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ABSTRACT: Intrinsic material microstructure features, such
as pores or void spaces, grains, and defects can affect local
lithium-ion concentration profiles and transport properties in
solid ion conductors. The formation of lithium-deficient or
-excess regions can accelerate degradation phenomena, such as
dendrite formation, lithium plating, and electrode/electrolyte
delamination. This paper evaluates the effects pores or void
spaces have on the tortuosity of a garnet-type Li;La;Zr,0,,
solid electrolyte. Synchrotron X-ray tomography is used to
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obtain three-dimensional reconstructions of different electrolytes sintered at temperatures between 1050 and 1150 °C. The
magnitude of the electrolyte tortuosity and the tortuosity directional anisotropy is shown to increase with sintering temperature.
Electrolytes with highly anisometric tortuosity have lower critical current densities. Alignment or elimination of pores within an
electrolyte or composite cathode may provide a means for achieving higher critical current densities and higher power densities

in all solid-state batteries.
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1. INTRODUCTION

Lithium metal is the ideal choice for the anode in a lithium-ion
battery because it has the highest theoretical capacity (3860
mAh/g) and lowest electrochemical potential (—3.04V vs
standard hydrogen electrode).”” All solid-state batteries may
provide an avenue for enabling lithium-metal batteries if a solid
separator (electrolyte) could be engineered to be thin (20—
200 ym),’ strong (>8 GPa),* and highly ion conducting (1073
S/cm).>”” The rapid development of structural families of
highly conducting solid electrolytes, including agryodites,®™ "
garnets,11 and LISICON/NASICON-type structures,">™"* has
stimulated research in solid-state batteries. However, com-
petitive energy densities and long lifetimes are necessary to
displace the current state-of-the-art (liquid-based) batteries.
Poor power densities in all solid-state batteries are associated
with low ionic conductivity in the solid electrolyte. However,
recent advances from the material science and inorganic
chemistry communities have led to new solid electrolytes that
are competitive with liquid electrolytes. Thus, the low energy
densities and power densities are likely due to ineffective
transport at the numerous interfaces in a solid-state battery.
There are two types of interfaces that exist in a solid-state
battery: (1) intrinsic and (2) extrinsic. Intrinsic interfaces are
natural interfaces that occur in a material (i.e., between grains,
between grains and defects, and between grains and void
spaces), and extrinsic interfaces occur at material junctions
(electrode/electrolyte).>'® The nature of transport at these
interfaces can contribute to kinetic or mass transport
limitations within the assembly'” and can lead to large
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localized concentration and polarization gradients and
accelerated failure. Examples of extrinsic interface instabilities
include: (1) chemical decomposition and the formation of a
solid electrolyte interphase at the electrode/electrolyte inter-
face,""? (2) regions of excess and deficient lithium
content,”””" and (3) poor or delaminating-type contact at
the interface that can contribute to nonuniform current
distributions and localized degradation.”””*> Each of these
phenomena are likely to cause catastrophic cell failure (short
circuit) through the formation of dendrites. Understanding
how these interfaces and defects contribute to transport
limitations in all solid-state batteries will enable design
strategies for high-performance batteries.

Lithium-ion transport occurs through the electrolyte-filled
pore phase in conventional battery systems with polymer
separators (Figure 1b).”°** In contrast, the pore phase in a
solid-state battery is ion blocking because ions only transport
through the solid, bulk electrolyte phase (Figure 1a)."*’ The
presence of void phases acts as roadblocks to ion migration and
decreases the flux through the system. Furthermore, these void
spaces lead to the formation of highly tortuous pathways in the
electrolyte and nonuniform ion distribution in the system.
These generate strong, local concentration and polarization
gradients in the system and can lead to electrolyte degradation.
Density functional theory (DFT) studies have shown that the
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Figure 1. Tortuosity in a solid electrolyte is largely impacted by the formation of void phases or defects that emerge during processing (a). A
porous separator in a traditional battery; the pore region is filled with liquid electrolyte (b). Synchrotron X-ray tomography enables probing the
underlying microstructure of dense solid electrolyte characterized by heavy elements (c). A side view (d), a representative three-dimensional (3D)
reconstruction (e), and a cross-sectional view of a solid electrolyte imaged at the Advanced Photon Source (f).

