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ABSTRACT: Transformations at interfaces between solid-state electrolytes (SSEs) and lithium metal electrodes can lead
to high impedance and capacity decay during cycling of solid-state batteries, but the links between structural/chemical/
mechanical evolution of interfaces and electrochemistry are not well understood. Here, we use in situ X-ray computed
tomography to reveal the evolution of mechanical damage within a Li,, AlLGe,_,(PO,); (LAGP) SSE caused by
interphase growth during electrochemical cycling. The growth of an interphase with expanded volume drives fracture in
this material, and the extent of fracture during cycling is found to be the primary factor causing the impedance increase, as
opposed to the resistance of the interphase itself. Cracks are observed to initiate near the edge of the lithium/LAGP
interface, which agrees with simulations. The chemomechanical effects of interphase growth studied here are expected to
play a role in a variety of SSE materials, and this work is a step toward designing durable interfaces.

olid-state batteries (SSBs) have the potential for phases between SSEs and electrode materials can result in high
S increased energy density and improved safety compared impedance or mechanical degradation that severely limits SSB
to conventional Li-ion batteries. SSBs containing a performance, galvanizing research efforts to understand the
lithium metal anode could bypass the long-standing challenges problem in greater detail '#19—23
of using lithium metal in liquid-based batteries, where growth For several ceramic oxide and sulfide electrolytes, lithium
of dendrites can cause inefficient cycling and dangerous short- metal filaments have been found to grow through the SSE

circuiting.' > The solid-state electrolyte (SSE) membrane
within SSBs may potentially mltlgate this issue if filamentary
lithium growth can be prevented.” > Such batteries would be
ideal for the electrification of ground transportation and even
aviation, which requires high energy density with maximized
safety and stability.

Despite the discovery of numerous highly conductive SSE
materials in recent years, "' SSBs are not yet widely
commercialized. The understanding of and control over
physiochemical phenomena at the interfaces between SSEs
and electrode materials remain critical issues.'"® In particular,

when cycled at current densities greater than critical values,
resulting in short-circuiting of cells.”>™'® However, a different
degradation mechanism has been observed for certain
NASICON-type SSEs. NASICON materials are advantageous
for SSB applications due to their relatively high ionic
conductivity,“f26 as well as their good chemical stability
against moisture, air, and some cathodes.”>*”*% A key
challenge with NASICONs and many other SSEs is their

instability in contact with lithium metal,””*" and the growth of
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an “interphase” region due to the direct (electro)chemical
reaction between the SSE and lithium metal can drive
premature chemomechanical degradation of the SSB.'*!
This has recently been investigated for the NASICON material
Li,,,ALGe,_,(PO,); (LAGP), where the growth of an
interphase layer is thought to cause mechanical fracture.'"*
Through in situ transmission electron microscopy (TEM) and
other experiments, our recent work showed that the reaction
between LAGP and lithium involves amorphization and
volume expansion. The morphology of the reacted interphase
was found to be highly dependent on current density, with
higher currents causing greater nonuniformity of the
interphase.'* While mechanical degradation has been observed
postmortem, little is known regarding the relationship between
interphase formation and chemomechanical degradation of
SSBs throughout electrochemical cycling. While cathode/SSE
interfaces have also been examined,’” the significant
instabilities of most SSE materials in contact with lithium
necessitate investigation. Improved understanding of interfacial
evolution and chemomechanical phenomena could enable the
protection and passivation of the wide variety of different SSEs
with unstable interfaces for use in SSBs with lithium metal
anodes.

X-ray computed tomography (CT) at the micro- and
nanoscale has previously been used to probe morphological
evolution of battery electrode materials primarily in liquid-
electrolyte-based lithium batteries.”*™*” X-ray CT produces
two-dimensional projection images of objects at multiple
angles of incidence, which can then be used to construct a
three-dimensional rendering of portions of electrodes or of full
battery cells. Several previous studies have quantified chemo-
mechanical degradation and fracture processes in battery
electrode materials and have linked these processes to
electrochemical behavior,>®*® and others have used CT to
observe morphological changes in SSBs.**' However, the
potential of in situ X-ray CT for probing chemomechanical
degradation processes in SSBs has not been fully realized.

