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ABSTRACT: Although solid-state batteries with lithium metal could
enable higher energy density and better safety characteristics than Li-ion
batteries, the complex electro-chemo-mechanical evolution of the Li−
solid-state electrolyte interface can diminish performance. Here, we
measure the stack pressure in real time to provide new insights into the
effects of applied stack pressure and electrolyte processing on the
interfacial behavior of two representative solid-state electrolytes,
Li10SnP2S12 and Li6PS5Cl; these materials exhibit different degradation
mechanisms through either interphase formation or Li filament growth.
We find that stack pressure evolution sensitively depends on interphase
formation and that tracking stack pressure coupled with impedance can
distinguish between various reaction phenomena and degradation
mechanisms within cells. Furthermore, Li filament growth exhibits
distinct stack pressure signatures that depend on electrolyte density. The findings advance our understanding of the
interfacial evolution of two important classes of solid-state electrolytes, and they demonstrate the utility of electro-chemo-
mechanical measurements to understand solid-state battery behavior.

Solid-state batteries (SSBs) are attracting increasing
interest largely because of the potential to use lithium
(Li) metal as the anode, taking advantage of the high

specific capacity and low redox potential of Li.1,2 The
development of SSBs has been accelerated by the discovery
of a variety of high-performance solid-state electrolytes (SSEs),
including polymers, sulfides, and oxides.3 Among inorganic
SSEs, sulfides are considered promising because of their high
ionic conductivity (>10−3 S cm−1) and relative ease of
processing.4−7

Despite these advances, numerous challenges have hindered
the use of Li anodes with sulfide SSEs. First, Li metal filaments
(also called dendrites or protrusions) can grow during charge
to mechanically penetrate the SSE pellet, resulting in short-
circuiting and cell failure.8,9 Defects within the SSE such as
pores, grain boundaries, and cracks can affect and/or
exacerbate Li filament growth.10−14 Second, many sulfide
SSEs are thermodynamically unstable in contact with Li,
resulting in the formation of an “interphase” with different
structural, chemical, and transport properties than the pure
SSE.15 The reduction of SSEs at the Li anode tends to result in
the formation of a mixture of compounds, and the balance
between the electronic and ionic conductivity of the mixture

determines the trajectory of interphase growth.16−18 For
example, the reduction of Li10GeP2S12 by Li leads to the
formation of binary compounds such as Li2S, Li3P, and Li−Ge
alloys, and the electronically conducting interphase causes
continued interphase growth during electrochemical reduc-
tion.19,20 In contrast, other sulfide-based SSEs form interphases
that are electronically insulating and ionically conducting,
resulting in limited interphase formation; examples include
70Li2S-30P2S5 (Li7P3S11) and argyrodite-type Li6PS5X (X = Cl,
Br, or I).21−23

In addition to these challenges, the stack pressure applied to
SSBs plays a critical role in determining their performance and
must be carefully controlled.24,25 High stack pressures can
induce uniform interfacial contact between Li and the SSE, but
they can also mechanically deform and force Li through
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micropores within the SSE pellet to cause short circuits.8 If the
stack pressure is too low, interfacial contact is not sufficient,
leading to interfacial void formation during Li stripping.26 The
stack pressure can also vary with cycling due to changes in the
volume of active materials, meaning that the actual stack
pressure inside the cell can be different than that which is
initially applied.27,28 Interphase formation and morphology
evolution at the Li/SSE interface could affect the stack
pressure, but such phenomena are not yet well understood.
Furthermore, there is a lack of understanding of how the
processing parameters and density of the SSE affect dynamic
pressure conditions during cycling of SSBs with Li.29,30 Hence,
it is necessary to investigate degradation and failure
mechanisms and their correlation with the real-time evolution
of stack pressure.
Here, we investigate the interfacial dynamics of Li symmetric

cells based on two different representative SSEs (Li10SnP2S12
and Li6PS5Cl) by correlating stack pressure measurements to
electrochemistry. We find that the evolution of stack pressure
is highly dependent on the chemical stability of the SSE in