presence of such regions inside the electrolytes can lead to
lithium-metal deposition, especially near cracks and pores.*
Contradicting reports on the impact of grain microstructure on
ion transport are seen in the literature.”’ ~>* Further advance-
ment of solid-state batteries requires an acute understanding
about how ions move within a solid state electrolyte (SSE) and
strategies for controlling transport. The solid electrolyte
tortuosity is a critical parameter that governs the effective
transport properties. Tortuosity in battery electrodes is widely
studied and follows the empirical Bruggeman relationship.”*
Directional and anisometric tortuosity can emerge in battery
electrodes as a result of the active material morphology.
Directional tortuosity can affect the attainable power density in
a battery and local transport rates. The latter mechanism can
contribute to accelerated failure in battery systems.*>*°

Tortuosity is conventionally estimated either with electro-
chemical methods®”*® or by computational modeling of
microstructures obtained with advanced imaging methods
(X-ray tomography or focused ion beam scanning electron
microscopy (FIB-SEM)).””*" Effective transport properties
derived using electrochemical techniques can be scaled to
describe tortuosity in an electrode or electrolyte. These
methods are comparatively quick and inexpensive.”' ~**
However, these methods are less versatile at obtaining local
or directional information. Tortuosity estimation from micro-
structural data can provide unique insight into local transport
anisotropy and can help pinpoint bottlenecks to transport.
There are several studies that focus on measuring tortuosity in
composite cathodes for all solid-state batteries. The cathode
for a solid-state battery is unique in that it contains the active
material in addition to a glass and/or ceramic ion conductor.
Results using analytical techniques reveal that lower tortuosity
and better power densities are achieved when the ion-
conducting phase represents >40% of the cathode phase.*’
Studies using FIB-SEM*”* emphasize the impact of the
cathode microstructure on cell performance. The presence of
void phases that emerge because there is no liquid electrolyte
in the electrode contributes to increases in the tortuosity.
Overcoming these challenges (void phase formation) at
extrinsic interfaces (electrode/electrolyte) will require ad-
vanced processing and manufacturing techniques.

Although there is a growing interest in understanding the
impact of extrinsic interfaces on transport in all solid-state
batteries, there are numerous intrinsic interfaces in solid
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electrolytes that play a significant role on ion transport. These
intrinsic interfaces include boundaries between grains, between
grains and defects, and between grains and void spaces within
the solid electrolyte and can govern localized concentration
and polarization gradients within the cell. Understanding and
controlling concentration gradients across the solid electrolytes
as well as at the solid/solid interface is paramount for long
lasting solid-state batteries. Tortuosity is studied in electrodes
because it can limit the material utilization (energy density)
and power performance in battery systems. Understanding
tortuosity in a solid electrolyte is important because it can
describe degradation mechanisms. Directional and anisometric
tortuosity in a solid electrolyte may contribute to the formation
of concentration “hot spots” at the electrode interface and
drive degradation mechanisms. In this study, we investigate the
tortuosity of garnet-type Li,La;Zr,0,, electrolytes with “real”
and “ideal” pore configurations with the specific aim of
understanding the impact of microstructure on the tortuosity
of the solid electrolyte. The microstructure of different garnet-
type electrolytes processed between 1050 and 1150 °C are
obtained using synchrotron X-ray tomography (Figure 1c)."*
The use of high-energy X-rays enables full penetration of the
sample and the generation of 3D microstructures with
submicron resolutions (Figure 1d—f). COMSOL and an
open-source software TauFactor enable simulations of ionic
fluxes in the solid electrolyte.*” We evaluate idealized
electrolyte microstructures (generated in silico) to probe the
impact of pore ordering (symmetry and packing) on ionic
transport properties.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis and Electrochemical Studies.
Li;La;Zr,0;, (LLZO) was prepared with a mechanochemical
synthesis method described previously." Briefly, stoichiometric
quantities of lithium, lanthanum, and zirconium salts were ball-milled
with 10% excess lithium to mitigate lithium evaporation during the
heating step. The ball-milled powder was sintered at 900 °C for 6 h.
This powder was subsequently ball-milled again to reduce the particle
sizes. Pellets (10 mm) were made from this powder using a pellet
press. The green pellets were sintered at four different temperatures:
1000, 1050, 1100, and 1150 °C for 6 h. All sintering was carried out in
alumina crucibles. The initial green density for the pellets was 51 +
1%. Cubic LLZO is obtained for all sintering temperatures, as
evidenced by X-ray diffraction (XRD) (Figure S1). The sintered
pellets were polished using a sand paper to a thickness of ~500 ym.
The pellets were polished down to 3—4 mm diameter to facilitate the
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tomography studies and ensure adequate transmission. Ionic
conductivities were measured using an ion blocking symmetric
setup. Impedance measurements were carried out between 1 MHz
and 1 Hz with 50 mV amplitude. Li-metal disks were scratched and
melted on to LLZO pellets on a hot plate. LIILLZOILi symmetric cells
were assembled into a coin cell for galvanostatic charge—discharge
tests. Charge—discharge cycles of 1 h duration were run with
periodically increasing current until failure was observed.

