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Abstract:

Solid-state batteries (SSBs) employing lithium metal anode are a promising candidate for next-
generation energy storage systems, delivering higher power and energy densities. Interfacial
instabilities due to non-uniform electrodeposition at the anode-solid electrolyte (SE) interface pose
major constraints on the safety and endurance of SSBs. In this regard, non-uniform kinetic
interactions at the anode-SE interface which are derived from cathode microstructural stochasticity
can have significant impact on anode stability. In this work, we present a comprehensive insight
into microstructural stochasticity-driven cathode-anode crosstalk and delineate the role of cathode
architecture and SE separator design in dictating reaction heterogeneity at the anode-SE interface.
We show that intrinsic and extrinsic parameters such as cathode loading, separator thickness,
particles morphologies of active material (AM) and SE, and temperature can have significant
impact on reaction heterogeneity at anode-SE interface and thus govern the anode stability.
Tradeoff between energy density versus reaction heterogeneity while achieving higher cathode
loading and thinner SE separators is highlighted and potential strategies to mitigate this problem
are discussed. This work provides fundamental insights into cathode-anode crosstalk involving

interfacial heterogeneities and enhancement in energy densities of SSBs via electrode engineering.
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1. Introduction:

Due to the ever-increasing demands of vehicle electrification, tremendous research efforts have
been directed towards achieving high power and energy densities in energy storage systems'™. As
conventional lithium-ion batteries approach their theoretical limits in this aspect, incorporation of
lithium metal anode appears to be an enticing choice due to its low electrochemical potential (-
3.04 V vs. Standard Hydrogen Electrode), low material density (0.534 g cm™) and high theoretical
capacity (3860 mAh g)*7. In addition to the Li-metal anode being entirely electrochemically
active, the metallic nature of lithium ensures negligible electron transport resistance. However,
employing Li-metal anode with liquid electrolytes often comes with several disadvantages such as
unwanted side reactions and uncontrolled dendritic growth, leading to short circuit and thermal
runaway under extreme circumstances® % °. In this regard, solid-state batteries (SSBs) are a
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promising candidate to enable next-generation energy storage systems . Solid electrolytes

(SEs), owing to their mechanical rigidity, can suppress the growth of lithium dendrites'® 2.
Inorganic SEs also promise to improve the thermal stability window, thereby overcoming
challenges such as leakage and flammability pertaining to liquid electrolytes!*!®. Moreover, owing
to their single-ion conducting nature, SEs avert the issue of concentration polarization which

prevails in liquid electrolytes!’. Despite such underlying advantages, development of SSBs is rife

with several fundamental challenges concerning both the Li-metal anode and composite cathode'®-
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Although mechanical rigidity of SEs promises to suppress lithium dendrite growth, recent
experimental studies have observed internal short circuit due to metal penetration at several
operating conditions?>2®. Researchers have proposed several factors responsible for such failure,

including structural heterogeneities of SE such as grain/grain boundaries and surface defects®’>’,



Distinct transport and mechanical properties of inorganic SEs in grains and grain boundaries lead
to heterogeneous electrochemical-mechanical interactions promoting filament growth. In this

regard, a recent study by Vishnugopi et al.*

proposed that non-uniform electrodeposition at the
anode-SE interface can lead to either cavities or protrusions at grain boundaries depending on their
transport characteristics. Researchers have also observed metal penetration along grain boundaries
in polycrystalline LLZO?*. In addition, filament growth/propagation and internal short circuit
strongly depends on microstructural attributes such as pore connectivity and density in SEs, whose
dependency can be traced back to SE processing conditions!. Preferential plating due to pre-
existing surface defects can result in crack propagation and thus, mechanical failure within SEs,
as proposed by Porz et al*>. Moreover, nucleation and filament penetration have also been
observed near electrode edges owing to strong electric fields in their vicinity>2. Non-zero electronic
conduction in SEs like Li;LazZr,O12 and Li3PS4 has been observed to be responsible for isolated
lithium deposition within the bulk SE** 3. Effect of molar volumes and stress fields on deposition
stability during charging has been analyzed in detail in the recent past>>3®. Based on the molar
volume mismatch and stress distribution, competing effects of mechanical overpotential and
stress-driven ionic transport can result in either stable or unstable electrodeposition®’. Sustained
stability of the anode-SE interface over large number of cycles becomes critical for safe and
efficient operation of SSBs. In this regard, extensive research has been conducted in recent years
to study the evolution of anode-SE interface due to repeated deposition and dissolution during

charging and discharging, respectively*®#!

. Interfacial contact area loss due to incomplete
replenishment of Li during discharge operation leads to current focusing, which further instigates

morphological instability during charging, resulting in filament growth and mechanical failure of

SE** Despite recent advancements in understanding various phenomena related to interfacial



instability, the effect of cathode architecture and the SE separator design on reaction heterogeneity
at the anode-SE interface and its critical implications on interfacial instability still need to be

addressed.

Cathode architecture plays a crucial role in dictating the electrochemical performance of SSBs*®.
Composition and spatial arrangement of the constituent phases (active material (AM), SE, carbon
additives, binder and voids) dictate transport and kinetic signatures of the composite cathode*%,
To achieve high energy and power densities in SSBs, thicker cathodes with high AM loading along
with minimal transport and kinetic resistances are required*. In this regard, several research efforts
have been made to understand the influence of cathode design parameters such as composition,
size, and morphologies of the constituent phases and electrode thickness>’3. Also, achieving thin
SE separators in SSBs has been a topic of great interest as thick SE separators pose negative
implications on ionic transport and energy density of SSBs**. In addition, cathode microstructural
stochasticity has a significant effect on ionic transport through SE separator, especially during
operational extremes>. Thus, investigating the influence of microstructural stochasticity of the

composite cathode on ionic transport in the SE separator and its concomitant implications on anode

stability and reaction kinetics at the anode-SE interface is hypothesized to be paramount.

