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ABSTRACT: Nonflammable solid-state electrolytes can
potentially address the reliability and energy density
limitations of lithium-ion batteries. Garnet-structured oxides
such as Li;La;Zr,0,, (LLZO) are some of the most promising
candidates for solid-state devices. Here, three-dimensional
(3D) solid-state LLZO frameworks with low tortuosity pore
channels are proposed as scaffolds, into which active materials
and other components can be infiltrated to make composite
electrodes for solid-state batteries. To make the scaffolds, we
employed aqueous freeze tape casting (FTC), a scalable and
environmentally friendly method to produce porous LLZO

Freeze tape casting LLZO
porous structure

sintered P,

structures. Using synchrotron radiation hard X-ray microcomputed tomography, we confirmed that LLZO films with porosities
of up to 75% were successfully fabricated from slurries with a relatively wide concentration range. The acicular pore size and
shape at different depths of scaffolds were quantified by fitting the pore shapes with ellipses, determining the long and short axes
and their ratios, and investigating the equivalent diameter distribution. The results show that relatively homogeneous pore sizes
and shapes were sustained over a long range along the thickness of the scaffold. Additionally, these pores had low tortuosity and
the wall thickness distributions were found to be highly homogeneous. These are desirable characteristics for 3D solid
electrolytes for composite electrodes, in terms of both the ease of active material infiltration and also minimization of Li
diftusion distances in electrodes. The advantages of the FTC scaffolds are demonstrated by the improved conductivity of LLZO
scaffolds infiltrated with poly(ethylene oxide)/lithium bis(trifluoromethanesulfonyl)imide (PEO/LITFSI) compared to those of
PEO/LIiTFSI films alone or composites containing LLZO particles.
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B INTRODUCTION

Solid-state batteries have great potential to improve energy
density and safety over what is currently achievable with
lithium-ion batteries (LIBs). The absence of flammable liquid
electrolytic solutions reduces the risk of fire and leakage and
also may allow reliable cycling of lithium metal anodes.
Replacing the graphite anode in LIBs with metallic lithium can
result in much higher energy density and specific energy due to
the 10-fold higher specific capacity (3860 mAh/g) of the
latter.”” In conventional batteries with liquid electrolytic
solutions, repeated cycling of lithium metal anodes can lead to
dendritic shorting or mossy deposition, which are significant
factors in their catastrophic failures.” Another advantage of
solid-state devices is the possibility of using bipolar designs,*™
which can further save weight and space. The superior
characteristics of garnets related to Li;La;Zr,0;, (LLZO)
include a wide voltage stability window of nearly 6 V, good
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thermal stability, high ionic conductivity (~0.1—1.3 mS/cm),
and excellent mechanical properties, making them among the
most promising of the solid electrolyte systems.”’~'* There
were early reports of high interfacial impedances between
lithium metal and LLZO but these have largely been overcome
by modifying interfaces and electrode designs, and stable
cycling can now be reliably achieved in symmetrical cells at
current densities of up to 10 mA/cm2."*7'® To fully realize the
promise of these devices, however, innovations in the design
and fabrication of cathodes are now required. Most
commercial solid-state batteries employ thin film formats, in
which the areal capacities of the electrodes are very low,
resulting in energy densities that are only a small fraction of the
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theoretical values and limiting applications. Thicker electrodes,
similar to what are used in LIBs (30—100 gm), would result in
higher practical energy densities, as well as require that the
active material be composited with the ionic conductor and
other additives to overcome transport limitations. Further-
more, all solid-state formats present formidable engineering
challenges associated with establishing and maintainin§
intimate contact among the components during cycling.'”’
Some attempts have already been made to create three-
dimensional (3D) LLZO frameworks for composite electrode
structures through the use of fiber templating during tape
casting'” and 3D printing.'® The thickness of the composite
electrode was well controlled to be around 100 um. Fiber
templating creates a high tortuosity porous structure but is
suitable for infiltrating molten sulfur. Proof-of-principle studies
have been carried out for these composite electrodes. As
claimed, the total energy density (248 W h kg™') is far beyond
that of any solid battery today.

