,
multilayering of SE separators can inhibit dendrite crack propagation,
especially when the SE layer near the cathode decomposes upon contact
with Lipee,;, accompanied by volume expansion, which blocks further
Lipetal Penetration through an expansion-screw effect [16]. Further-
more, X-ray tomographic imaging of multilayered SE separators has
recently revealed two additional crack resistance mechanisms: crack
deflection along mechanically weak interfaces due to local mismatches
in elastic moduli, and lateral crack deflection within a sandwiched SE
containing preferentially oriented particles [18].

The transverse mode has received less emphasis but is becoming
increasingly important with the pursuit of pressure-less capability for
practical feasibility. Without externally applied stack pressure, this
degradation mode is expected to initiate more easily due to its sen-
sitivity to conformal contact between SEs and electrodes, potentially
leading to complete electrical disconnection once initiated. This calls
for mitigation strategies that are effective for both modes of degra-
dation, naturally raising the question of whether current strategies
for mitigating longitudinal degradation can also be effective for the
transverse mode.

In this context, we demonstrate through thermodynamic modeling
that multilayering can effectively reduce the SE separators’ susceptibil-
ity to both modes of degradation. We first derive an analytic solution
for the Li chemical potential within SE separators and confirm its sen-
sitivity to boundary potentials. Motivated by this sensitivity, we show
that potential jumps induced by the generic electronic bottlenecks can
be confined to the separator’s edges when the separator is composed
of multilayers of SEs, each exhibiting such bottlenecks at different
Li® chemical potentials; at the edges, local stress caused by lattice
mismatch is less detrimental, as it can be relieved along the surface.
This confinement also prevents potential jumps due to ionic bottle-
necks from causing Li® chemical potential overshoots/undershoots,
thereby mitigating detrimental Liy., formation within the SE separa-
tor. Ultimately, this strategy mitigates both transverse degradation and
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transverse instability-assisted longitudinal degradation. Additionally,
since SE multilayering is also pursued for high-voltage cathodes, these
results suggest that multilayering SE separators could potentially serve
as an all-in-one strategy for the electrochemo-mechanical stability of
SE separators.

2. Theory
2.1. Transport-induced potential jumps and mechanical degradation

As briefly discussed in the Introduction, transverse degradation
refers to the accumulation of damage perpendicular to the ionic cur-
rent. Historically, it has been more extensively studied in solid oxide
fuel/electrolysis cells. Examples include electrolyte cracking that prop-
agates in-plane rather than through the thickness, as well as oxygen
bubble evolution occurring primarily at transverse grain boundaries,
giving the appearance of in-plane extension (Fig. 1a). More recently,
this discussion has expanded to solid-state batteries, following the ob-
servation of bowl-shaped cracking—partially involving in-plane crack-
ing similar to that seen in solid oxide electrolysis cells—near Li metal
anodes that precede the well-known longitudinal cracking, which prop-
agates along the ionic current and is directly associated with final
battery failure (Fig. 1b).

This degradation mode has been attributed to transport bottlenecks,
which refer to regions where the conductivity of charge carriers is
several orders of magnitude lower than in most other areas of the
SEs [10]. Such bottlenecks can arise in both ionic and electronic
transport pathways. In yttrium-stabilized zirconia (YSZ), a fast oxygen-
ion conductor used in solid oxide electrolysis cells, grain boundaries
serve as bottlenecks in the ionic channel, exhibiting O?~ conductivity
that is several orders of magnitude lower than in the bulk lattice [11].
In the electronic channel, transport bottlenecks may result from compo-
sitional or structural inhomogeneities. However, the most fundamental
bottleneck is a universal one, occurring at the point where the sum of
electron and hole conductivities reaches a minimum. Since conductivity
is proportional to the concentration of charge carriers, and electron and
hole concentrations exhibit an exponential dependence on the chemical
potential of the species of interest, electron and hole conductivities
are highly nonlinear and can vary by several orders of magnitude. For
example, in YSZ, electronic conductivity can fluctuate by 4-5 orders
of magnitude even at high temperatures exceeding 1273 K [20]. Due
to their temperature dependence, this variation becomes even more
pronounced at lower temperatures, making electronic conductivities
even more nonlinear at ambient temperatures relevant to solid-state
batteries.

These transport bottlenecks in ion or electron flow within SEs can
cause sharp jumps in the chemical potential of the neutral form of the
relevant chemical species (e.g., Li’ or O,). Here, we first provide a phys-
ical picture qualitatively, following the well-documented description in
Ref. [11]. In a nominally “good” SE, the fastest ion species (e.g., Li*
in Li-ion conductors or O>~ in oxygen-ion conductors) has a little
chemical potential gradient, meaning its movement is driven mostly by
the electrostatic potential gradient (Fig. S1). In contrast, the electronic
disorder can experience a strong gradient in chemical potential as well
as a gentle gradient in electrostatic potential. We discuss two scenarios:
(1) electronic bottleneck and (2) ionic bottleneck. First, assuming it
is not an internal crack, an electronic bottleneck does not necessarily
coincide with an ionic bottleneck. At a steady state, the ion flow must
remain constant, meaning there is no jump in the electrostatic potential
at the electronic bottleneck. However, to maintain a steady electronic
flow across the electronic bottleneck, a jump in the electron chemical
potential is required, leading to a steep electron electrochemical poten-
tial gradient (i.e., a strong driving force for electron transport). Second,
at an ionic bottleneck, a jump in electrostatic potential is necessary, as
it serves as the primary driving force for maintaining a constant ion
flow. Meanwhile, assuming a constant electronic flow—since an ionic
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(c) Stress field predicted from
finite element modeling

Fig. 1. Transverse degradation of solid electrolytes. (a) In-plane cracking in yttrium-stabilized zirconia (YSZ) in a solid oxide electrolysis cell. GDL: gas diffusion layer. Reproduced
with permission from Ref. [19]. Copyright 2021 Elsevier Ltd. (b) Bowl-shaped cracking in argyrodite (LPSCl) in an all-solid-state battery. Reproduced with permission from Ref.
[3]. Copyright 2021 Springer Nature. (c) von Mises stress field predicted by finite element modeling, showing a bowl-shaped region with high stress reaching several hundred

MPa. Reproduced with permission from Ref. [10]. Copyright 2024 Elsevier Ltd.

bottleneck does not inherently coincide with an electronic bottleneck—
the electron electrochemical potential should remain linear, without a
jump at the ionic bottleneck. Consequently, any jump in electrostatic
potential must be counterbalanced by a corresponding jump in the
electron chemical potential. In the meantime, variations in electron
chemical potential lead to corresponding variations in the chemical po-
tential of Li or O,, assuming local equilibrium of the redox reactions,
as will be quantitatively analyzed in the subsequent sections. Hence,
a potential jump occurs at every transport bottleneck, regardless of
whether it is in the ionic or electronic channel.