2.2. X-ray Tomography. Synchrotron X-ray tomography was
carried out at 2-BM beamline of Advanced Photon Source at Argonne
National Laboratory. Detailed experimental methods have been
previously reported." Tomography projections were obtained during
180 °C of sample rotation with filtered white beam from synchrotron
radiation. Reconstructions, ring, and zinger removal were carried out
using TomoPy software.*” Binarization and subsequent data analysis
has been carried out in Image].** Cubical subdomains of side 50 ym
were extracted from the entire reconstruction. At least three
subdomains of each sample were evaluated to obtain statistics for
the estimated physical properties. BoneJ plugin*’ was employed to
estimate the porosity and pore-size distributions of the solid
electrolytes. The resolution for all experiments is 0.65 pm.

2.3. Ideal Domains. In addition to the development of real
domains derived from X-ray tomography, ideal domains were
developed in 3D computer-assisted design modeling software to
enable understanding the effect of packing and arrangement on ion
transport in these systems. Isotropic domains (50 um®) of body-
centered cubic (BCC), face-centered cubic (FCC), and hexagonal
close-packed (HCP) structures were generated. Anisotropic domains
including a parallelepiped (PP) structure consisting of tubular pores
along the XX direction were also constructed. Domains of these
structures were developed at porosities ranging from 0.625 to 60%.
Analysis of parallelepiped structures was also conducted with a
constant porosity of 50% but varying the number and orientation of
tubes in a pattern. Additionally, domains of body-centered cubic
structures with different numbers of unit cells were compared to
determine if the number of unit cells played a part in isotropic
systems.

2.4. Computational Fluid Modeling. Computational fluid
modeling was performed using COMSOL Multiphysics. Segmented
binary pore structures obtained from tomography were fed to
COMSOL. Solid LLZO phase for computation was obtained by
subtracting the segmented domains obtained from tomography from
regular cubic domains within COMSOL. Alternatively, for ideal cases,
the domain geometry was directly imported into COMSOL.
Subsequently, the geometry was subjected to refinement and cleaning
to produce the meshed domains. Domain volumes of 50 ym® were
created. A typical mesh was contained between 10°—5 X 10° elements
and 2 X 10*-3 X 10* vertices. Due to the complex nature of the
imaged pore networks, the refinement and cleaning steps necessary
for each mesh were different. Three domains were evaluated for
samples sintered at each temperature, and the average values are
reported. Small concentrations were applied along the three principal
axes for each domain. The following equation was solved during the
simulations

dc
— + VN. =R,
ot ' ' (1)

(2)

where ¢; is the concentration of species i, t is time, N; is total flux, R; is
reaction source term, and D; is the diffusion coeflicient of species i.
The steady-state flux and the effective diffusion coefficient were
computed using eq 2. This effective diffusion coefficient was
correlated to the primary diffusion coefficient with the formula®

N, = -DVg

()

where D, is the effective diffusion coeflicient, Dy, is the ideal diffusion
coefficient, and 7 is the tortuosity. D, was computed from the
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Nernst—Einstein equation for LLZO and was found to be 2.157!! m?/
s.