Freeze tape casting (FTC) is a scalable method to produce
highly porous ceramic structures with easily controllable pore
architectures. When water is used, it is also an environmentally
friendly process. The technique has been successfully applied
to produce porous Y:ZrO, (YSZ) scaffolds for solid oxide fuel
cells, to improve fuel gas inflow, and to increase the contact
area among components by generating large homogeneously
distributed pores inside a ceramic body.'””*' Here, we
demonstrate using FTC to prepare LLZO scaffolds for solid-
state battery applications, which can be infiltrated with active
material and electronically conductive additives to make
composite cathodes,'” or with polymer electrolytes to make
composite ion-conducting layers. To this end, we prepared
several scaffolds using different solid loadings in the slurries.
Combined with the detailed examination of the pore
structures, we aim to understand how processing parameters
affect the porosity and how this critical design can influence
the performance of electrodes and composite electrolytes. To
do the latter, we used the high penetration depth and spatial
resolution of high-energy synchrotron radiation hard X-ray
microcomputed tomography (SR-4CT)*” to reconstruct three-
dimensional (3D) models of the FTC LLZO structures. The
3D morphology study using SR-uCT is meant to establish
better knowledge about the feasibility of freeze tape casting as
applied to solid-state battery fabrication. The ultimate goal of
this work is to obtain information pertinent to the optimization
of composite cathodes or solid electrolyte layers based on FTC
structures for use in solid-state batteries.

B EXPERIMENTAL SECTION

LLZO powder (Ampcera, Al-doped Lig,sAly,sLa;Zr,0;,, MSE) was
used as received and mixed with up to 20 wt % Li,CO; (Alfa Aesar)
that served as both sintering aid and source of excess lithium to
promote the cubic garnet (c-LLZO) structure during high-temper-
ature sintering. The combined powders were mixed in an aqueous
suspension at solid loadings of 7.5, 12.5, and 17.5 vol %, utilizing an
ammonium polymethacrylate salt dispersant (Darvan C—N, Vander-
bilt Minerals, LLC) at 2 wt % of the solid content. Although water
induces slow decomposition of LLZO**** resulting in protonation
and formation of Li,CO;, the addition of excess Li from Li,COj;
added to the slurry and subsequent heatin§ reverse the process as has
been described in our previous studies.”>*® At such low solid loading,
the slurry has insufficient viscosity to prevent dewetting on the Mylar
tape-casting carrier film and to maintain a doctor blade gap height
after casting; therefore, 0.3 wt % (of the water content) xanthan gum
(Vanzan D, Vanderbilt Minerals, LLC) was incorporated as a
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thickener. The resulting mixture was ball-milled in polyethylene
bottles with Al,O; milling media for 24 hrs to properly homogenize
the precursor powders and the thickener to achieve a stable slurry. An
acrylic emulsion binder (Rhoplex HA-12, 53 wt % polymeric solid
emulsion, Dow Chemical) was utilized to provide strength to the
high-porosity LLZO scaffolds, and the water emulsion binder was
mixed with the LLZO suspension at 35 wt % of the ceramic solid
content. Prior to casting, the slurry was deaired under a ~107> mbar
vacuum with the addition of a defoamer (Surfynol PC Defoamer,
Evonik) to release trapped air in the slurry.