Furthermore, atomic rearrangement driven by such potential jumps
induces significant mechanical stress (Fig. 1c). First, a generic elec-
tronic bottleneck can cause potential jumps as large as several electron
volts (eV), leading to a heterogeneous distribution of marginal Li’(SE).
It is important to note that Li°(SE) does not represent a metallic
lithium atom exsolved from the SE lattice. It can instead be considered
a composite particle in which Li’ is bound to an excess electron
within the atomic structure of the SE. A detailed description of this
hypothetical immobile particle can be found in Ref. [10]. Since excess
Li’(SE) storage leads to local volume expansion, the resulting stress
distribution in SEs can be analyzed using the eigen-strain method.
Finite element modeling [10] has shown that the von Mises stress field
at potential jumps caused by an electronic bottleneck can reach several
hundred MPa (Fig. 1c), which can, in fact, induce brittle fracture in
SEs. This provides a possible explanation for the bowl-shaped cracking
observed in experiments (Fig. 1b). Moreover, ionic bottlenecks in SEs
near electrodes can generate potential jumps large enough to push
the chemical potential of a charge-neutral species beyond its boundary
values at the two electrodes, a phenomenon known as “overshoot” or
“undershoot” [11]. Such a phenomenon can trigger the formation of
unexpected neutral phases, such as gaseous O, or solid alkali metal
phases, within the SE [11]. These phases typically lead to stress accu-
mulation, structural distortions, fractures, and short circuits, ultimately
contributing to device deterioration and failure [3,21].

It should also be noted that the resulting degradation can be syn-
ergistic and self-reinforcing. The large potential jump at a generic
electronic bottleneck makes the edges of SEs near the electrodes partic-
ularly vulnerable to overshoots or undershoots. While potential jumps
at ionic bottlenecks are typically less than 1 eV, if they develop within
the SE near the electrode—where the potential is already close to that
of the electrode—smaller jumps may still be sufficient to push the local
Li® chemical potential beyond the boundary potentials, leading to the
precipitation of neutral phases such as Li metal islands or oxygen bub-
bles. Once neutral phases precipitate, they not only introduce internal
stress but can also locally amplify stress generated by other sources,
leading to crack nucleation and facilitating crack propagation. The
transverse portion of propagating cracks inherently acts as a transport
bottleneck, causing further potential jumps and exacerbating degra-
dation. Moreover, when internal cracks connect with the electrodes,

longitudinal crack propagation can be enhanced by wedge-opening
mechanisms. As a result, regions susceptible to overshoots or under-
shoots would extend as neutral phases within the SE, now in contact
with the electrodes, effectively reset the SE-electrode boundary, shifting
it further into the SE. In other words, transverse and longitudinal degra-
dation modes positively reinforce each other, working synergistically to
accelerate bulk electrochemo-mechanical degradation, which manifests
as cracking and ultimately leads to increased impedance and short-
circuiting. Therefore, engineering the electrochemical potential profiles
within SE separators—e.g., minimizing the magnitude of potential
jumps or strategically tailoring their positions so that jumps of a given
magnitude are less detrimental—is critically important for mitigating
mechanical degradation and preventing battery failure.

2.2. Mathematical formulation of electrochemical potential inside solid
electrolytes

As briefly discussed in Section 2.1, the Li’ chemical potential profile
inside SE separators is correlated with the transport bottlenecks of
charged species, despite Li® being a neutral species not expected to
permeate through the SE separators. This correlation arises from a
redox reaction involving both Li® and charged species, as well as the
dependence of charge fluxes on chemical and electrostatic potentials.
To derive a closed-form solution for the Li® chemical potential profile
inside SE separators, we assume a hypothetical Li conductor with mixed
ionic and electronic conductions and focus on a one-dimensional (1D)
problem along the x-direction. Assumptions similar to those made in
Ref. [20] for the numerical modeling of oxygen conductors in solid
oxide fuel/electrolysis cells are adopted. Specifically, we consider only
the motion of Li* ions and electrons, given the limited mobilities of
other species (e.g., La**, Zr**, and 0>~ in Li,La3Zr,0,, (LLZO)) at
room temperature. We also assume local equilibrium for the following
two reactions:

Lit +e" =Li° @

e” +ht =nil 2)

These two reversible reactions in dynamic equilibrium correspond to
the following electrochemical potential equilibria:

A+ + fle= = figo = pyyp 3

fie— + fipr =0 @

Li® is charge-neutral, meaning its electrochemical potential (dg0) is
essentially the same as its chemical potential (4;;0). Therefore, ;0 will
be referred to as the “Li” potential” for brevity hereafter unless further
clarification is needed.
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The charged species can generate both drift currents driven by
external electrostatic fields and diffusion currents driven by chemical
potential gradients [22]. We combine these terms to express the current
density (jgs) for each charged species (R", where n denotes the net
charge of the species) in terms of its electrochemical potential (fign)
and conductivity (oz.), with the electron charge denoted as e, as
follows:

