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Abstract

Void formation at the Li/ceramic electrolyte interface of an all-solid-state battery on discharge
results in high local current densities, dendrites on charge and cell failure. Here we show that such
voiding is reduced at the Li/LigPSsCl interface at elevated temperature, sufficient to raise the
critical current before voiding and cell failure from < 0.25 mAcm™ at 25 °C to 0.25 mAcm™ at
60 °C and 0.5 mAcm™ at 80 °C under a relatively low stack-pressure of 1 MPa. Raising the stack-
pressure to 5 MPa and temperature to 80 °C permits stable cycling at 2.5 mAcm™. It is also shown
that the charge transfer resistance at the Li/LisPSsCl interface depends on pressure and
temperature, with relatively high pressures required to maintain low charge transfer resistance at -
20 °C. These results are consistent with the plastic deformation of Li metal dominating the
performance of the Li anode, posing challenges for the implementation of solid-state cells with Li

anodes.



Introduction

Lithium metal anodes have the potential to increase the specific energy and energy density of
batteries compared with graphite anodes used in state-of-the-art Li-ion cells.!”” Coupling Li metal
with a ceramic electrolyte is one possible route by which some of the challenges associated with
the use of Li in contact with liquid electrolytes might be circumvented.®!! However, Li anode
solid-state batteries (SSBs) have several major drawbacks including the formation of Li dendrites
(filaments penetrating the ceramic) at relatively high rates of charge and voiding in the Li anode
at high rates of discharge.!?>>! While significant attention has been given to dendrite growth on
charging, the effect of voiding has received less scrutiny until recently, yet the critical current for
failure by voiding is often less than that for dendrite formation on charging.?>2* As a result, the
maximum current density at which a solid-state battery can be operated will generally be set by
the critical current for voiding.

When the discharge current density of a SSB is sufficiently high that the rate of Li" ion transport
away from the Li anode exceeds the rate at which Li atoms are replenished at the interface, then
voids form in the Li anode at the interface. As shown previously, the extent of voiding increases
with cycle number, because not all voids are filled on the subsequent charge and these are added
to by new voids on each discharge.?” The overall effect is diminishing contact between Li and the
solid electrolyte on cycling, leading to high local current densities on charge, dendrites and short
circuits.??232% Li transport to the interface can arise from diffusion and plastic deformation (creep).
Recent work by Janek and co-workers has explored use of a Li-Mg alloy anode instead of Li metal.
Li self-diffusion is greater within the Li-Mg alloy than in Li metal, leading to a higher rate of stable
discharge for the Li-Mg anode, however Li diffusivity remains insufficient to enable practical

current densities.?” Other studies have explored the use of stack-pressure to improve transport of



Li to the interface by increasing plastic deformation in the Li metal. It has been shown that higher
stack-pressures enable higher rates of discharge in SSBs by inducing higher rates of creep to the
Li/SE interface, with the same conclusion also having been drawn for the pressure dependence of
the Na/SE interface.??> 223! Higher temperatures not only increase the rate of self-diffusion
within Li metal, but also creep. Dasgupta and co-workers showed that the rate of deformation by
power-law creep in Li increases significantly with temperature.?? As such, SSBs cycled at higher
temperature should achieve discharge at higher rates without failures associated with interfacial
voiding.

In this study, the morphological stability of the Li/LicPSsCl interface during discharge is
explored over a temperature range of 25 °C to 80 °C. LisPSsCl is a promising class of solid
electrolytes for SSBs with a high ionic conductivity.?**¥3> 3-Electrode cycling and X-ray
computed tomography (XCT) are used to investigate the temperature dependence of the critical
current at which voiding occurs on stripping. Under a relatively low stack-pressure of 1 MPa, we
demonstrate that at 25 °C the critical current for voiding is exceeded at as little as 0.25 mAcm™
stripping current, the critical current is increased to > 0.25 mAcm™ at 60 °C and > 0.5 mAcm™ at
80 °C. We show that at 80 °C under 5 MPa the highest critical current density that still delivers
stable cycling rises by one order of magnitude from < 0.25 mAcm™ at 25 °C and 1 MPa to
2.5 mAcm™. So called ‘anodeless’ or ‘Li-free’ SSBs, in which the Li anode is formed during the
first charge, may show somewhat different behaviour, especially polarisation at the very end of
stripping all the Li.*® However higher critical currents at higher temperatures are again to be
expected.