The homemade freeze-tape-casting setup is shown in Figure 1.
Slurries with various LLZO solid loadings were poured through a

Temperature change 7
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Figure 1. Schematic of the freeze-tape-casting setup.

sieve drainer to remove any agglomerates into the reservoir, and cast
onto the silicone-coated Mylar film that was carried out by the
conveyor belt at a constant speed of 0.5 mm/s to maintain a uniform
solidification front on the freezing bed, which was set at —40 °C for
this study. Slurries with three different loadings (7.5, 12.5, and 17.5%)
of LLZO were utilized, and the LLZO tape thickness in all cases was
set to be about 630 um by the use of a doctor blade. After freeze
drying overnight at —50 °C to sublimate the solvent crystals, the
LLZO porous tapes were first punched into regular cylindrical pieces
and sintered at 1000 °C for 2 h in an Ar gas on Grafoil substrates to
prevent sample sticking during densification. To ensure the best SR-
UCT contrast, the freeze-tape-cast LLZO samples were encapsulated
in epoxy and then cut into cylinders with a diameter of 3 mm,
oriented along the thickness of the LLZO film.

The SR-uCT characterization was performed at beamline 8.3.2 of
the Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory. First, several bright- and dark-field images were collected
to correct the X-ray beam intensity fluctuation and normalize the
background. Bright-field images were recorded with an X-ray beam
exposure but without the sample in the field of view (FOV), whereas
dark-field images were acquired for detector background without the
illumination of an X-ray beam. During the experiment, the cylindrical
sample was mounted on a rotational stage with the sample thickness
axis vertical and centered in the FOV. The sample was rotated at
0.125° incremental steps for a total of 180°. At each step, the sample
was exposed with a monochromatic 24 keV X-ray beam for 0.5 s. The
transmitted X-ray beam was recorded using a 50 pm thick LuAG:Ce
scintillator, a 10X Olympus objective lens, and a PCO.edge sCMOS
detector. Each raw projection represents a two-dimensional X-ray
attenuation map, which was used to reconstruct a 3D data volume. Xi-
CAM”” and TomoPy*® were employed to reconstruct the 3D models,
while the visualization and subvolume selection were done by Avizo
from FEI The frame-by-frame analysis was carried out using
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Image].>* For each specimen, two subvolumes were selected for
detailed study. One was a thin film shaped with the volume of interest
of 1046 X 1403 X 128 um?®, with the thickness direction of the
subvolume parallel to the thickness axis of the cast LLZO tape. For a
better comparison, the thin-film-shaped subvolume of each specimen
was chosen from almost exactly the middle of each specimen along
the freezing direction, and the thickness of 128 um was selected
because this is close to the thickness of the electrodes commonly used
in cells. The other subvolume was a longitudinal section with a square
(128 X 128 um?) cross section and a long axis of 631 ym parallel to
the LLZO tape thickness to investigate the channel morphology and
wall thickness evolution along the freezing direction. Note that the
thicknesses of the subvolumes are larger than those of the samples to
ensure imaging of the top and bottom surfaces.

To quantify the size and morphology, the pores were fitted using
ellipses. The experimentally collected tomographic image of the pores
(Figure 2a as an example) was first Gaussian-smoothed and binarized
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Figure 2. Data processing and ellipse fitting of pores. (a) Gaussian-
smoothed and binarized tomographic image of the pores. The dark
parts are pores, while the white lines are LLZO walls. Comparison
with the splitting result obtained through a standard watershed
algorithm (b). Irregular watershed approach mitigates the over-
splitting problem (c). After splitting, the selected pore is fitted with a
yellow ellipse (d).

and then segmented following the standard watershed algorithm.
However, false pore splitting and fragmentation were frequently
observed, as displayed by the thin white curves in Figure 2b. It was
evident that ellipse fitting conducted directly on such binarized figures
resulted in misleading statistics of the pore size distribution by
generating a large quantity of artificial pores with relatively small size.
To reduce the oversplitting mainly caused by watershed separation, a
custom-developed irregular watershed feature implanted in a
BioVoxxel Toolbox’® was employed. By adjusting the so-called
erosion cycle number parameter, the pores are reasonably well
separated, mitigating the effects due to the roughness and
disconnection of the pore walls (Figure 2c as a comparison to Figure
2b, with more reliable evidence shown in Figure S1 in the Supporting
Information (SI)). Finally, the size and shape of the segmented pores
were determined by ellipse fitting, adopting the algorithm developed
by Wagner and Eglinger," as indicated by the yellow ellipse in Figure
2d.