) oyt dit
it e dx )
. Oe- dﬂe—
= —— 6
Je e dx ©)
. op+ dfie-
= @
The total current density (jio) is the sum of these components:
. . . . o+ d i+ Ce— + Op+ dfie-
Jrotal = Jugt +Jer Finr == St ®
The Li* flow is then related to the Li mass flow (J;;) as follows:
Lit o+ d i+
Jo= A = 9
Li e 2 dx ©)
The above equations can be expressed in matrix form:
2 i diijr |
—etJui| _ | our 0 P 10)
€Jtotal —opjt O +oy | | Le
- dx
which can be rewritten as:
diig s+ - ;
d—L; 1 |Ge +our 0 —e2Jy; an
di— |~ % .
Z—i 4 Opi+ OLit €Jtotal |
where the determinant 4 = oy;+ (O'e‘; + op+)-
Using Eq. (3), we can express ZL;O as:
dMLiO _ d fig;+ + dfie-
dx dx dx
1 .
=3 [(e + oyt )—€2J1) + o+ (=€ Ty + ejioral)]
= et 517 (=5 ) + oy (5 1)
= -k i 12
€Jtotal [ULﬁ- ( Jtotal Og— 10} + Jtotal a2

At steady state, f;; = <L

is a constant of x, as are Jj; and j,), or oth-

‘total

erwise Li’ concentration would change with time (Faradaic reaction)
in this 1D SE. The dimensionless #;; is always positive, since Ji; and
Jiotal Share the same sign. Eq. (12) can thus be rewritten with 7;; and
the thickness of the hypothetical Li conductor (L) as:

dpgjo —11 1 -ty
L — el (5 + ) a3)
E) our | o + oy

In a nominally “good” SE, the Li-ion concentration is nearly con-
stant, as measured experimentally. Thus, o;+ can be considered nearly
constant, independent of y; 0, because the mobility of individual Li*
does not really care about whether the SE is “oxidized” (slightly Li°
deficient, 6(x) < 0) or “reduced” (slightly Li® excess, 5(x) > 0),
as long as no phase transition has been triggered, e.g., within the
electrochemical stability window of the SE. This does not mean the total
Li concentration in say, Lizs,)La;Zr, 01y, is truly a constant across
the SE, as the SE could exchange Li with contacting electrodes; it is
just that 6(x) is typically much smaller than 1. However, even small
5(x) can cause drastic changes in p.- and o.-, as demonstrated by
dopants at the parts-per-billion (ppb) level in silicon. The electronic
conductivity (oe- + oy,+) may thus vary significantly due to changes in
electron and hole concentrations according to local redox conditions.
Under the dilute limit, these conductivities can be expressed in terms
of u;;0, based on standard defect chemistry [22]:

po—B
G- = Aexp (—LIfT) 14)
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Hi0 — B
op+t = Aexp <L;€—T> (15)
B

where A and B are SE-specific constants.
We can then rearrange Eq. (13) and obtain an indefinite integral,
F(ug), as follows:

1 dpyj0
d (ﬁ = / = Flu,. (16)
/ L ) ethotal (ﬂ + i) (MLIO)

O+ Oe— +6h+

uo.0—B
(—1+a)tanh< %;:;T )
2arctan| ————%

Flyug0) 24k T [ b0 — 5 - +C
Hy0) = - —
= (A —tpeLjiorar | akpT aV/—1+a?

a7

%, and C is the constant of integration. The derivation
i LiT

of the anaf‘ytical solution for the relationship between a normalized
position (x/L) and ;0 in implicit form is now complete. Below, we
simulate yu; ;0 profile, assuming specific values for A and B, L, T,
and jiy in Eq. (17). Then, C and t;; are the two unknowns to be
determined by the boundary conditions. First, C will be set to adjust the
x/L values to range from O to 1. In other words, its value depends on the
choice of spatial reference (i.e., the point at which x = 0 in the 1D SE
layer). As this constant arises due to an arbitrary reference shift, it does
not have an intrinsic physical meaning, although it ensures mathemat-
ical consistency with the boundary conditions. Second, t;; may differ
depending on specific scenarios. This is because the expression for t;
can be rewritten as follows: t1; = jii+ /jiotal = Utotal — Je- — Jn+)/Jtotals
while ji:a1 is assumed to be constant throughout this work, the steady-
state values of (j- +jj,+) can vary depending on the boundary potentials
and the presence of transport bottlenecks, thereby affecting #;;.

Here, a =

3. Results
3.1. Extreme sensitivity of potential jump position on boundary potentials

Fig. 2 shows the distributions of 0 in single-layer SE separa-
tors with no ionic bottleneck under different applied boundary po-
tentials as a function of x/L—obtained by calculating F(u ;) using
Eq. (17)—along with the conductivity diagram used for calculations.
The SE was assumed to be LLZO, a representative oxide SE. The oy;+
of LLZO is assumed to be redox-insensitive (to within a certain s
window), while its o.- and op+ are redox-sensitive, as shown in Fig.
2a. The physical reason for this key underlying assumption is that
electronic disorders are the minority disorders in LLZO and in reality
should exist as mobile polarons centered on La, Zr, O, whereas the
majority, ionic disorder is the mobile Li*. Like doped silicon, we know
a small amount of off-stoichiometry §(x) in Li;,4,)La3Zr,0, can dras-
tically change p.- and the polaron concentrations; changing the sign
of §(x) can even turn it from p-doped to n-doped. Nonetheless, unlike
silicon, when well confined within the Brouwer triangle region in Fig.
2a, the polaron concentrations are still much smaller than the mobile
Li* concentration, and do not affect the physical mobility of Li* very
much. Given the nearly constant concentration and constant mobility
of Li*, we can therefore approximate oy;+ to be nearly independent of
Hy0, while o~ /oy+ are varying wildly.