Here, we use in situ X-ray micro-CT to visualize fracture
processes and interphase growth in LAGP solid electrolytes
during cycling of symmetric solid-state cells, which enables us
to directly correlate electrochemical behavior to mechanical
degradation. Three-dimensional CT data sets were collected at
different times during electrochemical cycling, and they reveal
how the continuous growth of an interphase at the lithium/
LAGP interface causes initiation and propagation of cracks
within the bulk of the SSE. Fracture of the SSE is found to be
directly responsible for impedance increases during cycling,
contrasting with the general view that interphase layers
themselves are the principal source of increased impedance.
Finite element modeling shows that stress concentrations arise
at the edge of the reacted interphase, which correlates with the
experimentally identified fracture initiation points. Addition-
ally, the observed web-like crack network within the SSE is
driven by the spatial variation of the different predicted stress
components. This work directly demonstrates that interfacial
chemical instabilities can have significant effects on the
mechanical degradation of solid electrolytes, and the insight
into degradation processes herein sets the stage for engineering
improved SSBs.

In these experiments, symmetric lithium/LAGP/lithium
coin cells were constructed and electrochemically cycled
within a lab-scale CT instrument. LAGP was synthesized
through a modified sol—gel process,”* resulting in a single-
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phase material with a rhombohedral crystal lattice (Figure S1)
and typical ionic conductivity between 0.1 and 0.3 mS cm™
(Figure S2). Figure la shows a schematic of the X-ray CT
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Figure 1. (a) In situ X-ray micro-CT experimental setup for
imaging a SSE within a symmetric Li/LAGP/Li coin cell. (b) 3D-
rendered volume of a pristine LAGP pellet (8.6 mm diameter)
within a symmetric cell before electrochemical cycling. (c) 3D-
rendered volume of a LAGP pellet within the same cell after
electrochemical cycling. The 2D slice extracted from this image
shows that a crack network has grown in the material.

experimental setup, in which the coin cell was rotated 360°
while projection images were collected. The Experimental
Methods section in the SI contains detailed experimental
information related to electrochemical tests, CT experiments,
and tomographic reconstruction. In the configuration used
here, CT imaging enables the differentiation of the solid
electrolyte pellet from the lithium electrodes and the steel
casing of the cell due to local contrast differences. Figure 1b
shows a 3D rendering of a pristine 8.6 mm diameter LAGP
pellet within a symmetric lithium/LAGP/lithium cell before
cycling, and Figure lc shows the same pellet after electro-
chemical cycling for 35 h (cycling data is shown in Figure S3).
The pellet was damage-free before cycling, while there is clear
evidence of fracture after cycling. A voxel dimension of 18.9
um was achieved in these experiments; this resolution is lower
than that of nano-CT and synchrotron measurements,”’ but
micro-CT enables imaging of the full cell, which is critical for
mapping global mechanical degradation of the entire SSE.
To understand the evolution of the SSE morphology during
battery cycling, in situ experiments were performed. Figure 2a
shows the electrochemical data from a symmetric cell over the
course of a 52 h experiment. The cell was first cycled
galvanostatically with current densities that were periodically
increased from 0.10 to 0.28 mA cm™2 After 32 h, the
overpotential started to increase rapidly, prompting a switch to
potentiostatic control to avoid operating at excessive cell
voltages. The cell was then cycled at progressively larger
voltages from 1.5 to 4.0 V in 4 h increments until testing
concluded. After each set of two cycles (4 h of total cycling),
the electrochemical test was paused and a CT scan was
conducted to render a 3D image of the LAGP. Figure 2b shows
1 voxel thick horizontal slices extracted from the center of the
SSE pellet at different times during the experiment. Fracture is
observed in the form of dark lines within the high-contrast
LAGP. The cracks are visible in these CT slices because X-ray
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Figure 2. Electrochemical data and mechanical degradation of LAGP within a Li/LAGP/Li cell during cycling. (a) Electrochemical
measurement in which galvanostatic cycling at increasing current densities (as labeled) was performed for the first 32 h (the left vertical axis
shows corresponding voltages) and then potentiostatic cycling was used for the remaining time (changing cell voltages are also labeled, and
the right vertical axis shows corresponding currents). X-ray CT scans were conducted every 4 h of electrochemical cycling, where each new
color corresponds to a change in cycling parameters. (b) 2D slices from the center of the LAGP pellet extracted from the 3D tomogram (i)
before electrochemical cycling and after cycling for (ii) 24, (iii) 32, (iv) 44, and (v) 52 h. The dark lines represent cracks within the LAGP
pellet, forming a web-like pattern. (c) 3D crack networks shown throughout the entire LAGP pellet at the same time increments as those in
(b). The increase in crack volume between these measurements (mm?®) is shown above the blue arrows between the images, and the amount
of charge transferred between measurements (mAh) is shown below the green arrows between images.