contact with Li, and interphase formation results in a decrease
of stack pressure during operation. Li filament growth is shown
to exhibit distinct stack pressure signatures that depend on SSE
processing and density. These mechanisms are investigated as a
function of applied stack pressure and SSE fabrication loads
(which control density) to provide comprehensive insight into
a variety of degradation regimes for these two important SSE
materials. This work provides a new understanding of the
interfacial evolution of these materials and demonstrates the
value of electro-chemo-mechanical measurements for advanc-
ing our understanding of SSBs.
A custom solid-state battery assembly with an integrated

force sensor was used for these experiments, as shown
schematically in Figure 1a. Symmetric cells with Li electrodes
were assembled inside a polyether ether ketone (PEEK) die by
first compressing the SSE powders under 62.5, 125, or 250
MPa to form a compacted pellet, and then, Li foil was attached
to both sides of the pellet (see the Supporting Information for
details). The cell stack was placed on the force sensor and
uniaxially pressed to the desired initial stack pressure by

Figure 1. (a) Schematic of the solid-state battery assembly used herein (left) and illustration of the different degradation mechanisms of
Li10SnP2S12 (LSPS)- and Li6PS5Cl (LPSC)-based symmetric cells (right). (b) Stack pressure evolution after pressing to an initial stack
pressure of 30 MPa and holding at open circuit for two different symmetric cells based on LSPS (red) and LPSC (blue). The top panel shows
the evolution of stack pressure, and the bottom panel shows the time derivative of the stack pressure (thinner lines), along with thicker trend
lines from a polynomial fit. The time derivative of the stack pressure was smoothened with a Savitzky-Golay filter.33 (c) Plot of total
resistance as a function of time for the LSPS (red) and LPSC (blue) cells held at open circuit. (d) Electrochemical impedance spectra
measured every 3 h for each cell during the open-circuit hold in (b) used to generate the total resistance plot in (c); total resistance is given
as the intersection of the semicircles with the x-axis. All pellets used in (b−d) were compacted at 125 MPa during fabrication.
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tightening the four nuts on top of the cell assembly in Figure
1a, and the stack pressure evolution was then measured with
the force sensor during electrochemical cycling. Two different
SSE materials were used in this study: Li10SnP2S12 (LSPS) and
Li6PS5Cl (LPSC). These materials were chosen because of
their similar high ionic conductivities (1.9 × 10−3 S cm−1 for
LSPS and 1.8 × 10−3 S cm−1 for LPSC, calculated from
electrochemical impedance spectra of Au/SSE/Au cells shown
in Figure S1), along with differences in their interfacial stability
when in contact with Li metal. Specifically, LSPS is known to
form a thick interphase that limits Li filament growth, while
LPSC forms a thin and passivating interphase that allows for
filament growth (Figure 1a).16,21

To understand how stack pressure evolves under open-
circuit conditions, Figure 1b shows the stack pressure profiles
and the time derivatives of stack pressure (dP/dt, previously
termed “differential electrochemical pressiometry”)31 for two
different symmetric cells containing LSPS and LPSC with both

cells held at open circuit throughout the experiments. The
initial stack pressure in both cells was 30 MPa, and the stack
pressure of the LSPS cell decreased to 24.8 MPa (red) over the
20 h experiment, while the LPSC cell only decreased to 27.6
MPa (blue). The more substantial stack pressure decrease for
the LSPS cell was observed across multiple experiments
(Figure S2). The stack pressure decrease at open circuit in
these cells is caused by a combination of (1) cell component
relaxation, (2) time-dependent deformation of the SSE, (3)
plastic deformation and flow of Li metal, and (4) chemical
interphase formation. To differentiate among these various
contributions, stack pressure evolution was measured in cells
with different configurations, including those without Li metal
electrodes and without any material components (Figure S3).
Without Li metal, the stack pressure change from 30 MPa over
20 h for both SSE materials was less than half that shown in
Figure 1b, and it arises from time-dependent deformation of
the SSE pellets and relaxation of the cell components. The