Investigation of the temperature and pressure dependence of the interfacial charge transfer

resistance reveals that at relatively low temperature (-20 °C), significant pressures of



approximately 12 MPa are required to deform the Li at the interface and avoid high impedances

due to poor interfacial contact.



Argyrodite was purchased from AMPCERA and densified into disks of approximately 5 mm
diameter and 1 mm thickness by cold-pressing followed by sintering as described in the
Experimental Section. 2-Electrode symmetric cells were constructed by contacting with Li disks.
When constructing 3-electrode cells, a reference electrode of approximately 1 mm diameter was
added to the disk (Figure 1a). Finally, the cells were sealed into pouches and a controlled uniaxial

pressure was applied.

How does temperature affect the critical current for voiding?

Cycling 3-electrode cells: temperature dependence under 1 MPa stack-pressure

3-Electrode cells were cycled under 1 MPa pressure at 25 °C, 60 °C and 80 °C. At each
temperature, cycling began at 0.25 mAcm™ and the current density was increased in steps of 0.25
mAcm™ every 5 cycles until cell failure. Whereas in the literature most cycling is carried out using
symmetric 2-electrode cells to investigate dendrite penetration on charging, the 3-electrode cell
enables differentiation between the stripping and plating processes at the Li/SE interface and here
we use it to focus on stripping during discharge. It is well established that in 3-electrode cycling,
an increase in polarisation during the process of stripping is due to contact loss at the Li/SE
interface due to voiding.?>?>*" Therefore, the critical current density for voiding is determined to
be exceeded at currents at which polarisation increases during stripping, Figure 1. As polarisation
is much lower on plating than stripping, Figure 1, there is no evidence of increased degradation of
LigPSsClI due to reduction at the Li anode on cycling.

The formation of the SEI layer between Li and LisPSsCl was studied by PEIS as a function of

time at elevated temperature (Figure S1) confirming that the layer growth self-limits at these
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Figure 1: a) Schematic of a 3-electrode LisPSsCl cell; WE, CE and RE stand respectively for
the working, counter and reference electrodes. 3-electrode cycling under 1 MPa pressure
moving 1 mAhem™ capacity at b) 25 °C, ¢) 60 °C and d) 80 °C. The working electrode was

plated first in each case.

elevated temperatures as it does at room temperature. All cycling experiments were carried out on
cells that had been rested to ensure formation of a stable SEI.

Considering first the cycling at 25 °C, a polarisation increase of approximately 26 mV is
observed during the first stripping of the working electrode at 0.25 mAcm™. By the 4™ stripping,
polarisation of almost 200 mV is observed, which immediately proceeds cell short-circuit on the

5t plating, indicating dendrite growth across the cell (Figure 1b). At 25 °C and under a low stack-



pressure of 1 MPa, 0.25 mAcm™ already exceeds the critical current for voiding. The loss of
contact leads to the high local current densities, dendrites and short-circuit on plating.??

By contrast, at the higher temperature of 60 °C (Figure 1c¢), cycling at 0.25 mAcm™ leads to very
similar polarisation on each cycle of ~4 — 8 mV. There is a small increase in voltage at the early
stages of stripping on each cycle, which we attribute to minor voiding that is filled on the
subsequent plating. This behaviour is in keeping with the fact that we do not expect an abrupt
transition from zero voids to voiding that accumulates on each cycle, but rather a transition region
where a few small and shallow voids form on stripping that are filled reversibly on plating (red
curve). On increasing the current density to 0.5 mAcm™, increasing polarisation is observed on
each successive stripping (increasing from 8 mV to 24 mV in the first cycle, to 27 mV in the second
cycle and to 33 mV in the third cycle), followed by sudden cell failure due to dendrite growth in
the fourth cycle (blue curve). Therefore, at the higher temperature of 60 °C, the critical current
density for voiding is greater than 0.25 mAcm™, but is exceeded at 0.5 mAcm™.