3. RESULTS AND DISCUSSION

The underlying microstructure of LLZO influences ion
transport and electrochemical properties in the electrolyte.’
Porosity and pore sizes of the electrolytes have been obtained
from the reconstructed tomography data. Porosity decreases
with increasing sintering temperature due to denser packing of
the material (Table 1). However, the largest observed pore size

Table 1. Physical and Electrochemical Properties of LLZO
Electrolytes

sintering pore grain

temperature porosity size size conductivity ~ C.C.D."
°C) (%) (um) — (um)  (uS/em)  (uA/em?)
1000 24 1 0.54 >90
1050 14 8 2 3.9 40
1100 8 9 30 81.1 12
1150 12 150 97.9 1S

is seen to increase with increasing sintering temperature. This
can be correlated to the electrochemical performance of the
material system. The total ionic conductivity of LLZO
increases from 0.54 uS/cm for the sample sintered at 1000
°C to 97.9 uS/cm for the sample sintered at 1150 °C (Figure
S2). The increase in conductivity arises from the denser
material packing seen in the sys.tem.‘il’52 In contrast, the critical
current density is found to decrease from ~90 to ~15 uA/cm*
for these samples." Understanding differences in transport
through these varying microstructures can provide a lens into
understanding the impact of micropores on local ionic and
polarization gradients.

The pore network for the sample sintered at 1050 °C shows
a smaller discrete pore network (Figure 2a). The pore network
for the sample sintered at 1000 °C could not be obtained from
the tomography data. This could be due to the pore size in this
sample falling under the resolution of the beamline (0.65 ym).
As the sintering temperature is increased, the pore sizes are
increased and a greater connectivity is observed in the pore
structure (Figure 2b,c). These color maps represent the size of
the pores in the microstructure. This is further confirmed by
evaluating the local thickness of the solid phase in the three
samples. Local thickness is defined as the radius of the largest
sphere that can be inscribed at a point while remaining within
the domain.>® Cross-sectional views of local thickness are
shown, with lighter regions signifying larger local thickness
(solid-phase region) (Figure 2d—f). The local thickness maps
depict the distance between the pores in the domain. The
sample sintered at 1050 °C shows largest light regions,
suggesting a larger solid domain. The intensity and spread of
local thickness decreases with increasing sintering temperature,
suggesting that the solid phase in the samples sintered at 1150
°C is less contiguous and is interspersed by the pore network.
The pore networks shown here are representative volumes to
highlight the differences in the microstructure. The average
porosity trend is consistent with the experimentally measured
porosities (Archimedes’ method), as previously reported,” and
decreases with increasing sintering temperature. Microstruc-
tural growth in solid electrolytes is strongly linked to the
processing conditions. Hot-pressing the powders to generate
pellets can lower the pore sizes while increasing the
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Figure 2. Pore-size color maps for solid state electrolyte (SSE) microstructures computed from reconstructed tomography sintered at (a) 1050, (b)
1100, and (c) 1150 °C. These represent the size of the pores in the microstructure. Distance maps for microstructure computed from reconstructed
tomography data for SSEs sintered at (d) 1050, (e) 1100, and (f) 1150 °C. Lighter regions represent larger regions with connected solid phase.
Dark regions represent short distances between pores. These represent the thickness of the solid phase connecting the pores. Three-dimensional

rendering of the electrolytes are also shown.

density.’"”** Application of pressure during sintering can lead

to removal of pores with better grain growth.

Mass transport in electrolytic systems can be described with
the movement of mobile ionic species, material balances,
current flow, and electroneutrality. The flux density in a typical
electrolyte can be given as™*

N, = —zuFcV® — DV, (4)
where N; is the flux of species i, z; is the valency of species i, u;
is the mobility of species i, F is Faraday’s constant, ¢; is the
concentration of species i, V® is the potential gradient, V; is
the concentration gradient for species i, and D; is the diffusion
constant. The first term on the right-hand side of eq 4
represents the migration term, whereas the second term
represents the diffusion term. Typically, these driving forces act
in opposing directions and the transport of ions depend on the
net electrochemical potentials. The effective transport proper-
ties need to be scaled by tortuosity to capture microstructure-
driven effects.”® To estimate the tortuosity through the solid
electrolytes, it is necessary to compute the flux of Li ion
through the samples. Only concentration gradients are applied
in the simulation studies to reduce the computational efforts
required. Incorporating both the driving forces in the
simulation greatly increases the complexity due to the
interdependence of the variables and exponentially increases
the computing power required. Since tortuosity is a property of
the microstructure, neglecting the electric driving force in the
system should not influence its measurement. Thus, the
reduced form of eq 4, i.e,, eq 1, and the material balance in eq
2 are solved.