The kinetic situation becomes more interesting when coming to
the edges of the triangular window in Fig. 2a (if we are plotting
the concentrations of disorders as standard Brouwer diagrams do),
where the polaron concentration starts to match the Lit concentration.
Strong entanglements between mobile polarons and mobile Li* (often
imagined to be on a molten sublattice) may occur in this mixed con-
ductor [23], affecting the mobility of Li* and thus oy;+. This is when
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Fig. 2. Simulation of Li® potential distributions in 1D single-layer solid electrolytes without ionic bottlenecks under different applied boundary potentials. (a) Conductivities as a
function of Li® potential used for the calculations. (b) Li’ potential profile obtained through analytical calculations. Assumptions for the calculations are as follows: Temperature

T = 298 K, thickness L = 100 pm, and Li® potentials ranging from —eU_,yoqe t0 —eU,,oq. along the distance x from the left electrode, denoted as [—eU,

¢

omitted for simplicity in the legend.

the constant-o;;+ assumption, as rendered by the black line in Fig. 2a,
breaks down. In addition to such kinetic transitions, when y; ;0 swings
too far away from the center of the triangle in either the oxidation
(right) or reduction (left) direction, phase transitions can happen due to
exceeding the thermodynamic electrochemical stability window, which
will certainly change op;+ as well. These caveats qualify the nearly
constant op;+ approximation rendered in Fig. 2a.

The asymmetry in the analytical structure between the majority,
ionic disorder and minority, electronic disorders in nominally good SE
can be seen from the Gibbs-Duhem equation as well. We group all
majority ionic disorders into a concentration vector ¢;,,;., and minority
electronic disorders as a 2D concentration Vector ¢gjeqonic- We generally
have Cionic * d”ionic + Celectronic d”electmnic = 0 under constant T and P
as we scan different x of the SE. With ¢, including mobile Li* at
least several orders of magnitude greater than ¢ e onic, there must be
IV ttionic] < |V Helectronic |- SiNce py+ + pe- = 0, the sharp gradient in
He-(x) at the redox front—where the SE is turned from reduced (off-
stoichiometry 5(x) > 0) to oxidized (off-stoichiometry 6(x) < 0), just as
the SE kinetically undergoes the electronic conductivity bottleneck—
will be inherited by y;0(x) as well. The above is the chemical potential
situation. The electrostatic potential situation is much gentler: since j;+
must remain divergence-free and therefore an exact spatial constant at
steady state, if one is to avoid Faradaic decomposition of SE, there can-
not be a sharp gradient anywhere in the electrostatic potential. Indeed,
the electrostatic potential gradient is constant everywhere when exact
electroneutrality is demanded in a 1D single crystal, as rendered in Fig.
Sla by the requirement of Poisson’s equation; and sy ;+(x), as plotted in
Fig. S1b, also shows no sharp gradients out of the numerical solution,
even though y;0(x) varied drastically at the redox front of the SE (Fig.
Slo).

Thus, for the calculations in Fig. 2b, the conductivities are assumed
to follow the diagram shown in Fig. 2a, which is a modified version of
Fig. 1a in Ref. [10], with the reference potential of ;0 adjusted so that
uyo in Lipoc becomes 0 eV. This ensures that the electronic potential
U vs. Li/Li* satisfies eU = —pu;;0 when converted using the Nernst
equation. Different boundary potentials are assumed, causing p;0 to
vary from —eU at the cathode to that at the anode (i.e., from —eU,,ode
to —eU,,q.) along the distance x from the left electrode, denoted as
[—eU athodes —€Uanode]> With units omitted for simplicity (e.g., [-3, 0]).
Throughout the study, the temperature, current density, and thickness
of the SE separator are assumed to be 298 K, 1 mA/cm?, and 100 pm,
respectively. The 7;; values for the three boundary potential pairs tested
in Fig. 2b are essentially 1, differing only in the eleventh decimal place.

Regardless of the boundary potentials, the y; ;0 profiles in Fig. 2b
exhibit one rapid increase, referred to as y; 0 jumps, which are found to

cathodes ~€Uanode ], With units

be responsible for the transverse degradation, as outlined in Section 2.1.
These jumps are attributed to the generic electronic bottleneck [11],
(6e- + Op+)min» Where the curves for .- and o+ intersect as marked
by an arrow in Fig. 2a. Specifically, the flux of a charged species (R",
where n is the net charge of the species) is proportional to the gradient
in its electrochemical potential (Vjig:, where jign = pign + ne¢, e is the
elementary charge, and ¢ is the electrostatic potential). Since Li* has a
little gradient in chemical potential (i.e., Vy;;+ ~ 0), its flow is driven
mostly by the gradient in ¢, while e~/h* flow is driven by gradients in
both y.- and ¢. To maintain a constant e~ /h* flow across the electronic
bottleneck at steady state, a jump in p.- and/or ¢ is required. Since
there should be no jump in ¢ to maintain a constant Li* flow, jumps in
He- occur, leading to a corresponding jump in u; ;0 to satisfy the local
equilibrium described by Eq. (3).

The position of transport bottleneck-induced potential jumps is
highly sensitive to the relative shift of boundary potentials with respect
to 0 at (e~ + Op+)pin, @s shown in Fig. 2b, which aligns with the
results in Fig. 2¢c of Ref. [10] obtained through numerical calculations.
Increasing the boundary potentials by 0.01 eV, which shifts the asym-
metry toward higher potentials, causes the y; ;o jump to move leftward
by 50%, from a normalized position of 0.5 to 0.25, as depicted by the
yellow line. On the other hand, reducing the boundary potentials by
0.01 eV—shifting the asymmetry toward lower potentials—results in a
shift of the ;o jump in the opposite direction (red line).

Fundamentally, this phenomenon arises from the highly nonlinear
dependence of electronic conductivity on Hi;05 shown in Egs. (14) and
(15). As a result, the potential jump often cannot be entirely eliminated
just by avoiding p; 0 at (.- + Oy+)yin- FOr example, if we assume a
boundary potential range of [-2.11, —1.51], the jump is pushed almost
entirely to the right but still occurs at x/L <1, as shown in Fig. S2. This
happens because the electronic conductivity at y; ;0 = —1.51 eV is still
several orders of magnitude smaller than that at ;0 = —2.11 eV and
essentially functions as an electronic bottleneck although the 4, o range
within the SE set by the boundary potentials does not pass through 4, 0
at (6,- + op+)min (= —1.48 eV in Fig. 2).