imaging contrast is highly dependent on density, and the
absence of material within the cracks leads to lower density.
The temporal evolution of the crack network is shown in
Figure 2c; these images of the crack network were generated
by filtering all 2D slices of the pellet through a trainable binary
segmentation algorithm and then restacking them into a 3D
volume. We emphasize that Figure 2b shows only one
horizontal slice from the cracked SSE, whereas Figure 2c
shows the crack network through the entire thickness of the
pellet. Several pre-existing pores exist in Figure 2c(i), which are
consistently visible throughout the experiment. Fracture was
first visible after 24 h of galvanostatic cycling (Figure 2c(ii)).
Figure 2c(ii) reveals two separate cracks extending radially
from the interior of the pellet to the perimeter. These cracks
were observed to extend through the thickness of the LAGP
pellet, parallel to the direction of Li* transport. Additional
radial cracks initiated near the edge of the pellet as cycling
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progressed, and each of these cracks lengthened and thickened
with further cycling (Figure 2c(iii—v)). Circumferential cracks
also formed, branching out from these radial cracks closer to
the center of the LAGP pellet to create the interwoven web
pattern shown in Figure 2c(iii—v). In the data in Figure 2b,c,
the area close to the edge of the pellet underwent significantly
less damage than the pellet interior. This is because the lithium
metal electrodes only contacted 75% of the surface area and
did not contact the outer edge of the LAGP. This suggests that
the interfacial interaction between the lithium and LAGP is
correlated with crack formation.

The segmented data in Figure 2¢ also enabled quantification
of the total crack volume and the quantity of cracks within the
LAGP pellet during cycling. The increase in crack volume
between scans is noted in Figure 2c in mm®, and Table S1 and
Figure S4 contain complete crack volume and quantity data
from the experiment. The greatest number of new cracks was
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Figure 3. Interphase growth and origin of fracture in LAGP. (a) Extracted 2D cross-sectional slices of a LAGP pellet before (top) and after
(bottom) undergoing chemical reaction and cycling at low current densities. The formation of a darker region at the Li/LAGP interface after
electrochemical treatment signifies the growth of a reacted interphase region. (b) Ex situ cross-sectional SEM of LAGP cycled at 0.2 mA
cm™? until failure, where the darker interphase and resultant cracks are clearly visible. (c) Impedance of a different cell as a function of the
total amount of charge transferred. The damaged area, measured as the fractional area with visible cracks in the cross-sectional X-ray images,
increases concurrently with the cell impedance. (d) Cross-sectional image slices with different orientations from the cell in (c) after cycling.
The first visible cracks formed at the upper right side of each image at the locations marked with “O”. The images in (i) and (ii) are mapped
onto the top-down schematic of the full pellet (the white circle) in (iii) with dashed colored lines. The gray shading in (iii) corresponds to
the lithium contact area, and the points of fracture initiation seen in (i) and (ii) are again marked with “O”. The cracks initiated at the edge

of the Li/LAGP contact area.