The results shown are for sample domains of 50 X 50 X 50
um? size. Increasing the sample domain size to 100 X 100 X
100 um® does not significantly change the simulated tortuosity
values for samples sintered at 1050 and 1100 °C, whereas the
tortuosity values for the sample sintered at 1150 °C show a
slight increase (Figure S4 and Table S1). The dependence of
physical properties on the domain subvolume has been
previously reported.”*® However, meshing of the reconstructed
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domains is extremely difficult for these larger volumes and
subsequent computing power necessitated did not allow for
studying domains larger than 100 X 100 X 100 xm>. Lithium-
ion flux is found to be uniformly distributed along the three
principal axes for the sample sintered at 1050 °C. This arises
from the fact that this sample has small pore sizes (8 ym) that
are dispersed through the material. The simulated tortuosity in
this case is close to one and identical for all directions (Figure
3a and Table 2). At 1100 °C, anisotropy in Li-ion flux is
observed, with the sample showing higher flux along the YY

XX

(a)

x10M

EE e
. 50 um

1 Li lon Flux ?mol/mz/s)

Figure 3. Li-ion flux streamlines along three principal axes for
microstructural domains of real LLZO electrolytes sintered at (a)
1050, (b) 1100, and (c) 1150 °C.
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Table 2. Simulated Tortuosity for LLZO Electrolytes

sintering temperature (°C) XX YY zz
1050 1.00 1.00 1.00
1100 1.02 + 0.01 1.03 + 0.01 1.03 £ 0.00
1150 1.0§ + 0.07 1.07 + 0.09 1.06 + 0.08

directions in certain regions compared to XX and ZZ
directions. Correspondingly, small variations are seen in the
tortuosity of the system along the three directions. At 1150 °C,
the pore cluster size is large and considerable variations in Li-
ion flux are observed along the three principle axes. The large,
clustered pores lead to a nonuniform distribution of Li-ion flux,
and higher values and wider spread are observed in the
tortuosity along the three directions compared with the
samples sintered at lower temperatures.

The anisotropic flux distribution arising due to higher
tortuosity leads to a significant variation in the local
concentration of Li ions in the electrolyte for the samples
sintered at 1150 °C. This results in strong concentration and
polarization gradients at the edges of the pore structures. DFT
studies suggest that the presence of excess electrons on pore
surfaces can enable lithium-metal reduction.’® These localized
electrons on pore surfaces coupled with the strong
concentration gradients arising from nonuniform mass trans-
port can initiate deposition of lithium into the pores. These
results confirm earlier work and shed light on the lower critical
current densities observed in these samples (%15 uA/cm?).'
The samples sintered at lower temperatures do not show this
anisotropic flux distribution and hence show higher critical
current densities (240 yA/cm?). The sample sintered at 1150
°C shows initiation of degradation at 12 yA/cm” with eventual
failure at 15 yA/cm?, whereas the sample sintered at 1100 °C
fails at 12 yA/cm?* (Figure S3). The slight increase of C.C.D.
from 1100 to 1150 °C suggests presence of competing
mechanisms that drive failure. Apart from the microstructure-
driven failure mechanism discussed here, interfacial contact,
local defects, grain structure, and orientation can lead to
generation of lithium-deficient and enriched zones that can
affect the failure mechanism. These factors could potentially be
the reason for the lower C.C.D. values observed for samples
sintered at 1100 °C compared to those for samples sintered at
1150 °C.

Tortuosity factors evaluated using the open-source package
TauFactor were used to corroborate simulated values. The
tortuosity factor computed with TauFactor is determined from
the ratio of steady-state diffusive flux through a pore network
Fp to that of an equivalent fully dense control volume with the
same physical properties. The software computes these fluxes
using the following equations

e AC

K =-AcqyD——
7 Ley (s)

AC

Foy = —AqyD—
cv (6)

where D is the diffusivity of the dense phase, C is the local
concentration, and Ay and L¢y are cross-sectional area and
the length of the control volume, respectively. The software
considers each voxel as a distinct mesh element, which
mitigates the need for resampling and meshing. The samples
sintered at 1050 °C show a uniform distribution of flux
through the three principal directions (Figure 4a). The images
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Figure 4. Projection of the total flux along three principal axes for real
LLZO electrolytes sintered at (a) 1050 °C, (b) 1100 °C, and (c)
1150 °C. The scale bar is S0 ym and is common for all figures. The
same domains shown in Figure 3 are used for this analysis. These
results are obtained from TauFactor software.