3.2. Marginalization of electronic bottleneck-induced potential jumps

The extreme sensitivity discussed in Section 3.1 suggests that detri-
mental potential jumps could be mitigated by engineering the effective
conductivity across the SE separator—for example, by introducing a
compositional gradient across a single type of SE or by constructing a
multilayered separator with different SEs. Inspired by this observation,
we next simulate various multilayering scenarios and discuss their
implications on SE separators’ resistance to electrochemo-mechanical
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degradation. Fig. 3a depicts a model SE separator consisting of two
different SE layers with equal thickness. The SE near the cathode is
denoted as SE_,04ic» and the one near the anode as SE,, 4. The Li*
chemical potential is considered constant across the layers, and the SE
separator is assumed to be free of ionic bottlenecks, including at the
interface.

Fig. 3b,c show the conductivity diagrams of hypothetical SE,odic
and SE,,4ic, respectively. We first discuss the y; ;0 range within which
the SEs should be nominally good ionic conductors, where fast ion
concentrations and conductivities remain nearly insensitive to redox
conditions, while electronic conductivity varies with redox conditions.
Assuming Lipoc as an anode in direct contact with SE,,.4;., the re-
ductive stability (Ujyye;) Of SE04ic Should preferably be < 0 V wvs.
Li/Li*, corresponding to ;0 > 0 eV. In contrast, the average operating
voltage of layered oxide cathodes, such as LiNi,Mn Co;_,_,0,, is 3.9
V. Given a voltage gradient across the composite cathode, the oxidative
stability (Uypper) Of SEcahodic Should preferably be greater than ~3 V.
For example, LLZO has been reported to have a Uy, of approximately
3V (~2.9 V according to Ref. [24] and ~3.1 V according to Ref. [7]).
In other words, SE_,thodic and SE,0qic are required to remain nominally
good ionic conductors down to a ;0 of —3 eV and up to a y; 0 of 0
eV, respectively.

Within this y; ;0 range, the Li* conductivity of SE ,04ic and SEa0dic
should then remain essentially constant, while their e~ and h* conduc-
tivities are sufficiently low compared to Lit conductivity. The Li* con-
ductivity of superionic conductors typically ranges from 10~ mS/cm
to 10 mS/cm at 298 K (e.g., 0.3 mS/cm for LLZO [25] and Li;N,I [17],
1 mS/cm for LigPS;Cl [26], 10 mS/cm for Li;(GeP,S;5 [27], and 0.4
mS/cm to 7 mS/cm for off-stoichiometric Li-Y-Cl-(Br) [28]). We thus
assumed a Li* conductivity of 1 mS/cm for both SE_ ogic and SE,jodic
across a u o range of —4 to 1 eV for simplicity.

Experimentally measured electronic conductivities are also avail-
able for representative superionic conductors. However, these values
are typically obtained using the Hebb-Wagner polarization method with
ion-blocking electrodes, and thus only represent electronic conductiv-
ities at specific y;,0 values. Therefore, electronic conductivities are
assumed to be at least four orders of magnitude lower than Li* conduc-
tivity within the given y, 0 range, based on the practical requirement
that SE separators must be fully charged within an hour and capable
of holding the charge for 12 months. Accordingly, the parameter A in
Egs. (15) and (16) for both SEs is set to 4.25x 10~!7, while B values are
—2.3 eV and —0.7 eV for SE ,modic and SE nogic> respectively. A more
detailed rationale for choosing these SE-specific constants is provided
in Supplementary Note 1.

Fig. 3d shows the simulated y, ;0 profile in the bilayer SE separator.
The boundary potentials of [-3, 0] are applied. Due to asymmetric
boundary potentials relative to the y; 0 at (6. + o+ )iy, the potential
jumps induced by electronic bottlenecks are marginalized to the edges
of the SE separator: x/L < 0.01 and >0.99, as shown in the inset with
a magnified view. Near the surface, stress induced by lattice mismatch
can be more easily relieved. Additionally, the lattice mismatch itself is
milder, with the magnitude of the potential jumps in each SE halved
compared to the single-layer SE separator. These factors indicate a
reduced likelihood of destructive internal stress and transverse crack-
ing. Furthermore, as the y ;0 remains far from the boundary potentials
throughout most of the SE separator, the probability of overshoots
or undershoots is significantly reduced compared to single-layer SE
separators, which tend to put nearly the entire separator at risk of
overshoots or undershoots.
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3.3. Incapacitation of ionic bottleneck-induced jumps

Dong et al. [11] have shown that the ionic bottlenecks in single-
layer SEs can induce y; 0 jumps that exceed the boundary potential, as
these are built upon a significant jump at the generic electronic bot-
tleneck. The latter jump effectively transforms the anode and cathode
sides of the SE into “virtual” electrodes, making both sides susceptible
to u ; overshoots or undershoots beyond the ; o at the SE separator
edges. Such behavior can lead to the formation of isolated Lipjeia
islands or O, bubbles within the SE separator, potentially generating
high local pressure, initiating transverse cracks, and facilitating the
propagation of longitudinal cracks in the worst scenario.

Meanwhile, the marginalization of 4, , jumps induced by electronic
bottlenecks, as discussed in Section 3.1, suggests that yu 0 could re-
main moderate relative to the boundary potential throughout the SE
separator. This moderation may prevent the y; ;0 jumps caused by ionic
bottlenecks from exceeding the boundary potential, thereby reducing
the likelihood of such degradation. To further explore this, we model
a bilayer SE separator with ionic bottlenecks and examine the impact
of additional 4, o jumps at these sites. Fig. 4a illustrates the model
SE separators. The conditions are consistent with those in Fig. 3a,
except that three ionic bottlenecks are introduced at x/L values of
0.25, 0.5, and 0.75. The boundary at x/L = 0.5 represents a phase
boundary, while the other two correspond to grain boundaries. The
ionic bottlenecks are assumed to have a normalized thickness (4x/L)
of 0.001, and numerical calculations are used to simplify the modeling
of ionic bottlenecks. Fig. 4b-d depict the simulated y; ;0 profiles. In
Fig. 4b, the Li* conductivity of the first boundary (GEL) is set to
10~* of the lattice Li* conductivity (a'Lamce) while those of the other
boundaries (oznd and 53“1) are set to 10~2¢/3°¢_ Similar conditions are
applied in Fig. 4c d, but with varying Lit conduct1v1t1es at the second
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and third boundaries, respectively—i.e., als‘ = ¢3¢ = 10721l and
2nd — 10—4 lamce for Flg 4C and o_ — 2n<lf 10~ 2 a%llce and
Ed =10"* IL‘“““' for Fig. 4d.