observed between 28 and 32 h of cycling (the scan in Figure
2c(iii)), while the crack volume increased continuously after
this even though fewer additional cracks formed. Thus, the
crack volume increased early in the experiment largely due to
the formation of new cracks, while the continued increase of
crack volume later in the experiment was due both to the
formation of new cracks and to the widening and lengthening
of already-existing cracks.

Additional experiments were carried out to investigate the
interphase that forms due to the (electro)chemical reaction
between lithium and the LAGP. We note that the electro-
chemical growth of this interphase is likely the preferred
reaction process in contrast to direct lithium plating under the
experimental conditions employed here, but it is difficult to
deconvolute the two possible processes. To detect the
formation of an interphase layer, we constructed a symmetric
cell and cycled it at lower currents (0.1 mA cm™?, Figure SS) to
allow for the growth of a thicker, uniform interphase. CT scans
were conducted before and after this ex situ experiment. Figure
3a shows cross-sectional images of a portion of the same slice
within this pellet before and after electrochemical testing. The
SSE was fractured after this process, and it is clear from the
image that the top and bottom surfaces of the LAGP pellet
were transformed. After cycling, the surface regions exhibited a
darker contrast due to the intermediate density of the reacted
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interphase, which was expected because the reacted interphase
forms via a conversion-like reaction and incorporation of a
significant amount of lithium.'**" The plot in Figure S6 shows
the normalized image intensity across the interphase region
averaged over multiple areas of the pellet; the interphase is
between ~50 and ~90 um thick. While the interphase formed
as a uniform layer in the experiment in Figure 3a, this was not
the case for the in situ experiments in Figure 2 in which the cell
was subjected to larger current densities. In these cases, a thick
uniform interphase layer was not visible, and the interphase
likely grew into the pellet in a nonuniform fashion. Figure 3b
shows a representative cross-sectional scanning electron
microscopy (SEM) image from a symmetric lithium/LAGP/
lithium cell that was cycled galvanostatically at 0.2 mA cm™>
until failure. The interphase appears as the region with darker
contrast at the top of the LAGP pellet. It is the growth of this
expanded interphase that likely induces stress and fracture in
the SSE. We note that the continuous growth of the width of
cracks in Figure 2 is likely driven by the continuous expansion
of the interphase; once a crack forms, it widens and becomes
more visible. SEM imaging such as that in Figure 3b also
suggested that none of the cracks contained lithium metal.
To understand how crack propagation and impedance are
related, a separate in situ experiment was conducted, with
electrochemistry shown in Figure S3. Electrochemical
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Figure 4. FEA of stress evolution within the SSE due to interphase growth. (a) Cross-sectional SEM image of a LAGP pellet after being in
contact with lithium for >100 h. The lithium foil has been removed, and the darker region at the top of the pellet is the reacted interphase
region. The image shows the edge of the reacted interphase region, which formed only under the Li contact area. (b) Contours of reaction
coordinate c € [0,1] visualized on the simulated, fully expanded interphase region. The simulation features a sharp concentration gradient, as
observed in (a). (c) Segmented 2D image slice of a fractured LAGP pellet showing how radial stress (6,,) can cause circumferential cracks
and circumferential stress (6yy) can cause radial cracks. The yellow shading denotes the approximate region of lithium metal contact with the
LAGP. (d) Radial stress (6,,) contours from the simulation; all regions showing compressive (negative) 6,. are shown in black. The
magnified region shows radial stress concentrations near the edge of the expanded interphase. (e) Circumferential stress (649) contours from
the simulation with compressive stress values shown in black. The magnified region shows circumferential stress concentrations near the
edge of the expanded interphase. (f) Simulated evolution of circumferential stress within the LAGP pellet as the interphase grows in
thickness.