represent the sum of the flux through the three principal
directions projected onto a single slice. Brighter regions
represent regions with high flux. The tortuosity value predicted
by the software was ~1.01 in all directions. For the samples
sintered at 1100 °C, the simulated tortuosity values increased
to ~1.06 and directional anisotropy becomes apparent along
the ZZ direction where very low flux (high tortuosity) is
observed (Figure 4b). This corroborates well with the
simulated data (Figure 3b). Large directional anisotropy and
significantly higher tortuosity values were observed for the
samples sintered at 1150 °C. Tortuosity values predicted by
this software were 9.13, 2.03, and 2.76 along the XX, YY, and
ZZ directions. Although these values are considerably higher
than those observed by the earlier method, the trends are
consistent. Both methods confirm that the magnitude of the
electrolyte tortuosity and the anisotropy in directional
tortuosity increase with increasing sintering temperature. The
differences in tortuosity values predicted from the two
methods could arise due to meshing differences as well as
computational differences in the two methods.

Ideal solid electrolytes are completely dense with 0%
porosity. However, practically achieving perfectly dense
electrolytes is challenging and requires energy-consuming
high-temperature sintering processes. The previous sections
highlighted how the concentration profiles and ionic flux are
impacted by the presence of pores. Thus, there may be
opportunities for tailoring the ionic pathway between the
electrode and electrolyte via tailoring the pore size and
distribution. Symmetry and alignment in pore structures have
been leveraged to develop high-rate electrodes.”” Three times
higher specific capacities are attained in electrodes with aligned
pores than nonarchitectured electrodes. A similar principle can
be leveraged in the design of solid electrolytes to enhance their
rate performances.
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Figure S. Investigation of model electrolyte structure for transport properties. Flux streamlines for parallelepiped pore configurations with three and
nine pore units at constant porosity (a). Flux streamlines for BCC pore configurations with one and nine pore units at constant porosity (b).
Simulated tortuosities along three principal axes for parallelepiped and BCC pore configuration with varying pore units (c).
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Figure 6. Distribution of lithium-ion flux through solid electrolyte for microstructures with (a) realistic pore network, (b) isotropic pore network,

and (c) anisotropic pore network.

Pore microstructure in real samples is highly anisotropic,
which leads to high tortuosity, as discussed previously. To
investigate the impact of tailoring pore structure, domains with
BCC, FCC, HCP, and PP configurations of pores developed in
silico are investigated as ideal microstructures for solid
electrolytes. Ideal microstructures are studied to extrapolate
quantitative information regarding the impact of micro-
structure on ion transport and guide rational microstructure
design of solid electrolytes. PP structure yields uniform striped
fields along the direction of ion transport. This configuration is
similar to the configuration identified as the upper bound for
the Wiener constraints of effective transport properties of
porous media.”® The configuration can be equated to a parallel
resistor network, leading to maximized transport in this
configuration. The simulated tortuosity along the XX direction
is &1 for the PP case due to this reason. Along the transverse
(YY and ZZ) directions, the tortuosity is higher due to the
obstructions arising due to the longitudinal pores. This can be
equated to the lower-bound configuration of the Wiener
constraints with phases arranged in a transverse fashion. This
equates to a series resistance circuit lowering the effective
transport. Increasing the number of pores at a constant
porosity results in oscillating tortuosity along the transverse
directions. This variation arises from generation of symmetric
microstructures (equivalent to upper-bound configuration)
within the domain. This can be visualized by the three-cell and
nine-cell architectures for PP configuration (Figure Sa). Ion-
flow paths have a symmetric arrangement along the YY
direction (streamlines shown), leading to a low tortuosity
value. However, nonsymmetric phase arrangement is observed
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along the ZZ direction and the ion flow needs to be divided
around each pore element, leading to an increased tortuosity in
this direction. In contrast, the ion-flow path shows identical
structures while transversing along YY and ZZ directions for
nine-cell architecture and hence identical, low tortuosity values
are seen.