For the composite electrolytes, PEO [poly(ethylene oxide), M, =
900 k] and bis(trifluoromethane)sulfonimide lithium salt [LiTFSI]
were dissolved in acetonitrile at a 20:1 ratio of EO/Li. The solution
was cast onto a Teflon Petri dish and dried to form a polymer
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electrolyte film. LLZO powder/polymer composite electrolytes were
also fabricated by introducing the LLZO powder into the polymer
electrolyte solution, which was then ultrasonicated for 1 h prior to
casting. LLZO scaffolds were infiltrated with the polymer electrolyte
by repeatedly drop-casting the solution. The LLZO powder mass was
selected to match the LLZO: polymer electrolyte ratio in the LLZO
scaffold/polymer electrolyte counterpart (65:35 wt or 30:70 vol). All
samples were dried under vacuum for several hours at 50 °C prior to
measurements carried out at room temperature. Electrochemical
impedance spectroscopy was measured using a Bio-Logic VMP3
potentiostat/galvanostat equipped with frequency response analyzers.
Measurements were made in the frequency range of 300 kHz to 1 Hz.

B RESULTS AND DISCUSSION

The 3D model and front view of the thin film subvolume, as
well as the tomographic micrograph of the longitudinal section
subvolume, of the freeze-tape-cast porous structures fabricated
using slurries with various LLZO vol % are displayed in Figure
3. The porous structures made from low-concentration slurries
(7.5 and 12.5%) are presented at selected viewing angles from
the movies in the Supporting Information. From the 3D
models and the front view cross sections in Figure 3a)b, it is
obvious that unblocked and open pore channels are formed for
both the 7.5 and 12.5% LLZO slurries. The slanting of the
channels occurs because the temperature gradient is not
perfectly ali§ned from bottom to top, as has also been reported
previously.”" The size of the channels is uniformly distributed
in each sample, and higher LLZO concentrations result in
decreased pore sizes. Quantitative measurement indicates that
the porosities of these two specimens are 79% and 75%,
respectively. An inspection of the longitudinal section
subvolume indicates that there is roughly a constant LLZO
wall thickness throughout the whole 630 pm cast tape
thickness range, in contrast to the decreasing wall thickness
from bottom to top in the yttria-stabilized zirconia (YSZ)
sample fabricated using a similar freeze-tape-casting setup.”'
When the LLZO slurry concentration was raised to 17.5 vol %,
however, the morphology of the LLZO structure changed
dramatically (Figure 3c). Instead of aligned channels, randomly
distributed holes, hundreds of microns in diameter, are
generated. This structure is also displayed in a movie in the
SI, together with a photograph for the whole cylinder (Figure
S2, SI). Excessive powder/solvent interaction at higher LLZO
vol % degraded the powder dispersion stability, which deterred
uniform powder exclusion during ice nucleation and growth
processes, and hence no ordered pore channels formed. This
behavior was also observed in YSZ-based FTC, but at a
substantially higher solid loading approaching 45 vol %,
indicating that FTC methods for LLZO are ideal at high
porosity, which coincides with the desired outcomes of LLZO
composite cathode approaches.

The morphologies of the pores in the LLZO structures
fabricated using 7.5 and 12.5 vol % slurries, labeled Sample 1
and Sample 2, respectively, throughout the manuscript, were
analyzed in detail. The cross sections of both samples covering
the whole thickness are displayed in Figure 4a,b. The
longitudinal pore directions in both samples are not normal
to the film surface but slanted, in contrast to other porous
structures fabricated using the freeze-casting method.”” More
reconstructed models for displaying pores in the whole
thickness direction are shown in Figures S3 and S4. Generally,
larger pores and less connectivity (bridging) are apparent in
Sample 1 compared to those in Sample 2, resulting from the
higher solvent concentration.
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Thin film subvolume Longitudinal subvolume

Front view

* To cover whole thickness range, the reconstructed size in thickness direction is bigger than the actual sample’s size

Figure 3. Reconstructed thin film and longitudinal subvolumes together with the front view images extracted from the tomographic results for the
7.5% (a), 12.5% (b), and 17.5% (c) structures, respectively.