In this work, we delineate the role of cathode architecture in reaction heterogeneity and its
implications in anode stability. We present how various cathode microstructural attributes
intricately govern reaction heterogeneity at the anode-separator interface. Effect of temperature on
the anode-cathode crosstalk is also examined in detail by highlighting the role of temperature in
attenuating heterogeneity propagation from the cathode to the anode. Influence of cathode loading
and separator thickness on both the reaction heterogeneity and the energy density is investigated.

Achieving higher energy density via increasing cathode loading or decreasing separator thickness



poses a major compromise on the anode stability due to highly heterogeneous reaction kinetics at
the anode-separator interface. Thus lastly, we propose potential electrode design strategies to
address this tradeoff between energy density and reaction heterogeneity in SSBs. This work
provides mechanistic insights into cathode-anode crosstalk involving heterogeneity propagation

through SE separator and improvement in energy densities of SSBs via electrode engineering.
2. Methodology:

Figure 1(a) shows a schematic illustration of SSB comprising of composite cathode, SE separator
and Li-metal anode, where composite cathode consists of NMC622 AM, B-Li3PSs SE, PVDF/C
carbon-binder domain (CBD), and voids. During charging, electrochemical reactions occur at AM-
SE interfaces in the composite cathode, where Li atoms are converted to Li" ions. These ions are
then transported through the tortuous pathways of the SE phase in the composite cathode and then
through the SE separator to reach the Li-metal anode where they are reduced back to Li atoms.
Cathode-separator interface plays a critical role in ionic transport from composite cathode to Li-
metal anode, as the intrinsic microstructural stochasticity of the cathode-separator interface defines
the current heterogeneity which propagates through the SE separator and results in heterogeneous
reaction distribution at the anode-separator interface. Thus, developing a modeling framework
cognizant of the microstructural information at the cathode-separator interface to investigate the
heterogeneity propagation from cathode to anode via ionic transport in the SE separator is
necessary. As shown in Figure 1(a), the cathode-separator and anode-separator interfaces define
the boundary conditions for ionic transport through the SE separator. Composite cathode
microstructures are obtained using GeoDict reconstruction®® >7, from which the microstructural
information at the cathode-separator interface is extracted and used to define the boundary

condition for ionic transport through the SE separator, as shown in Figure 1(b). For all composite



cathode microstructures reconstructed in this work, 20% of the total volume is assumed to be
collectively occupied by the CBD phase and voids. The governing equation for ionic transport in

the SE separator is given as follows:
V. (kT Vs) = 0 €Y)

Here, ¢ is the electric potential in SE and k®// is the effective ionic conductivity of SE in

separator which can be obtained as follows:

Keff = j SSE )
IsE

where, k is the intrinsic ionic conductivity of SE, &gz and 755 are the volume fraction and tortuosity
of SE phase in separator, respectively. It is noted that the model takes long-range ionic transport
into account as described by Eq. 1, while the atomistic scale stochastic redistribution of ions due
to ion hopping is not explicitly considered assuming it has negligible effect on the electrode scale
heterogeneities. Boundary condition at the cathode-separator interface is obtained using charge

conservation as follows:
Iapp = atotaliapp = Asplsp + AQamiam 3)

where, I,y is the total current in Amperes (A), Qsprq; 1 the total cross-sectional area of the
cathode-separator interface, ig),, is the applied current density, agg and a,p are the cross-sectional
areas occupied by the SE and AM phases, respectively at the cathode-separator interface, igg is the
current density through SE phase at the cathode-separator interface and iy, is the current density
contributed by the electrochemical reactions occurring at the cathode-separator interface due to
AM-SE contact (Figure 1(c)). Boundary condition at the anode-separator interface is given by

Butler-Volmer kinetics as follows:



_ — . Fn Fn
Iapp = QAtotallBy = Atotallo | €XP m — €xp _m (4)

where, i, is the exchange current density, F is Faraday constant, R is universal gas constant and T
is the temperature (K). Total ionic current at the cathode-separator interface has two components:
(a) Iy, arising from electrochemical reactions occurring specifically at the cathode-separator
interface due to AM-SE contact, and (b) I, ionic current carried by the SE phase at the cathode-
separator interface, which originates from the electrochemical reactions occurring at the active
interfacial sites in the bulk of the cathode. Figure 1(c) depicts the dynamic evolution of Iy /Ipp
and Igg /14y for applied current of 5 mA/cm? and cathode composition of 60 vol. % AM and 20
vol. % SE. The results shown in Figure 1(c) are obtained using macro-homogeneous SSB model,
which has been developed in our previous work*. From Figure 1(c), it is evident that almost all
the ionic current flowing from cathode to separator is focused on the regions having SE phase at
the cathode-separator interface. Fundamentally, the regions with SE phase at the cathode-separator
interface carries the ionic current which originates from all the electrochemical reactions occurring
in the bulk of the cathode (see Figure S2 of the Supporting Information). Whereas the regions with
AM phase at the cathode-separator interface contribute only a small fraction of the ionic current
which is derived from the electrochemical reactions between AM (at cathode-separator interface)
and SE (of the separator). Moreover, towards the later stages of the charging process, when AM
at the cathode-separator interface is completely delithiated, all the current will be contributed by
the regions having SE phase at the cathode-separator interface (see Figure 1(c)). Thus, to account
for the most extreme scenario, where the reaction heterogeneity is the highest during charging,

ionic current is assumed to be carried entirely by the regions having SE phase at the cathode-



separator interface. This has been expounded in Section S4 of the Supporting Information. Thus,