Figure 2. (a) Voltage curves (red) and stack pressure profiles (blue) of two LSPS symmetric cells with initial stack pressure of 30 MPa (top
panel) and the time derivatives of the stack pressure with the corresponding trend lines (bottom panel). One cell was operated at 0.5 mA
cm−2 after being held at open circuit for 10 h (solid lines), and the other cell was held at open circuit for the entire experiment (dotted
lines). Both pellets were fabricated by compressing at 125 MPa. (b) Plot of total resistance with time for the cell with current applied (blue)
and the cell held at open circuit (black), as extracted from EIS data. (c) Cross-sectional SEM images of the cathodic Li electrode and LSPS
from the cell with applied current, using a secondary electron (SE) detector (left) and a backscattered electron (BSE) detector (right). (d)
Magnified SEM images of the boundary between the reacted interphase (left) and unreacted LSPS (right) from the cell with the applied
current taken from the region with the red box in (c).
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LSPS pellets showed a greater reduction in stack pressure than
LPSC under these conditions, which could result from
differences in density or time-dependent deformation charac-
teristics of the two SSEs.
The more substantial decreases in stack pressure within the

cells that contain Li (Figure 1b) indicate that the deformation
of Li and the formation of interphase regions due to the
chemical reaction with Li significantly contribute to the stack
pressure reduction. The formation of an interphase in a
symmetric cell will result in an overall reduction of volume of
the cell stack since the molar volume of Li in lithium metal is
greater than the partial molar volume of Li in the interphase,
and this reduction of volume within the confined cell
environment causes the decrease of stack pressure.20,27 LSPS
forms a thicker interphase than LPSC,16,21,32 which likely
contributes to the observed greater decrease in stack pressure
for LSPS. Additionally, plastic deformation and flow of Li
metal contribute to the greater decrease in stack pressure
(Figure 1b) compared to cells without Li (Figure S3), and
there could be differences in the extent of Li deformation in
contact with the two SSEs.

Further insight into interphase formation is obtained by
examining the electrochemical impedance spectroscopy (EIS)
data collected every 3 h during these experiments (Figure
1c,d). The total resistance of the LSPS cell increased from 47.9
to 147.6 Ω cm−2 after 18 h at open circuit, while the total
resistance of the LPSC cell was relatively constant, suggesting
that interphase formation in LSPS causes impedance growth.
The same trends for both the stack pressure and impedance
were observed in other cells with pellets compacted at different
loads during fabrication (Figure S2). Since the fabrication load
directly affects the density of the pellet, this result indicates
that the density of the SSE does not strongly affect interphase
formation or Li deformation during the open circuit period.
The scanning electron microscopy (SEM) images with a
backscattered detector in Figure S4 show an intermediate-
contrast interphase region at the interface of LSPS that is
∼30−40 μm thick, whereas no discernible interphase region is
observed in the LPSC cell.
To investigate the relationship between stack pressure

evolution and electrochemistry in LSPS symmetric cells, a
current density of 0.5 mA cm−2 was applied after holding at
open circuit for 10 h. Figure 2a shows the voltage trace from a