(@) sample 1: 7.5% LLZO slurry

Figure 4. Morphology of the pores fabricated using 7.5% (a) and 12.5% (b) LLZO slurries.

(a) sample 1: 7.5% LLZO slurry (b) sample 2: 12.5% LLZO slurry

Figure S. XY cross sections at various thickness positions in 7.5% (a) and 12.5% (b) samples. Pores are colored to distinguish from the surrounding
ones. For both samples, the positions of the selected cross sections are labeled.
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(a) Sample 1: 7.5% LLZO slurry
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(b) Sample 2: 12.5% LLZO slurry
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Figure 6. Lengths of long and short axes of pores averaged over each XY cross-sectional plane in 7.5% (a) and 12.5% (b) samples. The aspect ratios
(¢, d) are also calculated for both samples according to the measured long and short axes.

To better understand the pore morphology evolution along
the film thickness (Z-direction), cross sections along the XY
plane at various depths of the LLZO structures were examined.
Since the thicknesses of Sample 1 (502 ym) and Sample 2
(545 pm) are similar, the selected cross sections are from the
same position relative to the bottom of each film, i.e., 50, 350,
and S00 um from the bottom. The two-dimensional (2D)
cross sections of the pores in each figure were identified and
colored to distinguish them from the surrounding ones, as
depicted in Figure Sa,b. The pores in almost all of the cross-
sectional figures appear to have an elongated shape, except for
the ones at the bottom of Sample 2, where more or less in-
plane isotropic morphology was obtained. In both specimens,
the pore sizes near the bottom where the slurries contacted the
cooling plate are smaller than the ones in the middle and upper
parts of the films. This gradient occurs because ice nucleates
from the bottom, where the slurry is in direct contact with the
freezing bed, and grows vertically along the thermal gradient.

To quantify the evolution of the pore size and shape, XY
cross-sectional planes were extracted from bottom to top in 1
pum incremental steps for both samples, and at each thickness
position, the pores were fitted with ellipses. The incremental
step size was chosen based on the SR-uCT spatial resolution.
After measuring the lengths of the long and short axes,
designated a and b, respectively, of each ellipse, they were
averaged at each thickness position and plotted in Figure 6a,b
for Sample 1 and Sample 2. The lengths of a and b are smaller
at the bottom, increasing gradually until they reach relatively
constant values at about 80 ym from the bottom. After that
point, the average lengths of both axes remain constant over a
depth range of 300 um. The pores in Sample 1 are larger on
average than the ones in Sample 2. The pore sizes in the upper
part near the surface of Sample 1 show little variation, while in
the counterpart region in Sample 2, there is a significant
decrease of a. The standard deviations of both axes are small at
the very bottom of both films but increase rapidly and
continuously toward the surface. The aspect ratios a/b
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averaged over each plane, plotted in Figure 6¢,d, respectively,
indicate that the pores are more stretched in the upper region
than at the bottom for both samples. In general, the aspect
ratios in Sample 1 are slightly greater and more consistently
distributed through the thickness than those in Sample 2.