Finally, when cycling at 80 °C (Figure 1d), 0.25 mAcm™ again shows no increase in polarisation
on stripping, maintaining a stable voltage (red curve). Upon increasing the current density to
0.5 mAcm™, cycling remains highly reversible, maintaining a stable voltage (blue curve).
However, on increasing the current density to 0.75 mAcm™, the cell immediately exhibits severe
void formation on stripping (yellow curve), with the voltage increasing from ~6 mV to 61 mV
during the first stripping and reaching a polarisation of 248 mV during the fifth stripping, by which
time the cell shows clear signs of dendrite growth, evidenced by the fluctuations in the voltage
curve on stripping, features that have been discussed previously.*®# Therefore, at 80 °C, whilst
0.5 mAcm™ is below the critical current for void formation, 0.75 mAcm™ clearly exceeds this

critical value at 1 MPa pressure.



Imaging voids: Tomography of the Li/LisPSsCl interface

Morphological changes at the Li/SE interface on cycling were followed by XCT. 2-Electrode
symmetric cells were cycled at 80 °C under 1 MPa pressure at 0.5 mAcm™ and 0.75 mAcm™ i.e.
below and above the critical current for voiding determined in Figure 1d. The cells were imaged
after 25 cycles or following failure. In line with the 3-electrode results, a cell cycled at 0.5 mAcm’
2 at 80 °C and under 1 MPa pressure showed highly reversible cycling with little change in voltage
(Figure 2b), consistent with the absence of voiding during stripping. This result was supported by
XCT imaging, which showed little difference between the Li/LisPSsCl interface following the 25™
stripping (Figure 2e) and a pristine cell (Figure 2d). Good contact was seen between the Li
electrode (green) and the solid electrolyte (yellow) in both. The one area of blue, indicative of a
void, in Figure 2e represents only ~3 % of the electrode/electrolyte interface. On the other hand,
when a cell is cycled at 0.75 mAcm under the same conditions, increasing polarisation is observed
over 12 cycles (Figure 2¢) and voids (blue) are apparent across the entire interface between the Li
electrode and the solid electrolyte (Figure 2f). The cell ultimately short-circuits on the 13" plating,

indicating Li dendrite growth across the electrolyte as shown in Figure S3.
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Figure 2: a) Schematic showing the condition for void formation in the Li anode. 2-Electrode
cycling at 80 °C under 1 MPa at b) 0.5 mAcm™ and c) 0.75 mAcm; X-ray tomography cross-
sectional images of the Li/LisPSsCl interface for d) pristine cell and e) after cycling at 0.5 mAcm’
2 corresponding to (b) and ) 0.75 mAcm™ corresponding to (c). Green, blue and orange/yellow
indicate lithium, voids and LicPSsCl respectively. The values and associated colour scale

correspond physically to the X-ray attenuation and therefore the scattering by the constituent

atoms. Unsegmented XCT images are shown in Figure S2.
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Influence of pressure and temperature on the charge transfer resistance
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Figure 3: Nyquist plot of a Li/LicPSsCI/Li cell at -20 °C and 1 MPa stack-pressure, showing

the experimental data (red) and the fitting from the equivalent circuit model (black). The bulk

and grain boundary, SEI and charge transfer contributions are identified.