Unlike in single-layer SEs, where ionic bottlenecks tend to pro-
duce large p; 0 jumps that exceed boundary potentials (as shown by
Fig. 3 in Ref. [11]), the jumps in all three cases remain within the
boundary potentials. We attribute this difference to the marginalization
of electronic bottlenecks, which keeps y; ;0 moderate throughout the
SE separator, preventing the several eV-level y o jumps caused by
the generic electronic bottleneck that the 0.1 eV-level jumps from
ionic bottlenecks would otherwise amplify. As a result, the formation
of Liyea islands or O, bubbles is effectively prevented. Meanwhile,
it should be noted that potential jumps at ionic bottlenecks such as
phase boundaries can induce a space charge layer, leading to capacitive
behavior and contributing to the high interfacial impedance observed
in multilayered SE separators. This effect may be either strengthened or
weakened depending on the characteristics of the intrinsic space charge
layer that forms due to defect equilibria, influenced by differences in
the formation energies of individual defects, which drive deviations in
ion concentrations at the surface compared to the bulk.

3.4. Effect of extrinsic factors: boundary potentials and relative thickness
of each SE layer

The exact position of potential jumps is highly sensitive to boundary
potentials. As a result, variations in boundary potentials can shift
the y; 0 jump induced by generic electronic bottlenecks toward the
center of the multilayered SE separator, leaving the SE separator still
susceptible to both lattice mismatch-induced transverse cracking and
overshoots/undershoots. To evaluate the tolerance of multilayering
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Fig. 4. Simulation of Li’ potential in bilayer SE separators with ionic bottlenecks at x/L = 0.25, 0.5, and 0.75. (a) Schematic diagram of the model SE separator and simulation
conditions. Ionic conductivities at each bottleneck are zrijﬁ, ”En*d’ and 63“‘ (b-d) Li® potential profiles obtained through numerical calculations. One of the conductivities is set to
107644 (b) o3, (¢) 077, and (d) o' Those of the other bottlenecks are set to 10720)%!*, and the boundary potentials of [-3, 0] are applied. The corresponding 1,; values for

(b—d) are 0. 9735 0. 8902 and 0. 9738 respectlvely
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strategies under asymmetric boundary conditions, we vary the bound-
ary potentials. The model SE separators are the same as in Fig. 4a, ex-
cept that the conductivities at each bottleneck are preset to 10‘201&2}“5,
1072/, and 10~*6/** from the first to the third boundary, respec-
tively.

Fig. 5a—c display the simulated y; ;o profiles for boundary potentials
of [-2.4, —eU,,o4c]> With —eU,, 4. varying from 0.05, 0.10, to 0.15 eV,
respectively. Note that the reference state for 4 o in all figures is the
chemical potential of Li® atoms in the pure Ligcc phase, which is con-
sidered infinitely large from an atomistic perspective. Therefore, y; ;o
can exceed 0 (vs. Li*/Ligec) when clusters of Li® atoms adopt atomic
arrangements other than BCC or when BCC nuclei are nanoscale, where
surface contributes to increasing the chemical potential of consisting
Li® atoms (i.e., the Gibbs-Thomson effect). At —eU,,,4. = 0.05 eV, the
position of the ;0 jump caused by the generic electronic bottleneck
in SE,,qic shifts leftward, but the fraction of the SE separator sus-
ceptible to overshoot remains confined to an x/L of >0.95. Thus, the
statistical probability of having ionic bottlenecks within the vulnerable
regions remains low, and the jump at x/L 0.75 is still incapable
of overshooting. Increasing —eU,,,q. to 0.10 eV and 0.15 eV further
shifts the several-eV jump caused by the generic electronic bottleneck
toward the center of the SE separator, making a larger portion of
SE.nodic—and the entire SE,; i at 0.15 eV—subject to significantly
reduced conditions and susceptible to overshoots. However, the magni-
tude of the jump induced by the ionic bottleneck at x/L remains mild
and does not exceed the given boundary potentials. For comparison,
the result corresponding to —eU,,,4c = —0.8 eV is also provided in Fig.
S3. These results suggest that multilayering could enhance resistance
to Liperq island formation within SE separators when appropriately
designed. Particularly, when combined with an approach that tunes the
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equilibrium voltage of anodes by a few hundred millivoltsfor instance,
through alloying Lipocwhich induces a thermodynamic voltage shift
comparable in magnitude to kinetically-induced potential jumps across
transport bottlenecks such as grain boundaries, this strategy may help
ensure that pure Liy, is never deposited at such bottlenecks.

Furthermore, the observation in Fig. 5c that the overshoot-
vulnerable region is confined to SE,,.qi. suggests that reducing the
layer thickness could further decrease susceptibility. To investigate this,
we examine the effect of the relative thickness of SE layers. Fig. 6a
shows the model SE separators, with all conditions identical to those
in Fig. 4a, except that SE 4 04ic NOW spans x/L from 0 to 0.75, while
SEanodic Spans from 0.75 to 1. Fig. 6b displays the simulated y; ;0 profiles
for boundary potentials of [-3, 0.15]. The position of the y ;0 jump
caused by the generic electronic bottleneck in SE,4i. shifts rightward
compared to that in Fig. 5c. The extension of highly reduced regions
is restricted within SE,p,4ic, keeping u ;0 in SEqameqic (x/L < 0.75)
far from boundary potentials. Notably, a finite portion of SE,,.qi. 1S
also no longer susceptible to overshoot in contrast to the profile in
Fig. 5c, where the entire SE,q4;. is potentially at risk. This indicates
that a thinner layer of an additional SE may suffice—or even be more
effective—in mitigating transport bottleneck-induced degradation. This
finding significantly relaxes the oy ;+ requirement for SE, ;.-