The equivalent diameter of each pore, (d = va X b), was
calculated over an area of 0.4 mm? (500 X 800 um?) on the XY
plane at four thickness positions: 50, 200, 350, and 500 pm
from the bottom of both samples and the distributions are
plotted (Figure 7). Most values of d are smaller than 40 ym
near the bottom of both samples. This trend is maintained for
all of the cross-sectional planes in Sample 2, although the
fraction of large pores increases slightly in the regions farther
from the bottom. In contrast, the number of pores with d larger
than 40 um increases in a much more significant manner in
Sample 1, resulting in larger average pore sizes and fewer
numbers of pores, as seen in Figure 7a. The number of pores
increases slightly again in the regions closer to the surface,
because more small-sized pores are formed. This may be due
to surface water evaporation during freeze tape casting, leading
to locally higher solid loading. To better describe the pore size
distribution, the pores are sorted based on their equivalent
diameters from small to large. Then, the area of the pores is
added up one by one following the as-sorted sequence until the
summation of the area reaches half of the total area, and this
last-counted pore size is defined as the weighted median
equivalent diameter. The weighted median equivalent
diameters of the pores on each XY plane are plotted in Figure
7c. The weighted median equivalent diameter of the pores in
Sample 1 increases from about 50—80 ym from the bottom to
the surface, while that in Sample 2 first increases from 30 ym
(bottom) to 50 um (about 200 um above the bottom) and
then remains constant and decreases slightly toward the
surface. Combining Figure 7a and ¢, it can be concluded that in
the middle region of Sample 1, more large pores are generated
but fewer small ones are left. Upon reaching the surface, the
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(a) sample 1:7.5% LLZO slurry (D) Sample 2: 12.5% LLZO slurry
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Figure 7. Pore size distribution for 7.5% (a) and 12.5% (b) samples at
various thickness positions. The distance from the bottom, pore
number, and mean pore size is labeled in each histogram. The
weighted median equivalent diameters are calculated and displayed in

().

total number and the equivalent diameter of pores go up
simultaneously, indicating a wider distribution of pore sizes.

Based on the SR-yCT characterization and analysis
displayed above, it is clear that freeze tape casting is a
promising method for fabricating porous LLZO structures with
directional open pore channels. The advantages are apparent in
the following three aspects. First of all, high porosities of 75%
or more can be readily obtained over a range of LLZO slurry
concentrations using this technique. This is important for
energy density reasons; active material loadings in the
composite electrode should be high. Second, the pores are
well aligned and have low tortuosity, which should enable
facile infiltration of active materials, when fabricating
composite cathodes. For 2D structures, the simplest
mathematical method to estimate tortuosity (r) is the arc-
chord ratio, i.e., the ratio of the length of the curve (C) to the
distance between the ends of it (L) 7 = C/L. Adapting this
definition to our 3D model, the low tortuosity, approaching 1,
also minimizes the Li* diffusional path length, which is critical
for achieving good rate capability in operating electrochemical
cells. Third, the pores, although they vary somewhat in size and
morphology throughout the thicknesses of the samples, appear
to have few bridges, which would interfere with eflicient
infiltration. Other advantages to the FTC process include
scalability and environment friendliness when water is used as
the solvent.

The evidence for graded porosity in the samples discussed
above is of interest and requires some explanation. When the
slurry is poured into the reservoir and carried out by the
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conveyor onto the freezing bed, the temperature at the bottom
of the slurry is the lowest and thus the nucleation starts there.
In the cases presented here, because the slurry was cooled well
below its equilibrium freezing temperature, many solvent
nuclei formed rapidly, having relatively small sizes and almost
isotropic shapes. As a temperature gradient exists from the
bottom (cold) to the surface (warm), the solvent crystals grow
upwards along the temperature gradient direction. In doing so,
the crystals coarsen by means of coalescing with one another
and/or ripening. The cross-sectional morphology of the
crystals deviates gradually from isotropy because another
temperature gradient exists due to the movement of the
conveyor, which is also the reason why the pores grow
obliquely, not perpendicular to the LLZO film surface.
Alignment can be made vertical by controlling the casting
speed but this was not further investigated in this study. The
pores in Sample 2 are smaller than those in Sample 1 because
the solid loading in the slurry was higher. More bridges are also
observed in Sample 2 than in Sample 1, probably due to two
mechanisms. First, during the solidification, the solute solid in
Sample 2 is higher than in Sample 1 and can go into the
regions between adjacent solvent crystals and even, to some
extent, impede the growth of the solvent crystal along the
temperature gradient. Second, the lower solvent content of
Sample 2 results in higher viscosity and lower diffusivity. As a
result, it is easier for the solute to form connecting bridges. As
the columnar crystals grow further up closer to the surface, the
pore size and shape, especially in Sample 2, become more
irregular, most likely caused by the change of local temperature
and chemical composition. The larger average pore sizes, fewer
bridges, and somewhat greater porosity of Sample 1, made with
7.5% LLZO, are more conducive to successful fabrication and
utilization of composite electrodes for solid-state batteries than
those of Sample 2, made with 12.5% LLZO.