The importance of the mechanical properties of Li, and hence their temperature dependence, not
only applies to the dynamic Li/SE interface during cycling, but also to the static Li/SE interface of
a cell at rest. Previous work by Janek and co-workers used potentiostatic electrochemical
impedance spectroscopy (PEIS) to show that the interfacial impedance of the Li/LLZO interface
decreases with increasing stack-pressure, becoming very small at very high pressures and related
to constriction of current due to imperfect contact at the interface which reduces as Li yields under
high pressure.”® Before investigating the Li/LisPSsCl interface it is necessary to assign the features
in the PEIS spectrum. PEIS of a 2-electrode Li/LisPSsCI/Li cell was conducted at -20 °C and is
shown as a Nyquist plot in Figure 3. The spectrum was modelled as three parallel RC elements in

series, which were assigned, from high to low frequency, as bulk and grain boundary, solid
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R/C Element Resistance | Capacitance

Bulk + Grain boundary | 2901 Qcm 8.7 x 10" Fcm™!
SEI 402 Qcm? 1.2 x 107 Fecm™2
Charge Transfer 229 Qcm? 7.0 x 104 Fecm2

Table 1: Table showing normalised resistances and capacitances from the equivalent circuit

model fitting of a 2-electrode Li/LisPSsCl/Li cell at -20 °C

electrolyte interphase (SEI) and interfacial charge transfer impedances respectively according to
their capacitances, which are shown in Table 1.*! The bulk and grain boundary phenomena could
not be deconvoluted and so were modelled together, as in previous literature on argyrodite solid
electrolytes.*>* Further PEIS measurements were made in 10 °C steps up to 80 °C and these are
shown in Figure S4a. The associated Arrhenius plots are shown in Figures S4b-c and give
activation energies of 0.36 eV for bulk + grain boundary and of 0.45 eV for the SEI, in good accord
with the literature.***” It has been shown that on contacting LisPSsCl with Li, the former is reduced
resulting in a layer of predominantly Li>S beteeen the solid electrolyte and Li. The growth stops
rapidly and the layer acts as a passivating SEI, stabilising the interface.?>**> We assign the SEI
impedance to this layer. As a result, the charge transfer impedance at the inteface is between Li2S
and the Li electrode.

The effect of stack-pressure on the interfacial charge transfer resistance at different temperatures
is shown in Figure 4a, where an initial significant decrease is followed by a continuous plateau up
to high pressure. This indicates that at 25 °C Li behaves plastically and deforms even at low stack
pressures, a finding which is consistent with the low yield strength of Li at room-temperature (o
= 0.73-0.81 MPa).*® Figure 4b shows the pressure dependence of impedance at the lower
temperature of -20 °C. Again there is a decrease in the charge transfer resistance at the interface,

this time across a much wider pressure range than was observed at room-temperature, with no
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Figure 4: The pressure dependence of charge transfer resistance at the interface at a) 25 °C

and b) -20 °C. Note that the error bars give the error in the least-squares fitting of the charge

transfer resistance contribution only.

plateau evident until a pressure of approximately 12 MPa. This is consistent with decreased
deformation of Li at lower temperature, with higher stack pressures required to achieve the same
Li/SE contact. High temperatures not only aid in maintaining interfacial contact during the
dynamic process of stripping on cell discharge, but also decrease the charge transfer resistance.
Furthermore, the results show that operating a battery based on LisPSsCl and a Li anode becomes
problematical at low temperatures unless high pressures are used. As well as the charge transfer
resistance decreasing with pressure, so too does the bulk + grain boundary resistance, as shown in
Figure S7. By contrast, the SEI resistance shows much less change with pressure, suggesting the
decreasing resistance of the LicPSsCl ceramic could be due to reduced intergranular resistances in
this pressure range.

As seen in Figure 3, the charge transfer is not the largest resistance in the cell. In a practical cell
the solid electrolyte would be thinner and therefore the bulk and grain boundary resistances
smaller. However the important point is that the charge transfer resistance grows when stripping

under insufficient stack-pressure which leads to cell failure.
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It interesting to note that the data presented here are a close match to the inverse pressure
dependence of interfacial resistance under conditions in which Li is plastically deforming (Figure
S5) as predicted in the theoretical work of Harris and co-workers.? The stack-pressure dependence
of the Li/LicPSsCl interface was also investigated at 80 °C (Figure S6c). However, at this high
temperature, the relative magnitude of the interfacial contribution to the impedance, compared
with those of bulk and grain boundary, meant that errors in least-squares fitting were high and that

no change in interfacial resistance of any statistical significance was observed.