Eq. 3 is simplified as follows:
Iapp = atotaliapp = Asglse 5)

Variation of the ionic conductivity of SE with temperature follows Arrhenius equation and is

incorporated in the model as follows:

Eqx (1 1
K=K0expT?—Tf (6)
re

Here, K, is the intrinsic ionic conductivity of SE at reference temperature (Ty..5) and Eg . is the

activation energy. Numerical values of ky and E, , for B-Li3PS4 SE are extracted from a recent
experimental report>® and are given in Table S1 of the Supporting Information. Corresponding

Arrhenius plot has been provided in Figure S1 of the Supporting Information.

Later in this work, we explain the tradeoff between reaction heterogeneity and energy density of

SSBs, where theoretical volumetric energy density, E,,, of SSB is obtained as follows:

Vcell X Maym X CO

Myy . Msg . Mcgp . Mg Mey . My (
+ + +—=4+V,piqs + + =
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E,

Here, V,.;; 1s the operating cell voltage, my,, and p4,, are mass and density of AM, respectively,
Cy 1s the nominal capacity of AM, V,,;4s 18 the volume occupied by voids, mgg, mcgp, My, Mey
and my; are the masses of SE, CBD, anode, copper current collector and aluminum current
collector, respectively and psg, Pcep» Pa» Pcy @nd py; are the corresponding material densities. All
the properties and parameters used in the modeling framework are listed in Table S1 of the

Supporting Information.
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Figure 1. (a) Schematic illustration of SSB consisting of composite cathode, SE separator, and Li-
metal anode, along with schematic representation of the boundary conditions for ionic transport in
SE separator. (b) Cathode-separator interface obtained is fed as boundary condition to solve for
ionic transport in SE separator by tracking all the constituent phases of composite cathode, namely,
AM, SE, CBD, and voids. (c) Fraction of the total current contributed by the regions with AM
phase and the regions with SE phase at the cathode-separator interface as a function of time for
the applied current of 5 mA/cm? and cathode composition of 60 vol. % AM, 20 vol. % SE and 20
vol. % CBD and voids.

Cathode-separator
interface

3. Results and discussions:

As shown in Figure 1(c), the SE phase at the cathode-separator interface carries majority of the
total current from cathode to separator during the charging process. This leads to current-focusing
at the locations having SE phase, resulting in heterogeneous distribution of current at the cathode-
separator interface. Such spatial heterogeneity in ionic current can propagate through the separator
and cause spatially uneven electrochemical reactions at the anode-separator interface of an SSB.
The extent of this reaction heterogeneity is highly dependent on the cathode composition, as
depicted in Figure 2. Material map of a composite cathode at the cathode-separator interface has

been shown for cathode compositions of 40 vol. % AM and 40 vol. % SE (Figure 2(b)), 50 vol. %
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AM and 30 vol. % SE (Figure 2(c)), and 60 vol. % AM and 20 vol. % SE (Figure 2(d)), followed
by the corresponding current distribution at the cathode-separator and the anode-separator
interfaces for applied current density of 5 mA/cm? and separator thickness of 40um. As the AM
loading is increased, current-focusing on the cathode-separator interface intensifies owing to
smaller SE fraction, as evident from the current heterogeneity maps shown in Figure 2(b-d). This
current heterogeneity arising from the inherent stochasticity of the composite cathode translates
through the separator and shows up on the anode-separator interface as represented via reaction
heterogeneity maps in Figure 2(b-d). For the AM loading of 40% (Figure 2(b)), the maximum
(imax) and minimum (i,,;;,) local reaction currents at the anode-separator interface are 5.6 mA/cm?
and 4.7 mA/cm? respectively, whereas for the AM loading of 50% (Figure 2(c)) and 60% (Figure
2(d)), imax and iy are 5.7 mA/cm?, 4.6 mA/cm? and 6.1 mA/cm?, 4.5 mA/cm? respectively. The
difference between the maximum and minimum local reaction current densities, i,,5x — imin, Can
be taken as a measure of reaction heterogeneity prevailing at the anode-separator interface. Figure
2(a) represents Iygx — imin @s @ function of AM loading where the reaction heterogeneities for
five distinct cathode microstructures have been plotted for each cathode composition and the
average trend in the heterogeneity is depicted using the black line. It is noted that current
heterogeneity for the same cathode composition can be different for different cathode
microstructures owing to dissimilar microstructural stochasticity. From Figure 2(a), it is clear that
reaction heterogeneity at the anode-separator interface intensifies at higher cathode AM loading.
Hence, employing high energy density cathodes in SSB can escalate the uneven electrochemical
interactions at the Li-metal anode, leading to non-uniform electrodeposition during charging,
resulting in deleterious implications on the stability of the anode-separator interface. This

heterogeneity cross-talk between the high energy density cathode and Li-metal anode occurring
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Figure 2. (a) Reaction heterogeneity at the anode-separator interface quantified via the difference

between the maximum and the minimum local reaction current (i,,q, —

imin) a@s a function of

cathode AM volume fraction for an applied current density of 5 mA/cm?. Reaction heterogeneity
has been plotted for five distinct cathode microstructures at each cathode composition, while the
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black line denotes the average trend with increase in AM loading. Material maps showing the
spatial distribution of constituent phases of the composite cathode (AM, SE, CBD + voids) at the
cathode-separator interface and current distribution at the cathode-separator and anode-separator
interfaces for cathode compositions of (b) 40 vol. % AM, 40 vol. % SE, (c) 50 vol. % AM, 30 vol.
% SE, and (d) 60 vol. % AM, 20 vol. % SE for separator thickness of 40um.