impedance spectroscopy (EIS) showed that the overall cell significantly increased. At the conclusion of the experiment, the
impedance increased significantly (175-fold) during cycling. impedance had risen to ~256 kQ cm” and the damaged area
Figure 3¢ shows the impedance of this cell as a function of the was measured to be 72.4%. The pellet was likely even more
total charge transferred during the experiment, which does not fractured than this metric indicates because cracks smaller than
track directly with time because current or cell voltage was the resolution limit could exist that were not detected, and
changed throughout. Full EIS data from the different cracks close to the lithium/LAGP interface were also difficult

experiments herein are shown in Figures S7 and S8. Along
with the cell impedance, Figure 3c also contains a metric
representing the extent of fracture (“damaged area”) within the
SSE as a function of total charge transferred. The damaged
area was evaluated by examining multiple cross sections of the
SSE pellet from a given CT scan and determining the fraction
of the total width of each cross section that was traversed by
visible cracks (see Experimental Methods in the SI and Figure
S9 for details). Thus, the “damaged area” metric is an estimate
of the fraction of the SSE area that features cracks that would
inhibit Li-ion transport. As shown in Figure 3¢, the cell
impedance rose only slightly during the early part of this

to image.

The strong correlation between the damaged area and cell
impedance shown in Figure 3c indicates that electrochemical
failure of these cells was due to mechanical fracture, which
impedes Li*-ion transport. Ion transport could be influenced
both by the increasing quantity of cracks as well as by the
increasing volume of voided fracture regions, resulting in loss
of contact. Moreover, the lack of a significant increase in
impedance prior to crack initiation in Figure 3¢ indicates that
the interphase does not hinder ionic and/or electronic
transport as the interphase is likely a mixed ion—electron

experiment, during which no visible cracks formed. When conductor. Importantly, separate experiments showed that the
fracture was first detected in the SSE after ~2.2 mAh of charge interphase that forms before fracture with these electro-
transferred, the impedance increased noticeably from 2.81 to chemical conditions is ~25 pm thick (Figure S10). In this
6.80 kQ cm® As the crack network continued to grow, as material, therefore, it is not the transport properties of the
measured by the damaged area in Figure 3¢, the impedance interphase that drive electrochemical degradation; instead, it is
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the chemomechanical expansion process that governs fracture
and global cell degradation.

Further analysis of crack patterns and stress evolution within
the SSE was undertaken to pinpoint the origin of fracture. In
the in situ experiment discussed in Figure 3c, fracture was first
detected after 22 h of cycling. Similar to the prior experiment
in Figure 2, fracture progressed throughout cycling, and the
final CT scan revealed a crack network spread throughout the
SSE pellet. Figure 3d(i,ii) shows different cross-sectional slices
of this LAGP pellet after cycling; these slices are oriented as
shown by the dashed lines in the top-down schematic of the
pellet in Figure 3d(iii). The cross sections show that large
cracks exist near the surface at the right side of the pellet and
extend in various directions. The progression of fracture over
the course of cycling at these two locations is shown in Figure
S11, and it is evident from this analysis that these large cracks
initiated at the top surface of the pellet after ~22 h of cycling.
This location at the top surface of the pellet corresponds to the
edge of the lithium contact region, as shown by the artificial
gray shading on the outlined pellet in Figure 3d(iii). This
mapping of lithium was possible because the lithium electrodes
were directly visible in the X-ray images (Figure S12). It is
therefore clear that the cracks initiated near the edge of the
lithium/LAGP contact area and that some of the thickest
visible cracks extended from this region.