Figure 3. (a) Voltage traces (red) and stack pressure curves (blue) from two LSPS symmetric cells with an initial stack pressure of 30 MPa.
Intermittent current was applied to one cell (0.5 mA cm−2, solid lines) with 3 h of current followed by 3 h of open-circuit hold. The second
cell was held at open circuit (dotted lines). (b) Voltage traces (red) and stack pressure curves (blue) from two LSPS symmetric cells with a
lower initial stack pressure of 5 MPa; one cell had intermittent current applied (0.5 mA cm−2, solid lines), and the other was held at open
circuit (dotted lines). (c, d) Evolution of the total resistance extracted from EIS for the two cells with 30 MPa stack pressure (c) and the two
cells with 5 MPa stack pressure (d). All LSPS pellets in this figure were fabricated at 125 MPa. (e, f) Schematic illustration of the Li/LSPS
interface showing different contact conditions under a higher stack pressure of 30 MPa (e) and a lower stack pressure of 5 MPa (f).
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symmetric LSPS cell along with the measured stack pressure
(solid lines). Figure 2a also shows stack pressure data from a
similar LSPS cell with the same amount of Li held at open
circuit (dotted line) for comparison. Both cells were pressed to
an initial stack pressure of 30 MPa, and the LSPS pellets were
fabricated under a load of 125 MPa. During the initial 10 h
open-circuit hold, both cells show similar decreases in stack
pressure. Upon application of current, however, the stack
pressure falls at a faster rate over the next ∼21 h compared to
the cell held at the open circuit; these differences in slope are
highlighted by the dP/dt curve in the bottom panel of Figure
2a. After ∼31 h of the experiment, the voltage of the applied-
current cell rapidly polarizes to 1 V. As this polarization occurs,
the slope of the stack pressure curve reduces and again
becomes similar in magnitude to the cell held at open circuit
(as verified by the similar dP/dt values in the bottom panel of
Figure 2a). Figure 2b presents the total resistance measured
with EIS from each cell (EIS data are in Figure S5). The
impedance of both cells is almost identical after the 10 h open-
circuit hold, but the total resistance begins to diverge when
current is applied to one cell. The total resistance increases
substantially as the voltage of the applied-current cell polarizes
to 1 V. Two repeated experiments showed almost identical
stack pressure-electrochemistry behavior in multiple cells
(Figure S6).
The correlated electrochemistry-stack pressure evolution can

be divided into three sections, as shown in Figure 2b. When
both cells are at open circuit (section 1), they exhibit the same
reduction in the stack pressure and increase in the total
resistance. Under applied current, (section 2), the stack
pressure drops more rapidly due to electrochemical interphase
formation, which contributes to the increased impedance.
During this process, voids also likely form at the Li electrode
being stripped, which contributes to the impedance increase. It
has previously been shown that, in Li/LSPS/Li symmetric
cells, Li is stripped at one electrode, while LSPS is
electrochemically reduced to form the interphase at the
other electrode without substantial Li plating.20 Cross-
sectional SEM images of the cathodic interface from the cell
after operation in Figure 2c show that the interphase was ∼350
μm thick, which is much thicker than the cell held at the open
circuit in Figure 1b. The magnified SEM images in Figure 2d
highlight the differences in the morphology of the interphase vs
the pristine LSPS (Figure S5c), and Figure S7 shows EDS
results that differentiate between the interphase and pristine
LSPS. X-ray diffraction (XRD) was used to investigate
structural changes in similar cells after interphase formation
(Figure S8), revealing diminished peaks from LSPS and the
presence of wide Li2S peaks. This is consistent with previous
studies proving that the interphase contains small Li2S
crystallites.16,34 The increase in total resistance due to
interphase growth thus arises from the presence of phases
within the interphase with lower ionic conductivity; for
instance, the ionic conductivity of Li2S (∼10−9 S cm−1) is
much lower than that of LSPS (∼10−3 S cm−1).35,36

In section 3 of the impedance/stack pressure evolution
(Figure 2b), the cell polarization increases substantially and the
decrease in the stack pressure stabilizes (Figure 2a). This
process likely occurs primarily due to contact loss arising from
void formation and localized exhaustion of the Li metal due to
the large amount of Li passed during the experiment (15 mAh
cm−2, approximately 70% of the total Li electrode that was
used). Void formation at the stripping electrode has recently

been visualized with operando X-ray tomography, and loss of
interfacial contact is a persistent failure mechanism that is
exacerbated by the decrease in stack pressure.20,24,26 The
reduced slope of the stack pressure curve at this point
corresponds to a reduction of interphase formation; we
emphasize, however, that interphase formation could still
contribute to the impedance increase during this period and
that voids can form throughout the entire experiment.
We further studied the effects of different initial magnitudes