In Figure 3, the effect of AM and SE particle sizes on reaction heterogeneity at the anode-separator
interface has been investigated for applied current density of 5 mA/cm?, separator thickness of
40um, and cathode composition of 60 vol. % AM and 20 vol. % SE. With increase in AM particle
size, reaction heterogeneity at the anode-separator interface intensifies, as seen from the average
trend in Figure 3(a). For AM diameter of 8um, average heterogeneity (i,,gx — imin)is 1.6 mA/cm?,
whereas for AM diameter of 21um, average i;qx — imin iS as high as 3.4 mA/cm?, suggesting that
cathode AM size significantly influences the reaction heterogeneity at the anode-separator
interface. Material map of the cathode-separator interface and current distribution at the cathode-
separator and anode-separator interfaces are shown for AM diameters of 8um and 21um in Figure
3(c). As seen from the material map, due to the larger size of AM particles, the AM phase occupies
bigger chunks of space at the cathode-separator interface. Consequently, the SE phase is more
localized, resulting in severe current focusing on the regions containing SE phase at the cathode-
separator interface, leading to significant reaction heterogeneity on the anode side (Figure 3(c)).
On the other hand, spatial distribution of the constituent phases of cathode with smaller AM
particles is relatively more uniform, resulting in moderate current heterogeneities at the cathode-
separator and anode-separator interfaces (Figure 3(c)). Figure 3(b) shows the effect of SE particle
size on reaction heterogeneity at the anode, where SE particle diameter is varied from 2um to 8um.
It is observed that current heterogeneity increases with increase in SE diameter, but the effect is
not as severe as seen for increasing AM diameter (Figure 3(a)). This is attributed to the smaller

sizes of SE particles (2um - 8um) as compared to AM particles (8um - 21um). While smaller SE
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particles can be more evenly distributed, larger SE particles occupy bigger chunks of the space on
the cathode-separator interface simultaneously leading to the localized regions without SE phase
(see Figure S5 of the Supporting Information). Thus, similar to the larger AM size case,
localization of the SE phase at the cathode-separator interface for larger SE particles leads to
current-focusing, which translates to the anode side as shown in Figure 3(d). Overall, utilizing
smaller AM and SE particles can ameliorate the problem of current heterogeneity propagating
from cathode to anode during the charging process. Also, the cathode microstructure with
smaller/larger SE particles will have more/less grain boundaries. Thus, it is noted that, owing to
the distinct transport properties of the grain and grain boundaries, grain boundaries can influence
the current distribution at the cathode-separator interface and subsequently affect the reaction

heterogeneity on the anode side.
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Figure 3. Reaction heterogeneity at the anode-separator interface quantified via i,,45 — ijnin aS a
function of (a) AM and (b) SE particle diameter for applied current density of 5 mA/cm?, cathode
composition of 60 vol. % AM, 20 vol. % SE and separator thickness of 40um. Material maps at
the cathode-separator interface, current distribution at the cathode-separator and anode-separator
interfaces for (c) AM particle diameter of 8um and 21um and (d) SE particle diameter of 2um and
8um, respectively.

Ionic conductivity of SE strongly depends on temperature. Thus, temperature can significantly
affect ionic transport in the SE separator, having concomitant influence on reaction heterogeneity
at the anode-separator interface. Variation of ionic conductivity of B-Li3PS4 SE with temperature

3860 \where

follows the Arrhenius equation and has been experimentally probed in previous studies
it is found to vary from 0.001 S/m at —20 °C to 0.04 S/m at 60 °C, which is a 40-fold increase. In
Figure 4, the effect of cell temperature on reaction heterogeneity at the anode-separator interface
has been presented. Figure 4(a) represents reaction heterogeneity at the anode-separator interface
for cell temperatures of 0°C and 60 °C, respectively for applied current density of 5 mA/cm?,
cathode composition 60 vol. % AM, 20 vol. % SE and separator thickness 40um. At lower cell
temperatures, lower ionic conductivity of SE hinders ionic conduction in in-plane directions (x
and y directions), causing inherent current heterogeneity at the cathode-separator interface to
propagate through the separator and prevail at the anode-separator interface, as evident from the
reaction heterogeneity maps shown in Figure 4(a). For cell temperature of —20°C, reaction
heterogeneity (igx — imin) at the anode-separator interface is 2.6 mA/cm?, while at 60 °C it
decreases to 1.7 mA/cm? as shown in Figure 4(b), owing to efficient ionic conduction in the SE
separator. Also, it is noted that the impact of temperature on the reaction heterogeneity is quite
significant at high temperature regime (40°C to 60 °C) as compared to low temperature regime
(—20°C to 0°C). For instance, reaction heterogeneity decreases by 0.1 mA/cm? as temperature is

increased from —20°C to 0°C, whereas it decreases by almost 0.4 mA/cm? as temperature is

increased from 40 °C to 60 °C. This trend is majorly related to the variation of ionic conductivity
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of SE with temperature. Due to the high thermal stability of SEs, thermally assisted improvement
in ionic transport can serve as a potential strategy to homogenize electrochemical reactions at the

anode-separator interface while employing high energy density cathodes.
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Figure 4. (a) Reaction distribution at the anode-separator interface for cell temperatures of 0°C
and 60 °C, respectively for applied current density of 5 mA/cm?, cathode composition 60 vol. %
AM, 20 vol. % SE and separator thickness 40um. (b) Reaction heterogeneity (i;,qx — Umin) at the
anode-separator interface as a function of cell temperature.