To examine the links between interphase formation and
fracture during cycling, finite element analysis (FEA) was used
to simulate the evolution of stresses due to the dynamic
formation of the interphase region. We employ a coupled
diffusion—deformation model based on prior work™ that
incorporates species diffusion concurrent with volume
expansion, plastic deformation in the reacted interphase, and
stress generation. Related finite element methods have been
used to model reaction processes in a variety of large-volume-
change battery electrode materials.** ™" A reaction front of
nanoscale dimension separates the pristine LAGP from the
reacted interphase, as is evident in the SEM image in Figure 4a.
Rather than modeling the complex physics associated with the
formation and propagation of this reaction front, we prescribe
the location of the interface through the use of spatially varying
diffusivity (see the SI for details). The reacted interphase
region is then prescribed to expand and flow plastically, while
we model the effects of volume expansion on stress generation
throughout the pellet. In these simulations, the maximum
volume expansion of the reacted interphase was 130%, as
measured from the chemically reacted interphase from
postmortem SEM (Figure 4a). A Young’s modulus of 115
GPa was used for the unreacted LAGP, which is a value that
has been measured for the similar NASICON material
Li; ;Aly;Ti; ,(PO,);.>" Other materials properties (e.g., yield
stress and Young’s modulus of the reacted interphase) have not
been measured but were estimated, as shown in the SL
Sensitivity analyses were undertaken and showed that
moderately varying these parameters did not alter our
conclusions. A full description of these simulations is provided
in the SI, including Figures S13—S1S5.

This model was used to simulate the interphase formation
process and its effect on mechanical stress evolution. Due to
the symmetry of the experiment, the problem was modeled as a
two-dimensional axisymmetric disk. Figure 4b presents the
simulation output showing the reaction coordinate ¢ € [0,1]
(which is related to concentration) at the same magnification
as the SEM image of the edge of the reacted interphase in
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Figure 4a, showing general agreement between the shapes of
the evolved interphase region in the simulation and experi-
ment. The different stress components (radial stress o,,
circumferential stress 6y, and axial stress ,,) were tracked as
the interphase evolved. As shown in Figure 4c, tensile
circumferential stress would cause radial cracks to form, and
tensile radial stress would cause circumferential cracks to form.
Figure 4d,e shows contours of the radial stress o, and
circumferential stress ogy, respectively. We note that only
positive stress values are displayed here as these would be
responsible for crack formation and propagation. Areas shown
in black have negative stress values, and the reacted interphase
region therefore experiences compressive stress. Figure 4d,e
shows that there are tensile stress concentrations in o,, and oy
within the unreacted LAGP near the edge of the reacted
interphase region. The position of the peak value of 6, (Figure
4e) corresponds to the experimentally observed initiation
location of the radial cracks that extend to the edge of the
pellet, as shown in Figure 3d. Figure 4d shows that the region
underneath of the reacted interphase experiences tensile radial
stress o,,, while the region near the edge of the LAGP pellet
away from the reacted interphase is under compression. This
indicates that circumferential cracks should occur only beneath
the reacted interphase and not near the edge of the LAGP. The
experimental crack pattern in Figure 4c confirms this
prediction as circumferential cracks are found only beneath
the lithium contact area. In contrast, Figure 4e shows that the
circumferential stress oy is positive throughout much of the
simulation domain, indicating that radial cracks can grow even
to the extreme edge of the pellet. This too agrees with the
experimental results (Figure 4c), where radial cracks in the
LAGP propagate from the edge of the interphase region
throughout the pellet, including to the pellet’s perimeter.
Figure S16 shows results for the axial stress ¢,,. The axial stress
is concentrated directly beneath the entire width of the reacted
interphase, indicating that horizontal cracking and delamina-
tion can occur between the reacted interphase and the pristine
LAGP. It is hypothesized that such horizontal cracks can
significantly influence impedance because they would directly
block Li" transport. Finally, Figure 4f shows the evolution of
Ogp at different times during the growth of the interphase
region. The circumferential stress is concentrated near the edge
of the reacted interphase beginning at early times during the
reaction process, and the magnitude of tensile stress increases
throughout the LAGP as the reacted interlayer increases in
thickness. This result again supports the observation that
cracks initiated at the edge of the reacted interphase, regardless
of when the cracks were initiated. We note that the visible
pores in the LAGP did not seem to participate in crack
formation; other smaller defects may have played a role in
stress intensification.