High critical current for voiding at moderate temperature and pressure

The above data show that morphologically stable cycling at 0.5 mAcm™ is possible at 80 °C
under 1 MPa. Previous research showed that only 0.2 mAcm™ under 3.5 MPa and 1 mAcm™ under
7 MPa was attainable at room temperature.’? Operating batteries at high pressures or temperatures
is unlikely to be viable in practice. Could a combination of moderate temperature and stack
pressure prove an effective strategy for achieving relatively high current densities for cycling?

In Figure 5, 3-electrode cycling is used to determine the critical current density for voiding on
stripping at a stack-pressure of 5 MPa. Cycling commenced at 0.25 mAcm™ and the current density
was increased in steps of 0.25 mAcm™ every 5 cycles to 1 mAcm™, then increased in steps of
0.5 mAcm™ until cell failure. For clarity, only key current densities are shown in Figure 5, with
complete cycling data shown in Figure S8. At a temperature of 25 °C (Figure 5a), the cell showed
no increase in polarisation and maintained a low and stable polarisation when cycling at current
densities up to and including 0.75 mAcm™ (yellow curve). This indicates that up to a current
density of 0.75 mAcm™, little or no voiding occurs on cycling. However, when cycling at 1 mAcm’

2 some polarisation on stripping is observed, with the voltage increasing by 28 mV at the end of

14



25 °C 0.75 mAcm? —;-gg micm'z 80 °C
800 1 ———1.00 mAcm? —2.50 mAcm’
. 5 MPa 1 50 mAcm? 1501 Ve — 5 MPa
> < 2
600 ] > A\~ 3.50 mAcm
% £ 1001
o 400 . %
5 = ] Stripping
o - o 904
> 2001 Stripping ] 2 -—
0] , 0
. —
200 f m" s Dendrite growth Plating
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Areal Capacity (mAh-cm?) Areal Capacity (mAh-cm™)
C) 100 T T T T
g0 80 °C j

604 2.5 mA-cm™ 1
404 5 MPa -— ]

S

E 204

> 0 ;

[

S 20

> 40 - Cycle 1 ]

Cycle 2
-60 4 Cycle 5 1
-80 ———Cycle 10
-100 chle 25

00 02 04 06 08 10
Areal Capacity (mAh-cm?)
Figure 5: 3-Electrode cycling under 5 MPa pressure moving 1 mAhem™ capacity at a) 25 °C,

and b) 80 °C. Complete voltage profiles for these cells are shown in Figure S8, including
additional current densities. Cell cycling began by plating the working electrode in each case.
¢) Cycling of a 2-electrode Li/LisPSsCl/Li symmetric cell at 2.5 mAcm™ at 80 °C under 5 MPa

stack-pressure, showing highly reversible plating and stripping over 25 cycles.

the 1st stripping and to 54 mV by the end of the 5" stripping (green curve), indicating irreversible
void formation. At 1.5 mAcm™ (grey curve), polarisation on stripping is severe, and stochastic
variation in the cell voltage provides the first indication of dendrite growth through the ceramic
separator.>® 0 While total cell failure did not occur until 2.5 mAcm?, it is clear that the critical

current density for voiding on stripping had been exceeded at 1 mAcm™.
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When cycling under a 5 MPa stack-pressure at an elevated temperature of 80 °C, little cell
polarisation was observed at low and moderately high current densities, with stripping at current
densities up to and including 2.5 mAcm™ (pink curve) maintaining low and stable potential,
(Figure 5b). At 3.0 mAcm™ (light blue curve), a very slight voltage increase is observed over 5
cycles, indicating some void formation, but it is not until 3.5 mAcm™ (brown curve) that severe
polarisation is observed, with the voltage reaching 0.55 V by the end of the 4" charge. This results
shows that under a stack-pressure of 5 MPa and temperature of 80 °C, the critical current density
has increased significantly to 2.5 mAcm™.