of stack pressure on the evolution of stack pressure/
electrochemistry in LSPS symmetric cells (Figure 3). In
these experiments, a current density of 0.5 mA cm−2 was
intermittently applied for 3 h with 3 h open-circuit holds
between current periods. Figure 3a,c shows the voltage curves,
stack pressure evolution, and total resistances of two cells with
30 MPa applied stack pressure; one had current applied
intermittently, and the other was held at open circuit. The
results in Figure 3a,c show a similar behavior to Figure 2,
where there is a more substantial reduction of stack pressure
due to electrochemical interphase formation, followed by
eventual loss of contact that drives polarization. During the
intermittent current application, dP/dt analysis shows that the
slope of the stack pressure curve has a slightly greater absolute
magnitude (Figure S9a), and the total resistance of the cell
increases to a greater degree after the current application
compared to the rest periods (Figure S9b). This is further
evidence that the electrochemical reduction promotes
interphase growth (Figure S9c), which acts to accelerate
stack pressure reduction and the total resistance increase.
In contrast to this behavior, the LSPS symmetric cell with

lower initial stack pressure (5 MPa) shows immediate
polarization during intermittent current application without
substantial deviation of the stack pressure from an identical cell
held at open circuit (Figure 3b,d). The immediate polarization
is likely due to the poor contact at the interface as the lower
stack pressure cannot deform Li to create sufficient interfacial
contact. Poor interfacial contact results in highly localized
current and the formation of an interphase at contacting
points, which contributes to the cell polarization. Evidence for
less substantial Li deformation is found from the initial stack
pressure drop of ∼0.6 MPa during the first 3 h open circuit
period (Figure 3b), which is much smaller than when 30 MPa
stack pressure is applied (Figure 2a). Additional analysis of this
cell is shown in Figure S10, and the voltage and current curves
are shown in Figure S11. The different interfacial evolution
scenarios with high and low stack pressure are schematically
illustrated in Figure 3e,f.
We have furthermore found that failure through polarization

of LSPS symmetric cells is more dependent on the applied
stack pressure than the pellet density. Figure S12 shows similar
stack pressure evolution and polarization behavior from an
LSPS symmetric cell for a pellet compressed at 62.5 MPa
(86.4% relative density; see Table S1) instead of 125 MPa
(91.3% relative density; see Table S1) when 30 MPa stack
pressure is applied. However, for LSPS pellets fabricated at
either 62.5 or 125 MPa but under only 5 MPa stack pressure
during operation, polarization begins immediately upon
applying current (Figure S13), as also shown in Figure 3b,d.
Thus, the contact at the interface is the dominant factor that
determines the behavior of these cells, rather than the density
of the SSE.
We also investigated the coupling of stack pressure and

electrochemistry in LPSC-based cells. LPSC forms a thin
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interphase and is known to allow for Li filaments to grow
through the material to cause short circuits, and the interfacial
interactions with cathode materials can also cause chemo-
mechanical degradation.8,21,37 However, it is not understood
how stack pressure evolves during such processes. We
examined LPSC-based symmetric cells with pellets pressed at
fabrication pressures of either 125 or 250 MPa under stack
pressures of 5, 15, and 30 MPa to understand how these
variables affect stack pressure and interface evolution. These
fabrication loads of 125 or 250 MPa were chosen because
lower values were found to be insufficient to allow for long-
duration testing (Figure S14). The distinct behavior of LPSC
compared to LSPS fabricated at lower pressures is likely due to
different compaction behavior of the powders as well as the
different failure mechanisms of these materials. Figure 4a (top
panel) shows the voltage and stack pressure profiles of two
different cells with LPSC pellets under an initial stack pressure
of 30 MPa; the time derivatives of the stack pressure are shown
in the bottom panel. A current density of 0.5 mA cm−2 was
used. The pellet fabricated at 125 MPa (solid lines) supports
Li deposition for only 3.67 h (1.84 mAh cm−2) before short-
circuiting. In contrast, the more highly compressed pellet (250
MPa, dotted lines) supports Li deposition for 18.8 h (9.41
mAh cm−2) before short-circuiting; such differences in time-to-
short-circuit were consistently seen across multiple cells. Thus,
under the same initial stack pressure, the fabrication load plays

an important role in determining LPSC cell lifetime and short-
circuiting behavior.8,29 In our experiments, the stack pressure
was observed to decrease more rapidly for the pellets fabricated
at lower pressures, as seen in the pressure trace and the dP/dt
curves in Figure 4a. This is likely caused by Li filaments
growing to fill pre-existing porosity within the less-dense SSE,
which results in a more rapid stack pressure decrease.14,30,38