With regards to the heterogeneity cross-talk between the cathode-separator and anode-separator
interfaces, separator thickness plays a critical role. In this section, the effect of separator thickness
on heterogeneity propagation from cathode to anode has been extensively probed. Figure 5(a)
depicts the reaction distribution at the anode-separator interface for separator thicknesses of 25um
and 75um, respectively for applied current density of 5 mA/cm? and cathode composition of 60
vol. % AM, 20 vol. % SE. Reaction heterogeneity (i,,qx — Imin) for separator thickness 25um is
almost 4 mA/cm?, while it drops down to 1 mA/cm? for separator thickness 75um. Figure 5(a)
corroborates the fact that increasing separator thickness can mitigate reaction heterogeneity at the
anode-separator interface arising from inherent stochasticity in the cathode microstructure. To
investigate further, Figures 5(b-d) represent the variation of reaction heterogeneity at the anode-

separator interface as a function of separator thickness for varying cathode composition, AM
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diameter and SE diameter respectively. As discussed in the earlier section, increasing AM loading
as well as AM and SE diameters leads to severe current-focusing on the regions with SE phase at
the cathode-separator interface, resulting in higher current heterogeneity, as also seen in Figures
5(b-d). As the separator thickness is increased, there is initially a steep drop in reaction
heterogeneity, which slows down at higher thicknesses as shown in Figure 5(b-d). From Figure
5(b), it is also evident that enhancing energy density via increasing AM loading and decreasing
separator thickness can have deleterious impact on anode stability due to severe heterogeneity in
reaction kinetics at the anode-separator interface. To quantitatively mark the separator thickness

at which the electrochemical reactions at the anode-separator interface become homogeneous, the

critical separator thickness, L, is defined such that: at Lg,, = L, lm“lxﬂ = 0.05. In other words,
app

at critical separator thickness, the reaction heterogeneity at the anode-separator interface (i,,qx —
imin) 18 5% of the applied current density. Black arrows in Figure 5(b-d) represent L. for different
cathode compositions and AM and SE sizes. With increase in AM loading, critical separator
thickness significantly increases. For instance, L. for cathode composition of 30 vol. % AM, 50
vol. % SE is 75um, whereas it is 150um for cathode composition of 60 vol. % AM, 20 vol. % SE.
Similarly, critical separator thickness increases with increase in AM and SE sizes as shown in
Figure 5(c-d). Figure 5(e) represents the variation of non-dimensional reaction heterogeneity,
lmax—imin

; with separator thickness for different applied current densities. It is interesting to note
app

that the increase in critical separator thickness with increasing applied current density is negligible.
For e.g., L, is 143um for applied current density 1 mA/cm? and 148um for 10 mA/cm?. Figures
5(b-e) suggest that the critical separator thickness of an SSB depends on intrinsic parameters such
as cathode composition, AM and SE particle morphologies and SE ionic conductivity (Figure 4)

and is independent of extrinsic parameters like applied current density. Thus, to minimize the
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critical separator thickness, a deeper dive into the design aspects of composite cathodes is crucial.
Also, from the observed values of the critical separator thicknesses, it can be clearly seen that
stochastic cathode architectures can require high separator thicknesses (~ 150um) to achieve
homogeneous electrochemical reactions at the anode-separator interface. This presents a clear
trade-off between energy density of SSB versus reaction homogeneity on the anode side.
Moreover, high values separator thickness also leads to poor ionic percolation within SE separator,
thus increasing the ion transport resistance during the cell operation. This trade-off between energy
density and ion transport resistance versus reaction homogeneity can be addressed to a significant

extent using architected cathodes, which is discussed in detail in the next section.
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Figure 5. (a) Reaction distribution at the anode-separator interface for separator thicknesses of
25um and 75um, respectively for applied current density of 5 mA/cm? and cathode composition
of 60 vol. % AM, 20 vol. % SE. Reaction heterogeneity (i,;qax — imin) at the anode-separator
interface as a function of separator thickness for different (b) cathode compositions, (c) AM
particle diameters, and (d) SE particle diameters. (¢) Non-dimensional reaction heterogeneity,
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(imax — imin)/iapp, at the anode-separator interface as a function of separator thickness for
varying applied current densities at cathode composition of 60 vol. % AM, 20 vol. % SE.