In order to confirm that the Li/SE interface can be reversibly cycled at a high current density
over an extended period, a 2-electrode cell was cycled at 2.5 mAcm™ under a 5 MPa stack pressure
at 80 °C. As shown in Figure 5c, the cell had a stable voltage profile throughout, showing no
polarisation increase over 25 cycles. It is clearly beneficial to cycle under higher stack-pressures,
however it must be acknowledged that there are challenges associated with up-scaling pressures
from small footprint laboratory-scale cells to larger footprint batteries, with challenges including

ensuring even pressure and preventing lateral flow in larger cells.*®

Importance of continuous stack-pressure

This work emphasises the importance of Li metal creep to the Li/LicPSsCl interface and
therefore continuous stack pressure during cell discharge. To demonstrate this further, a
Li/LigPSsCI/Li symmetric cell was constructed by pressing Li electrodes onto a cold-pressed
LisPSsCl disk under 100 MPa of pressure in a PEEK cell. The pressure was released and the cell
cycled under no stack-pressure at 80 °C, increasing the current density every 5 cycles (Figure 6).

The cell initially showed stable potential at the low current density of 0.25 mAcm? (red curve),

16
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Figure 6: Cycling of a 2-electrode Li/LisPSsCI/Li symmetric cell made under 100 MPa formation
pressure. Cycling was initially carried out under no stack-pressure. VVoltage was stable for 5 cycles
at 0.25 mAcm™ (red curve) but severe polarisation was observed at 0.5 mAcm™ (blue curve). The
interface was subsequently recovered by re-pressing at 100 MPa. The cell was then cycled under 5

MPa stack-pressure, achieving stable potential (green curve).

indicating that at low current densities self-diffusion in the Li is sufficient to prevent interfacial
voiding. At the higher current density of 0.5 mAcm, the cell shows polarisation due to voiding in
the first half-cycle (blue curve), giving a critical current for voiding significantly below the 2.5
mAcm current density observed under 5 MPa stack-pressure (Figure 5b). In order to demonstrate
that this failure can be prevented by a continuous stack-pressure, the same cell was re-pressed
under 100 MPa to eliminate the interfacial voids, reforming the Li/LisPSsCl interface. The cell
was then placed under a 5 MPa stack-pressure and a half-cycle was carried out at the same current
density (green curve), this time giving a stable voltage. It can therefore be concluded that using
high pressures to form the interface does not prevent interfacial voiding at even moderate current

densities, in agreement with previous work,* and that to achieve discharge current densities up to
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the 2.5 mAcm™ under 5 MPa at 80 °C reported in this work, continuous stack-pressures are

required.

Conclusion

Operating a solid-state battery with a Li anode at elevated temperatures increases the critical
current at which voids form. The critical current density for void formation on cycling at the
Li/LisPSsCl] interface increases from < 0.25 mAcm™ at 25 °C, to > 0.5 mAcm™ at 80 °C when
cycling under 1 MPa pressure. However, this increases to 2.5 mAcm™ at 80 °C under 5 MPa stack-
pressure, approaching cycling rates of interest for practical solids state batteries.

These results are in accord with Li creep dominating Li transport to the interface. The charge
transfer resistance at the Li/LicPSsCl interface depends strongly on temperature and pressure, in

accord with the role of Li plastic deformation being a dominant process.
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Experimental Section

Preparation of LisPSsCl Disks: LigPSsCl powder was purchased from AMPCERA and densified
into disks of 5 mm diameter and approximately 1 mm thickness by uniaxial pressing at 1 t.
Following pressing, the disks were transferred to a furnace, where they were sintered at 300 °C for
30 min. All preparation was conducted inside an Ar-filled glovebox (< 1 ppm O2 and H>O).
LisPSsCl powder was characterised by Powder X-ray Diffraction (PXRD), shown in Figure S9,
which indicated good purity of the LisPSsCl cubic phase.??°