To investigate the density and porosity of the LPSC and
LSPS pellets fabricated at different pressures, we carried out
density measurements with the Archimedes method (Table
S1), and we also visualized the local internal volume of the
LPSC pellets with focused-ion beam (FIB) tomography
(Figure S15). The LPSC pellets showed 97.8% relative density
when fabricated at 250 MPa compared to 92.2% relative
density when fabricated at 125 MPa, and the FIB tomographic
reconstructions also show a higher density in localized volumes
when higher fabrication pressures were used. These measure-
ments support our postulate that Li filaments can grow more
easily into pre-existing porosity within the material with lower
density (Figure S16).
In addition to the electrochemical growth of Li filaments, the

relatively high stack pressure of 30 MPa could also force Li to
deform to fill pores within the lower-density pellets, which may
contribute to the observed faster short circuits and stack
pressure decay. To clarify the effects of electrochemical
filament growth versus mechanical deformation of Li on

Figure 4. (a, b) Voltage curves (red) and stack pressure evolution (blue) of four LPSC cells with an initial stack pressure of 30 MPa (a) and
15 MPa (b) (top panels), along with the time derivatives of the stack pressure curves (bottom panels). The LPSC pellets were fabricated at
either 125 MPa (solid lines) or 250 MPa (dotted lines). All cells were subjected to a current density of 0.5 mA cm−2. (c) Cross-sectional
SEM image of a wide region of the cathodic Li electrode from the experiments in panel (b), where 15 MPa stack pressure was applied for a
pellet fabricated at 125 MPa (top panel). The bottom panel shows a pristine Li electrode before plating from a sample fabricated at 125
MPa. (d) Magnified SEM images of the red box from (c), including both SE (top panel) and BSE (bottom panel) images.
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stack pressure evolution, we performed experiments where two
cells fabricated at different loads were first held at open circuit
for 10 h and then underwent galvanostatic testing at 0.5 mA
cm−2 (Figure S17a−c). The decrease in stack pressure was
almost identical for the cells during the open circuit period,
indicating a similar extent of Li deformation into available
pores near the electrodes. Upon the application of current, the
stack pressure decreased more substantially for the LPSC pellet
with lower density, which again indicates that Li filaments can
electrochemically grow to fill pores more easily within the less-
dense pellet.
Figure 4b shows similar experiments comparing fabrication

loads for LPSC but with a lower initial stack pressure of 15
MPa. Both cells in this figure (with LPSC fabricated at 125 or
250 MPa) sustained longer plating at 0.5 mA cm−2 (9.6 h for
125 MPa and 27 h for 250 MPa) compared to the cells at
higher stack pressure shown in Figure 4a. This indicates that
the stack pressure of 15 MPa is enough to promote good
contact at the interface while avoiding the mechanical
extrusion of Li into the pores of the pellet upon initial
application of stack pressure. Figure 4b also shows that the
pellets fabricated at different fabrication loads can exhibit
different failure mechanisms. The cell with the pellet fabricated
at 125 MPa (solid lines) operates at constant voltage and then
short-circuits due to Li filament penetration. After short-
circuiting, the stack pressure levels off, as confirmed by the dP/
dt curve approaching zero; this indicates termination of
electrochemical plating processes in the cell. In contrast, the
cell with the pellet fabricated at 250 MPa shows polarization
from 0.03 to 0.09 V near the end of the experiment before
short-circuiting. This cell polarization is similar to the behavior
of the LSPS material in Figures 2 and 3, and it is likely due to
void formation and loss of contact at the Li/LPSC stripping
interface.24 The EIS curves for every cell in Figure 4 are
presented in Figure S18. Only 54% of the Li metal electrode
mass was stripped in this experiment, ruling out the exhaustion
of the Li electrode. The stack pressure for this cell became
approximately constant during this polarization as contact was
lost. These findings were verified through additional experi-
ments on cells that were first held at open circuit for 10 h
(Figure S17d−f). Additional related results from LPSC cells
with a stack pressure of 15 MPa verified the consistency of
these results (Figure S19).
Finally, all cells operated under 5 MPa initial stack pressure