The temporal evolution of stress and the locations of
maximum stress predicted by these simulations are in good
agreement with the experimentally observed evolution of
fracture patterns. It is important to note that the simulations in
Figure 4 are useful for providing an understanding of where
cracks could initiate and propagate. They cannot fully
determine the experimental crack patterns as the crack
formation process itself will alter the stress field, and the
simulations also do not account for crack initiation at flaws.
Furthermore, the stress values shown in Figure 4 depend on
the materials properties used (some of which were estimated),
and these values should thus be treated qualitatively.
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Comprehensive sensitivity analyses are presented in Figures
S§17—S822, and they show that variation of most estimated
parameters did not significantly impact stress magnitudes,
while a few (such as the yield strength of the reacted
interphase) had a more noticeable effect on stress magnitude.
Importantly, however, the sensitivity analysis shows that
variation of these parameters does not significantly affect the
spatial distribution of stresses within the LAGP. Thus, the
property estimates herein are sufficient for capturing the
fundamental aspects of stress evolution in these experiments,
while future measurement of materials properties in this and
other systems will enable more precise numerical estimates of
stress values. As a final note, the reacted interphase region in
the experiments could be more nonuniform than that used in
the simulations, but the global stress evolution should remain
similar due to the overall expansion near the interface region.

Together, these experiments and simulations provide
important insight into how interphase growth controls stress
evolution and mechanical degradation of LAGP, with
important implications for the wide variety of SSE materials
that have unstable interfaces and experience interphase growth.
The growth of the crack network within LAGP during cycling
was observed to strongly correlate with increases in impedance.
Additionally, fracture initiated at the edges of the lithium/
LAGP contact area, and this finding was supported by
simulations that predicted stress evolution and stress
concentrations during the growth of the interphase region.
On the basis of these results, it is clear that the interfacial
reaction between lithium and LAGP drives chemomechanical
degradation in this material. These findings also show that the
growth of the interphase itself does not significantly hinder
ionic and/or electronic transport, but it is the cracks that result
from the growth of the interphase that drive the chemo-
mechanical degradation process. An important implication of
this study is that completely preventing interphase formation
may not be necessary to effectively stabilize various lithium/
SSE interfaces. Instead, if the interphase still allows for Li*
transport, then control over the structure and morphology of
the reacted interphase region, and therefore stress evolution,
could be sufficient to prevent mechanical fracture and thus
electrochemical degradation. To prevent large stresses from
developing, however, the interphase growth must be limited to
a certain thickness through either natural or artificial means,
and structuring the interface so that it is nonplanar may also be
beneficial for reducing stress concentrations.

This study underscores the importance of understanding the
effects of interfacial phenomena on the coupled electro-
chemomechanical behavior of SSEs. The vast majority of SSEs
are thermodynamically unstable in contact with lithium
metal,zo’22 but the reaction kinetics and morphological/
structural evolution at the interface will determine degradation
pathways. It is thus critical to gain an understanding of these
phenomena, and this work shows the capabilities of in situ X-
ray micro-CT experiments to visualize and understand
morphological changes in SSBs with lithium metal anodes.
This knowledge is important for engineering lithium/SSE
interfaces to minimize stress build-up, which can cause fracture
that blocks Li-ion transport. Combining such knowledge with
information across length scales from other techniques, such as
synchrotron X-ray CT and TEM, will be critical to understand
the relationship between interfacial instabilities, stress
evolution, and filamentary growth of lithium within a variety
of SSEs for use in high-energy SSBs.
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