Li/LisPSsCl/Li Cell Assembly: Two types of cell were used in this study: 1) pouch cells for
single-pressure testing and 2) PEEK cells for variable pressure testing. 2-Electrode pouch cells
were constructed by punching disks of Li 3 mm in diameter and approximately 50 um thick from
Li foil and affixing them to the LicPSsCl disks using uniaxial pressure. 3-Electrode cells were
made by the addition of a further I mm diameter Li disk as the reference electrode, alongside the
working electrode, as described previously.?? These were sealed under vacuum within a pouch
with Cu current collectors. All cells were placed under pressure at 80 °C overnight prior to cycling
to improve the Li/LisPSsCl contacts at the interfaces, except for that used for assignment of the
Nyquist plot (Figure 3) which was placed directly under 1 MPa pressure. All cells were rested for
at least 24 h prior to cycling to allow for a stable SEI layer to form at the Li/LisPSsCl interface.
PEEK cells were used for the variable pressure PEIS measurements. These cells were all 2-
electrode and used 5 mm Li electrodes.

Temperatures were controlled to + 0.02 °C using temperature control chambers (Huber) within

a glovebox (MBRAUN). Pressures were set using a custom load cell with a piezoelectric pressure

sensor as described in previous work.??
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Galvanostatic Cycling and PEIS: Galvanostatic cycling and PEIS were performed using Gamry
Interface 1010 E potentiostats. The areal capacity for galvanostatic cycling was fixed at 1 mAhcem™
2 throughout this study and cycling always began with plating at the working electrode and
stripping at the counter electrode. PEIS was performed using a voltage perturbation of 5 mV in a
frequency range of 1 MHz to 1 Hz unless otherwise specified, collecting 10 points per decade.
Temperature was controlled within a temperature control chamber as described previously. PEIS
spectra were fitted using an equivalent circuit model on the ZView software package.

X-ray Computed Tomography:

The cycled cells were disassembled and sealed into pouches for imaging in an Ar-filled
glovebox. X-ray tomograms were recorded within a Zeiss Xradia Versa 510 X-ray computed
tomography microscope at 80 kV accelerating voltage and current of 87.5 pA. For each tomogram,
2401 equiangularly distributed projections were taken over 360° with a resulting pixel size of 1.99
pm/voxel.

The tomograms were reconstructed using Zeiss Scout and Scan Control System Reconstructor
into 16-bit tiff images. The tiff images were resliced perpendicular to the Li/SE interface, and
cropped to show the voids at the Li/SE interface. The resliced images were then processed using
Avizo Fire. The 16-bit Hounsfield grayscale image was filtered with non-local means filter first,
then, then with lithium electrode, voids & LisPSsCl electrolyte segmented out with interactive
thresholding, respectively. With the grayscale of lithium electrode set to zero, and the grayscale of
voids and LigPSsCl electrolyte unchanged, a customised diverging colour-map was applied to the
resliced images to enhance the contrast between voids and lithium electrode.

Powder X-ray Diffraction:
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PXRD was carried out using a Rigaku MiniFlex 600 instrument with Cu Ka; radiation in a
glovebox with a nitrogen atmosphere. A powder sample was placed onto a low background single
crystal silicon sample holder and the diffraction pattern was collected over a 26 range of 15 ° to

90 °.

Associated Content

The supporting information is available free of charge.

Supporting Figures S1-9: PEIS showing SEI formation at 80 °C; Unsegmented XCT images of
pristine cell and after cycling; XCT cross-section showing voiding and dendrite growth; Nyquist
and Arrhenius plots showing temperature dependence of Li/LisPSsCl/Li impedance; Plot showing
dependence of charge transfer resistance on pressure; Nyquist plots showing temperature and
pressure dependence of a cell at rest; Plot showing temperature and pressure dependence of bulk
+ grain boundary and SEI resistances; Full cycling data under 5 MPa stack-pressure; PXRD of

LigPSsCl.
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