In Figure 6, the potential of architected cathodes to achieve homogenized electrochemical
reactions at the anode-separator interface is explored. Architected cathode microstructures in this
work are obtained by repeating the microstructural arrangement of constituent phases at every
20um interval in both x and y directions (Figure 6(b)). Figure 6(a) and Figure 6(b) represent the
material map at the cathode-separator interface and current distribution at the cathode-separator
and anode-separator interfaces for stochastic and architected cathode designs, respectively.
Reaction distribution at the anode-separator interface follows the stochastic nature of cathode in
Figure 6(a), whereas it is almost homogeneous for the architected cathode (Figure 6(b)) for

separator as thin as 25um. To further this analysis, Figure 6(c) compares the reaction heterogeneity

(Imax — Umin) at the anode-separator interface for stochastic and architected cathodes for varying
separator thickness. Especially at thin separator regime, remarkable reduction in reaction
heterogeneity is observed for the architected cathode. For instance, with a separator thickness of
25um, reaction heterogeneity (imax — imin) iS 4 mA/cm? for the stochastic cathode, whereas it
drops to 0.8 mA/cm? for the architected cathode. Moreover, critical separator thickness, L., for
stochastic and architected cathodes is 150um and 75um, respectively (as marked with the black
arrows in Figure 6(c)) which suggests 43% increase in the volumetric energy density of SSB while
utilizing architected cathode (see Figure 7). Thus, architected cathode designs show promise to
minimize the separator thickness while employing high energy density cathode designs, thereby
significantly boosting the energy density of SSBs, yet achieving homogeneous electrochemical
reactions at the anode-separator interface. Also, utilizing architected cathodes promise to mitigate
the ion transport limitations in both composite cathode (via reducing ionic tortuosity) and SE

separator (via minimizing the separator thickness).
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Figure 6. Material map of cathode-separator interface, current distribution at cathode-separator
and anode-separator interfaces for (a) stochastic cathode and (b) architected cathode with
composition 60 vol. % AM, 20 vol. % SE for applied current density 5 mA/cm? and separator
thickness 25um. (c) Reaction heterogeneity (i,,qx — Imin) at the anode-separator interface as a
function of separator thickness for stochastic and architected cathodes taken in (a) and (b),
respectively.

In Figures 7(a-c), theoretical energy density, E,,, of SSB and reaction homogeneity, 8, at the anode-
separator interface for stochastic and architected cathode designs is depicted as a function of AM

loading and separator thickness. Here, reaction homogeneity, 6, is defined as follows:

iﬂpp
0 =— . . 8
(lmax - lmin) + lapp )

From Eq. 8, it is clear that 0 is always less than or equal to 1, where 8 = 1 corresponds to perfectly
homogeneous electrochemical interactions at the anode-separator interface. Increasing AM
loading and decreasing separator thickness increases the theoretical energy density of SSBs

(Figure 7(a)), but at the same time negatively affects the reaction homogeneity at the anode-
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separator interface as shown in Figure 7(b). In this regard, architected cathode designs can help
address the trade-off between energy density and reaction homogeneity by minimizing the
separator thickness required for achieving homogeneous electrochemical reactions at the anode-
separator interface (Figure 7(c)). At thin separator regime, there is a remarkable improvement in
reaction homogeneity (8) for the architected cathode. For instance, reaction homogeneity for

separator thickness of 20um and cathode composition with AM loading of 60 vol. % is 0.9 for

architected cathode, which is 80% improvement as compared to the stochastic cathode case (6 =
0.5). Also, with increasing AM loading for a particular separator thickness (less than 100um),
reaction homogeneity decreases rapidly for the stochastic cathode, whereas it is almost unaffected
for the architected cathode. Moreover, reaction homogeneity of 0.95 is marked in Figure 7(b) and
7(c), above which the electrochemical reactions at the anode-separator interface can be considered
almost homogeneous. A significant reduction in the separator thickness can be achieved using the
architected cathode design, especially at high AM loadings. For example, at AM loading of 60 vol.
%, 8 = 0.95 is achieved at separator thickness of 145um for the stochastic cathode and 70um for
the architected cathode design. Trends observed in Figure 7 show potential of architected cathode
to achieve high AM loading composite cathodes without compromising the reaction homogeneity
at the anode-separator interface. Thus, architected cathode designs can potentially enable
achieving high energy density SSBs by simultaneously allowing the use of energy-dense cathodes
and thin separators, while maintaining interfacial stability at the anode-separator interface. In
addition to the architected cathodes discussed above, dense cathode architectures proposed in the
recent report®!, where the electrochemical reactions occur only at the cathode-separator interface
(and not in the bulk of the cathode) can also potentially help in homogenizing the electrodeposition

at the anode side. With the absence of SE phase in such cathode architectures, localization of the
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ionic current at the cathode-separator interface can be prevented, thus enabling uniform ionic
current through the SE separator. Enhancing self-diffusion kinetics, creep, and plastic flow of the
lithium metal via modulating extrinsic parameters such as temperature and pressure can also be a
potential strategy to achieve uniform interface during electrodeposition®’. Moreover, incorporating
an interlayer which exhibits enhanced transport characteristics®> and has ability to lower the

nucleation overpotential for lithium® can also help in achieving homogeneous electrodeposition.
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Figure 7. (a) Theoretical energy density of an SSB as a function of AM loading and separator
thickness. Reaction homogeneity at the anode-separator interface for (b) stochastic and (c)
architected cathode designs as a function of AM loading and separator thickness. Architected
cathode design shows promise to address the trade-off between energy density and reaction
homogeneity at anode-separator interface within SSBs with Li-metal anodes.