3.5. Effect of intrinsic factors: ionic and electronic conductivity, and Li®
potential at the generic electronic bottleneck relative to boundary potentials

Next, we explore the effect of ionic and electronic conductivities on
transport bottleneck-induced ;0 jumps. The model SE separators are
the same as in Fig. 6, except that the conductivities of SE,,4;. are var-
ied. The boundary potentials are fixed at [-2.4, 0.3]. Fig. 7a presents
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0.15]. The corresponding 7;; values for (b—d) are 0 9738, 0. 9651 and 0.7534, respectively. The inset in (a) shows a magnified view of y , profile at x/L = 0.25 and 0.5, while

the ones in (b) and (c) show the profiles at x/L = 0.75.
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the simulated y; o profiles with varying oy ;+ in SE,;0qic, ranging from
1071 (solid line) to 10' (dotted line). The y, ;o jumps shift outward as
op;+ increases, reducing the extent of the vulnerable regions, though
the change is minimal. While low oy ;+ is not particularly detrimental
to the p; o profile, maintaining oy ;+ > 10~! would still be desirable for
both rate capability and achieving an ionic transference number (z,,,)
close to 1, unless SE, 4 is very thin. Fig. 7b shows the simulated y; ;o
profiles when o.- and o+ in SE,,q;. are either doubled (solid line)
or reduced to 20% (dotted line). As o~ and o+ decrease, the u
jump induced by electronic bottlenecks shifts rightward, reducing the
susceptible regions. This suggests that minimizing electronic conductiv-
ity can help marginalize potential jumps induced by generic electronic
bottlenecks, even under highly asymmetric boundary potentials.
Lastly, we examine the effect of Li’ potentials at the generic elec-
tronic bottleneck (MGEB) relative to the boundary potentials. The model
SE separators remain consistent with Fig. 3a, except for variations in
MGEB In Fig. 3, the yGEB values of SE .y hodic and SEgpogic are —2.3
eV and —0.7 eV, as shown in Fig. 3b and c, respectively, while the
boundary potentials are set to [-3, 0]. In Fig. 8, the boundary potentials
remain unchanged, but the 4%EB values of SE ,odic and SEqpoic Vary
as follows: (2.3, —0.8), (- 2.3, —0.8), (-2.4, —0.8), and (-2.3, —0.6)
in units of eV for Fig. 8a—d. These variations result in different Li®
potentials at the phase boundary between the two SEs (x/L = 0.5):
—-1.5000, —1.4998, —1.5917, and —1.4500 eV in Fig. 8a-d, respectively.
The asymmetry of Li® potentials at the edge of each SE, relative to
the ”EEB values of SE gpogic and SE,pogic, significantly influences the

#; o profile within the SE separators. Specifically, reducmg the MGEB
of SE,,ogic from —0.7 eV to —0.8 eV—i.e,,
respect to boundary potentials—pushes the Li® potent1al asymmetry in
SEanodic toward higher potentials. This adjustment moves the y; ;0 jump
at the generic electronic bottleneck in SE,q4;. leftward, closer to the
phase boundary between the two SEs (Fig. 8a), thereby exposing half
of the SE separator to possible overshoots. Conversely, increasing the
MGEB of SE athodic PY +0.1 eV—i.e., shifting yGEB inward—moves the

0 jump at the generic electromc bottleneck In SEcathodic Tightward,
maklng the profile resemble that of a single-layer SE separator (Fig.
2b), thus putting both SEs at risk. On the other hand, shifting the uGEB
outward—by reducing that of SE_,4oqic t0 —2.4 €V or increasing t]hat
of SE,pogic t0 —0.6 eV—also pushes the g ;0 jumps toward the SE sep-
arator edges, thereby mitigating the risk of transverse degradation and
potentially reducing longitudinal degradation as well. While electronic
conductivity diagrams have not been widely investigated for Li-ion
conductors, our observations underscore the need for experimental
studies to quantify the realistic SE-specific constants 4 and B (= MGEB)
in Egs. (14) and (15) across different SE materials.

shifting M B inward Wlth

4. Discussion

Achieving stable cycling without externally applied stack pressure
is a key milestone for the practical feasibility of ASSBs, as maintaining
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respectively.

sufficient physical contact among solid components becomes challeng-
ing. In the absence of applied pressure, only hydrostatic compressive
stress of 0.1 MPa from atmospheric pressure and in operando generated
stresses within the solid components are present. The latter stresses
arise either externally due to volume or shape changes in other solid
components, such as cathodes and/or anodes and the penetration of
Li dendrites, or internally from marginal yet concentrated composition
changes or evolution of Li metal islands, as observed in SEs. Locally,
these stresses can become large enough to fracture the SEs [3,21]. The
sum of these stress tensors and the resulting traction forces at any
internal cross-sectional surfaces must remain below the local binding
forces to maintain the initial arrangement.

When plastic deformability is limited and intrinsic toughening
mechanisms are lacking, as in most ceramic SEs, keeping maximum
stress as low as possible is crucial. Eq. (17) suggests that increasing sep-
arator thickness (L) and reducing current density (j,) can mitigate
lattice mismatch at the generic electronic bottleneck. However, these
measures compromise energy density and rate capability, which are
important performance metrics. Additionally, increasing pellet density
and reducing grain boundaries can minimize ionic and electronic
bottlenecks, reducing the statistical probability of overshoots/under-
shoots. Yet, such measures often require prolonged high-temperature
processing, complicating manufacturing.