To confirm the superior transport properties of the 3D
LLZO scaffolds, ionic conductivities of a PEO/LiTFESI
polymer electrolyte, LLZO powder/polymer composite
electrolyte, and LLZO scaffold/polymer composite electrolyte
were compared. The LLZO mass fraction in the composite
electrolytes (65 wt % or 30 vol %) was fixed to identify the
effect of LLZO distribution within the polymer matrix
(homogeneous/discontinuous vs directional/continuous).
Typical Nyquist plots of each sample are shown in Figure 8.
Conductivities of the neat polymer electrolyte, LLZO powder/
polymer composite electrolyte, and LLZO scaffold/polymer
composite electrolyte are 3.6 X 107 5.3 X 107 and 2.0 X
107° S/cm at room temperature, respectively. Both composite
electrolytes show higher ionic conductivities compared to the
neat polymer electrolyte. The composite using the LLZO
scaffold has 4 times higher conductivity compared to the
counterpart using LLZO powder and 6 times higher compared
to the neat polymer electrolyte. A similar LLZO—PEO
polymer composite electrolyte architecture has been reported
recently using wood as the architectural template for
constructing vertical LLZO channels.”> A high ionic
conductivity of 1.8 X 107 S/cm was obtained in their study
but a much higher LLZO vol fraction (68%) was used in the
composite compared to what is used here.

B CONCLUSIONS

In this study, a freeze-tape-casting method was used to
fabricate porous LLZO scaffolds for potential use in composite
cathodes for solid-state batteries. The structures of two of
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Figure 8. Nyquist plots of neat polymer electrolyte (PEO/LiTFSI),
polymer electrolyte composited with LLZO particles, and LLZO
scaffold infiltrated with PEO/LiTSIL

these LLZO scaffolds made using slurries with different solid
loadings were characterized in detail with SR-uCT. A solid
loading of 17.5% did not yield the desired structure, but
scaffolds made from slurries containing 7.5 or 12.5% LLZO
exhibited a unidirectional porosity of 75% or greater. The
sample made with lower solid loading had somewhat higher
porosity, larger pores on average, and less bridging between
neighboring LLZO columns, which should be beneficial for the
infiltration of active materials to make composite electrodes for
solid-state batteries. In general, the wall thicknesses of the
pores in the LLZO scaffolds show little change along the whole
thickness range, in contrast to other material systems reported
in previous freeze-tape-casting studies. Both samples exhibited
a somewhat graded pore structure such that the pores were
smaller close to the bottom (near the freezing bed) and
somewhat larger close to the top. In addition, the pores were
oriented at an oblique angle rather than perpendicular to the
thickness of the samples. Both phenomena can be explained by
the FTC fabrication process, in which a thermal gradient exists
not only from the bottom to the top but also along the
direction that the slurry is carried over the freezing bed. A
scaffold infiltrated with a polymer electrolyte demonstrated
higher room-temperature conductivity than either a polymer
electrolyte alone or a polymer electrolyte containing LLZO,
demonstrating the advantage of unidirectional pores.
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