4. Conclusion:

Overall, this work provides key insights into the effect of cathode architecture and separator design
on the reaction heterogeneity at the anode-separator interface. Achieving higher AM loading in
composite cathodes come at a disadvantage of higher reaction heterogeneity at the anode-separator
interface, contributing towards interfacial instability. Similarly, increasing AM and SE particle
sizes in composite cathode can result in severe current focusing at the cathode-separator interface
causing highly heterogeneous kinetic interactions on the anode side. In this regard, temperature
can play a vital role in mitigating deleterious effects of inherent cathode stochasticity on the

reaction kinetics at anode-separator interface, thus assisting towards utilization of higher AM
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loading solid-state cathodes. Also, separator thickness has critical implications on the cathode-
anode heterogeneity crosstalk. Decreasing separator thickness and/or increasing cathode loading
for enhancing the energy density of SSBs significantly increases the reaction heterogeneity at
anode-separator interface, leading to interfacial instability. Minimum separator thickness required
to achieve homogeneous electrochemical reactions is found to be majorly dependent on the
cathode architecture. Thus, to address aformentioned energy density-heterogeneity tradeoff,
architected cathode designs can serve as potential strategies to increase energy density of SSBs by
employing high AM loading composite cathodes and minimizing the separator thickness while

preserving reaction homogeneity at anode-separator interface.
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Table S1. List of properties and parameters used in the modeling framework! 2.

Parameters Values Units

ko Intrinsic ionic conductivity of SE (B- 0.0093 (at 20°C) Sm’!
Li3PSy)

io Anode exchange current density 2 mA cm™

T Operating temperature 293.15 (Unless specified K

otherwise)

Trey Reference temperature 293.15 K

Eq Activation energy for ionic transport 34.7 kJ mol!

Veen Operating cell voltage 3.65 \Y

Co Nominal capacity of NMC622 180 mAh g’!

Pam Density of NMC622 4.65 gcm?

PsE Density of B-Li3sPSs SE 1.87 gcm?

Pcep Density of PVDF/C (CBD) 1.78 gcm?

Pa Density of Li anode 0.54 gcm?

Pal Density of aluminum 2.7 gcm?

Peu Density of copper 8.96 gcm™

QArotal Cross-sectional area 200 x 200 um?

Lapp Applied current density 5 (Unless specified otherwise) mA cm™

L, Cathode thickness 70 um
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L, Li-metal anode thickness 30 um

Ly, Aluminum current collector thickness | 10 pm

Lcu Copper current collector thickness 5 um

S1. Temperature Dependent Ionic Conductivity of B-LizPS4 Solid Electrolyte (SE)

Ionic conductivity of B-Li3PS4 SE is strongly dependent on temperature, thus influencing the ionic
transport in the SE separator. As a result, temperature plays a vital role in the propagation of the
heterogeneous current distribution from the cathode-separator interface to the anode-separator
interface. To incorporate the temperature dependent ionic conductivity in the model, Arrhenius
equation is adopted as expressed in Eq. (6) of the main manuscript. Recently, Stoffler ef al. !
investigated the long-range Li" transport in B-LizPSs4 SE using impedance spectroscopy. The
Arrhenius plot obtained by Stoffler er al.! is recreated and plotted in Figure S1. From the plot

presented in Figure S1, the ionic conductivity at the reference temperature (20 °C) is estimated to

be 0.0093 S/m and the activation energy 0.36 eV (same as 34.7 kJ/mol).
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Figure S1. Arrhenius plot for ionic conductivity of B-LizPS4 SE obtained from Stoffler et al.!

S2. Quantifying Current Distribution at the Cathode-Separator Interface

Current distribution at the cathode-separator interface acts as a boundary condition for the ionic
transport in the SE separator. To obtain the current distribution at the cathode-separator interface,
a macro-homogeneous solid-state battery (SSB) model is used, which has been developed in our
previous study’ to study the reaction kinetics and transport limitations in the solid-state battery
cathode. Here, we simultaneously solve for the Butler-Volmer kinetics at the AM-SE interface,
ionic transport through the SE phase, electron transport through the AM-CBD phase and solid-
state lithium diffusion through the spherical AM particles. The corresponding mathematical

equations are as follows:

Butler-Volmer Kinetics at the AM-SE interface:

i =i [exp (%n) — exp (%n)] (S1)
Solid-state lithium diffusion:
Ionic transport in SE phase:
V- TVhsp) +j=0 (S3)
Electron transport in AM phase:
V. (UeffV¢AM) —-j=0 (54)
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Here, i, is the exchange current density, 7 is the overpotential, ¢ is the lithium concentration in
AM particle, Dy is the lithium diffusivity, ¢gg is the potential in SE phase of composite cathode,
¢anm 1s the potential in AM phase of the composite cathode, and j is the volumetric current density.
During charging, electrochemical reactions occur at the AM-SE interfaces within the composite
cathode and the lithium ions generated are subsequently transported through the SE phase. Hence,
current corresponding to all the electrochemical reactions occurring in the bulk of the cathode is
carried by the SE phase at the cathode-separator interface (see Figure S2). The AM phase at the
cathode-separator interface only contributes to the current arising from the electrochemical
reactions occurring at the cathode-separator interface (as shown in Figure S2). The modeling
domain used for the macro-homogeneous model for the composite cathode is also shown in Figure
S2. Based on the model output, reaction current and the ionic current can be quantified at each
node of the computational domain. As a result, the reaction current obtained at the rightmost node
(contributed by the AM phase) shown in Figure S2 can be taken as the current arising from the
electrochemical reactions at the cathode-separator interface. On the other hand, rest of the current
is contributed by the ionic current in the SE phase at the cathode-separator interface. In this way,
specific to the cathode-separator interface, distinction between the currents contributed by the SE
phase and the AM phase is established which helps us to quantify the current heterogeneity at the
cathode-separator interface. Evolution of these two currents has been plotted in Figure 1(c) of the
main manuscript, where it is observed that almost all the current is contributed by the SE phase at
the cathode-separator interface. Importantly, contribution from the AM phase becomes almost zero
towards the end of the charging process. From this observation, it can be inferred that all the AM
present at the cathode-separator interface gets delithiated towards the end of the charging process.