In this regard, our modeling results demonstrate the potential of
multilayering SE separators as an alternative strategy for enhancing
cycling stability under pressure-less conditions, as summarized in Fig.
9. First, multilayering SEs can divide a single large potential jump
observed in single-layer SEs (Fig. 9a) into two smaller jumps, mitigating
lattice mismatches and reducing the maximum accessible stress (Fig.
9b). Second, multilayering can confine detrimental y;;0 jumps induced
by generic electronic bottlenecks to the edges of the SE separator,
where stress from lattice mismatches—between highly reduced and

10

highly oxidized SEs—can be more easily relieved (Fig. 9¢). Third, this
confinement keeps y; ;0 across much of the SE separator sufficiently
distant from boundary potentials, preventing harmful overshoots/un-
dershoots (Fig. 9c). This suppression reduces the likelihood of forming
isolated Lipey Or gaseous species like O, which could otherwise in-
duce transverse degradation via internal hydrostatic pressure or accel-
erate longitudinal degradation by connecting with penetrating Liyjeia
dendrites.

This approach may become even more useful when employing
nitride-, sulfide-, or halide-based SEs. These SEs are typically cold-
sinterable, unlike oxide-based SEs, which require high-temperature,
long-duration processing. However, when only cold-sintering is ap-
plied, these SEs generally exhibit high porosity compared to oxide-
based SEs. This characteristic has been a significant challenge, limiting
the investigation of the pressure-less capability of SE separators made
from these materials, as it allows liquid catholyte penetration through
interconnected pores, potentially leading to mechanical failure. Recent
advances in solid-state ceramic catholytes capable of accommodating
cathode volume changes pave the way for new investigations into these
SEs’ pressure-less capability [29]. That said, full-cell operation with
non-oxide-based SE separators under pressure-less conditions has yet
to be fully demonstrated to the best of the authors’ knowledge, and the
high density of transport bottlenecks after cold-sintering, along with the
resulting susceptibility to both transverse and longitudinal degradation,
is likely to keep posing a major challenge.

In the meantime, these SEs have already often been combined
into multilayered structures. For example, nitride-based SEs with good
reductive stability but limited oxidative stability have been paired with
halide-based SEs that offer good oxidative stability but limited reduc-
tive stability to achieve a broader electrochemical window [30], while
sulfide-based SEs are layered to prevent longitudinal crack and dendrite
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Fig. 9. Schematic illustration of Li® potential profiles in different SE separator configurations. (a) Single-layer SE separator with a single large potential jump, making it susceptible
to transverse cracking due to lattice mismatch at the electronic bottleneck, as well as Li metal island formation at the ionic bottleneck and the resulting cracks. (b) Multilayered
SE separator with two smaller, split potential jumps, which reduces susceptibility to transverse cracking from lattice mismatch but remains vulnerable to Li metal island formation

and the associated cracks. (c) Multilayered SE separator where the two split potential jumps are pushed to the edges of the separator, reducing the propensity for both transverse

cracking from lattice mismatch and detrimental Li metal island formation.

propagation [16]. As such, multilayering approaches have proven effec-
tive in ensuring electrochemical stability in high-energy-density ASSBs
with high-voltage cathodes, as well as in creating short-circuit-proof SE
separators, even in the presence of dendrites.

Hence, the current finding that multilayering can mitigate trans-
verse degradation—while also delaying longitudinal degradation—
suggests it could serve as an all-in-one strategy for advanced ASSBs,
achieving high energy density and cycling stability under pressure-
less conditions. Moreover, the investigated effects of various factors
provide valuable design guidelines. Specifically, the results highlight
the Li® potential at the generic electronic bottleneck (4CEB) as a key
design metric for multilayered SE separators: the closer ”EEB is to the
Li® potential at the electrodes, the nearer the potential jumps occur
to the electrodes. Furthermore, the additional SE layer does not need
to be as thick as the primary SE, alleviating the ionic conductivity
constraint. Meanwhile, its electronic conductivity should be kept as
low as possible, and microstructural features such as grain boundaries
should be minimized to enhance resistance against Li metal island
formation.

While adding extra layers may not be ideal from a manufacturing
standpoint, the multi-faceted advantages may make multilayering a
practically meaningful approach. Moreover, the fact that even a thin
layer can suffice (or be more effective) is encouraging, as it minimizes
energy density sacrifices. Lastly, the sensitivity of 4 ;0 jumps induced
by generic electronic bottlenecks to the relative position of 4CEB val-
ues with respect to boundary potentials indicates that compar{ng the
electrochemo-mechanical behavior of SE separators among cells with
different cathode, anode, and SE combinations, as well as at different
states of charge, is non-trivial. However, the observation that multilay-
ering can confine the impact of boundary potential set by one electrode
to the adjacent SE layer suggests it can minimize cross-talk between
electrodes, enabling better control of hidden variables beyond those of
immediate interest.

5. Conclusions

Our thermodynamic analysis has revealed the potential advan-
tages of multilayering in mitigating transverse degradation, empha-
sizing the importance of redox-sensitive electronic conductivity in the
electrochemo-mechanical degradation of SEs. Specifically, we derived
a closed-form analytical solution for the Li® chemical potential within
solid electrolyte separators and confirmed that the potential jump at
the generic electronic bottleneck is highly sensitive to the asymmetry
of boundary potentials relative to the Li’ chemical potential at the
generic electronic bottleneck. Building on this sensitivity, we proposed
that these jumps can be confined to the edges of the SE separator,
where they are less damaging, by tailoring the dependence of electronic
conductivity on the Li’ chemical potential. We also found that this
confinement helps prevent the formation of isolated Li metal within
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the separator, which can result from Li® chemical potential overshoots
at transport bottlenecks such as grain boundaries.

While the effectiveness of confining potential jumps may be reduced
under extreme boundary potentials, appropriate multilayering can still
limit the damage to a single SE layer even in such cases. Moreover, this
mitigation strategy remains effectiveand can be further enhancedeven
when the secondary SE layer is thin, particularly if it exhibits high ionic
conductivity and extremely low electronic conductivity. These findings
are important for enabling pressure-less capability, becoming especially
critical when using cold-sintered solid electrolytes with relatively high
porosity. Given that multilayering of SE separators has already been
a common approach for addressing other forms of degradation, a
comprehensive design of multilayered solid electrolyte separators could
be highly impactful. In this context, this work provides theoretical
guidelines for future efforts to address both transverse and longitudinal
electrochemo-mechanical degradation in solid electrolytes.
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