exhibited short periods (less than 3 h) of relatively high and
rising overpotential before short-circuiting with insignificant
changes in stack pressure during these processes (Figure S20).
This low stack pressure is not sufficient to establish high-area
contact at the Li/LPSC interface, and it leads to isolated
contacting points randomly distributed across the interface.
The distributed contacting points cause current constriction,
which leads to rapid growth and penetration of a few filaments,
resulting in short-circuiting regardless of the pellet density.
Figure 4c (top panel) shows a cross-sectional SEM image of

the plated Li from the cell in Figure 4b (15 MPa initial stack
pressure and 125 MPa fabrication load) with a pristine
interface before testing shown in the bottom panel. The Cu
current collector, Li, and LPSC are clearly visible in these
images. The Li electrode has thickened after plating, and there
is possible evidence of nonuniform growth at the Li/LPSC
interface, as also shown in the magnified image in Figure 4d.
The SEM images in Figure 4d show evidence for interphase
formation as regions of intermediate contrast with thicknesses

of a few micrometers, which is much thinner than the LSPS
case. These regions surround the plated Li metal, implying that
interphase formation accompanies Li deposition.
Our electro-chemo-mechanical investigations herein have

revealed how the different interfacial behavior of these two
solid-state electrolyte materials is related to stack pressure
evolution, and we have found that the balance between
interphase formation and Li plating is a key aspect of the
behavior of these materials. LSPS continuously forms an
interphase due to the electronic conductivity of the interphase
components.17,18 Operation of LSPS-based symmetric cells
primarily results in interphase formation at the cathodic
interface rather than Li plating (Figure 5a), and thus, Li

filaments do not grow.20 On the other hand, LPSC forms a
thinner interphase that self-passivates due to its electronically
insulating characteristics, and potentially nonuniform Li plating
occurs simultaneously (Figure 5b).39 The continual formation
of the interphase in LSPS results in a relatively large volume
reduction of the cell stack, which translates to an exacerbated
reduction of stack pressure in the cell, which is also affected by
Li deformation and other processes.27 In contrast, the stack
pressure in LPSC-based cells was found to be primarily
affected by the nature of Li filament growth and the availability
of open micropores for Li to grow into. These distinct effects
in the two different materials result in different magnitudes of
stack pressure reduction, and dynamic tracking of stack
pressure is thus a powerful diagnostic tool that can provide
insight into these phenomena. Future investigation of
combined stack pressure/electrochemical evolution with
different SSE materials, electrode materials/structures, and
full cells is a promising route to establish an improved
understanding of the behavior of SSBs, including instabilities at
the interfaces. Additionally, such in situ stack pressure
measurements may be useful as a diagnostic tool for early
detection of degradation or faults within operating battery
cells.
As we have described in the discussion of our results, the

extent of the stack pressure decrease during open-circuit holds

Figure 5. Schematic illustration showing the overall behavior of (a)
LSPS and (b) LPSC as determined from our experiments. The
vertical arrows denote the relative magnitude of stack pressure
reduction during operation of the cell.
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and during current application can be affected by a variety of
factors, including Li deformation, SSE porosity, interphase
formation, and time-dependent deformation of other cell
components. We have performed experiments herein to
demonstrate the effects of applied current on the stack
pressure trajectory when using two different SSE materials in
symmetric cells, which provides insight into the likely
mechanisms involved that link electrochemistry and stack
pressure. For further understanding and to clearly differentiate
some of these mechanistic phenomena, it would be useful in
future work to directly relate measured stack pressure
evolution to internal cell component evolution via additional
characterization experiments, such as X-ray tomography.
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