Thus, the current heterogeneity is maximum towards the end of the charging process. In this way,
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the current distribution at the cathode-separator interface is evaluated and used as the boundary
condition for the ion transport through the SE separator to study the reaction heterogeneity at the

anode-SE interface.

Composite cathode

Cathode-current Cathode-separator
collector interface interface
—0 90 0 0 0 0 00
« L d

C

Cathode domain

a |/
2

thode-separator

Cathode-current interface

collector interface L

. Active material . Solid electrolyte . Carbon-binder domain

Figure S2. Schematic of a solid-state cathode, 2D cross-section showing the difference between
Iam and Isg, and the corresponding computational domain.

S3. Reaction Heterogeneity Analysis for High Active Material Loading Cathode (80 vol. %
AM)

As solid-state batteries should be pushing towards higher AM loading (~ 80 vol. % AM) to
increase the energy density, in this section, reaction heterogeneity at the anode-separator interface
has been analyzed for the composite cathode with high AM loading (80 vol. % AM, 15 vol. % SE,
5 vol. % CBD + voids). Figure S3(a) shows the material map and current distribution at the
cathode-separator interface, and the reaction heterogeneity at the anode-separator interface for the
separator thickness of 40 um. As discussed in the main manuscript, the locations with SE phase at
the cathode-separator interface experience severe current focusing which leads to the reaction
heterogeneity at the anode-separator interface as shown in Figure S3(a). Figure S3(b) shows this

reaction heterogeneity as a function of separator thickness. When compared to the reaction
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heterogeneity trends shown in Figure 5(b) of the main manuscript, it is evident that the reaction
heterogeneity at the anode-separator interface is severe for high AM loading composite cathode.
Thus, to enable stable operation of high energy density SSB, in addition to addressing the ion
transport limitations (due to higher tortuosities), cathode microstructure induced reaction
heterogeneity at the anode-separator interface should also be addressed. In addition, critical

separator thickness, L., where the electrochemical reactions at the anode-separator interface

become almost homogeneous (lm“l"M = 0.05) for the high AM loading case considered here is
app

almost 200 um. Thus, achieving homogeneous electrodeposition will come at the cost of energy
density. Hence, strategies such as the architected cathode discussed in the main manuscript should

be helpful in achieving stable high energy density SSBs.
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Figure S3. (a) Material map of the cathode-separator interface followed by current distribution
and reaction heterogeneity at the cathode-separator and the anode-separator interfaces,
respectively, for applied current density of 5 mA/cm? and separator thickness of 40 um. (b)



Reaction heterogeneity (i,,qax — imin) @S a function of the separator thickness for the composite
cathode considered in (a).

S4. Dynamic Evolution of the Heterogeneities at the Electrode-Separator Interfaces

In this section, we analyze the dynamic evolution of the heterogeneities at the cathode-separator
and anode-separator interfaces for cathode composition of 60 vol. % AM, 20 vol. % SE and 20
vol. % CBD and voids with applied current density of 5 mA/cm?. Figure 1(c) of the main
manuscript has been shown in Figure S4(a) which depicts the dynamic evolution of the current
contributed by the regions having AM and SE phases at the cathode-separator interface. From
Figure S4(a), it is evident that most of the current at the cathode-separator interface is carried by
the regions having SE phase. This result has been explained in detail in Section S2. It is noted that
the contribution from the regions with AM phase gradually fades over the cell operation and
become almost negligible towards the end of the charging process. This is attributed to the
complete delithiation of the AM phase present at the cathode-separator interface. Figure S4(b)
represents the material map of the cathode-separator interface showing the distribution of the
constituent phases. Figure S4(d) and Figure S4(e) shows the heterogeneities at the two interfaces
for four time instances as indicated by the markers in Figure S4(a). From the heterogeneity maps,
it is observed that there is a negligible variation in the heterogeneities over the charging process.
The dynamic evolution of the reaction heterogeneity at the anode-separator interface, quantified
by (imax — imin) 1S shown in Figure S4(c). Reaction heterogeneity is observed to be almost
constant during the charging process (showing a very slight increase from 1.9 mA/cm? at the start
to 2.3 mA/cm? at the end of charge as seen in Figure S4(c)). For this reason, it is reasonable to

approximate that all the current at the cathode-separator interface is contributed by the regions
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having SE phase. This also allows us to account for the most severe heterogeneities seen at the

interfaces during the charging process.
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Figure S4. (a) Fraction of the total current contributed by the regions with AM phase and the
regions with SE phase at the cathode-separator interface as a function of time for the applied
current of 5 mA/cm? and cathode composition of 60 vol. % AM, 20 vol. % SE and 20 vol. % CBD
and voids. (b) Material map for the cathode-separator interface considered. (¢) Dynamic evolution
of the reaction heterogeneity (imgx — imin) at the anode-separator interface. (d) Current
distribution at the cathode-separator interface at four time instances as indicated by markers in (a).
(e) Reaction distribution at the anode-separator interface corresponding to the instances shown in

(d).
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