The tortuosity values remain constant irrespective of the
number of repeat units of the pore structure at a constant
porosity (Figure Sb,c) for domains with isotropic distribution
of pore structures. This results from uniform flow profiles that
are generated around the pores. It is observed that BCC pore
structure offers a higher average flux through the system with
smaller gradients in the transverse direction. Much higher
concentration gradients are seen along ion transport through
transverse directions of PP pores, which can have a detrimental
effect on the stability and electrochemical performance of the
electrolyte, as discussed earlier. However, transport through
parallelepiped domains along the direction of the pores results
in maximum flux as well as uniform distribution (Figure SS).
Real electrolyte microstructures are highly anisotropic with no
regular shapes (Figure 6a). These result in strong flux gradients
within the system that can lead to lithium deposition and
failure. Isolated, isotropic pore domains (Figure 6b) alleviate
some of these; however, flux gradients cannot completely be
eliminated. Connected and aligned pore domains (Figure 6¢)
can theoretically achieve high and uniform flux distribution
through the solid electrolytes. These results reinforce the
importance of controlling the alignment and symmetry of pore
domains in improving transport rates through the electrolyte.
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Figure 7. (a) Variation in simulated tortuosities along the ZZ direction for different pore configurations over a range of porosities. The Bruggeman
tortuosity is also plotted on the secondary Y axis as a reference. (b) Directional anisotropy in tortuosity for the PP and BCC pore networks.

Tortuosity decreases with increased packing of the pores
(FCC > BCC > HCP) for isotropic domains (Figures 7a and
S6). This effect can be explained by the Hashin—Shtrikman
constraints on effective transport properties of a porous
medium.”® According to these constraints, maximized trans-
port can be achieved by core—shell type of configuration, with
phase with lower conductivity occupying the core site. BCC,
FCC, and HCP configurations achieve this kind of
configuration and hence show lower tortuosity and higher
transport rates. Further, HCP configuration results in the
highest packing for the solid phase and subsequently shows the
lowest tortuosity values. Experimental studies show increasin§
critical current densities with decreasing LLZO particle size.’
Reducing the particle size improves the packing of the solid
phase in a way similar to the HCP configuration. To further
understand the effect of packing configurations, domains with a
wide range of porosities were simulated to enable predictions
of porosity—tortuosity relationships for solid electrolytes. The
tortuosity increases with increasing porosity, as expected.
Modifying the Bruggeman relationship® to reflect that the
transport occurs through the solid phase, we get

r=(1-¢" (7)
Using this equation, the exponent « is estimated to be 1.457,
1.59, and 1.209 for BCC, FCC, and HCP pore structures
(Figures 7b and S6). A reasonable fit is obtained for all datasets
using these values. Further, these values are consistent over the
three directions for these three microstructures. This is
expected as these possess isotropic pore distributions.
Bruggeman exponents can be correlated to the connectivity
of the transport phase, with hiégher Bruggeman exponent values
signifying lower connectivity.”' HCP configuration shows the
lowest Bruggeman exponent, implying a well-connected solid
phase. This result corroborates the higher flux rates observed
in this configuration. FCC configuration shows the highest
Bruggeman exponent, indicating a less connected domain. In
contrast, the Bruggeman exponent is 1, 1.93, and 1.89 in XX,
YY, and ZZ directions for the PP case. The exponent of 1 along
the XX direction signifies a fully connected solid phase, which
is optimum for transport. Further, the wide spread of
Bruggeman exponents shows the impact of alignment and
symmetry in reducing the tortuosity. On the basis of these
results, it is proposed that architecturing pores along the
direction of ion transport can help reduce the tortuosity and
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maximize the flux through the system. Further work on
engineering this kind of microstructures with solid electrolytes
is needed.

4. CONCLUSIONS

The effect of microstructure on ion transport in LLZO solid
electrolytes was evaluated. Computational fluid dynamic
simulations are run on COMSOL Multiphysics software to
evaluate the tortuosity factor. Samples sintered at lower
temperatures have discrete pore structure with small feature
sizes that lead to homogenous flux distributions within the
sample. Samples sintered at higher temperatures show larger
pore sizes with a connected pore network. These samples show
higher tortuosity as well as greater directional anisotropies.
These lead to development of large local concentration and
polarization gradients that can initiate and accelerate failures in
these systems. The tortuosity factor values are further
corroborated with an open-source software. Ideal pore
microstructures are evaluated by in silico development of
computational domains with BCC, FCC, HCP, and PP
distributions. Aligned pores along the transport direction can
minimize tortuosity and improve the rate performance of solid-
state electrolytes.
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