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Understanding Calendar Aging of Thiophosphate-Based Solid-

State Batteries
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While significant progress has been made to improve the energy density, power density, and cycle life of solid-state batteries
(SSBs), their calendar life, which dictates the capacity retention during storage, has been seldom studied. One key difference
between liquid electrolytes and solid electrolytes is the residual electronic conductivity in solids. Despite being small, the electronic
conductivity in solid electrolytes can lead to perceptible self-discharge especially when the battery is not under constant use.
However, its contribution to the calendar decay of SSBs has not been considered with existing studies solely focusing on the
irreversible capacity loss caused by the side reactions between electrodes and solid electrolytes. Here, we present our study on
calendar aging of LigPSsCl-based SSBs throughout 8 months of measurement at 25 and 60 °C. We report that apparent capacity
decay, 4.1% at 25 °C and 7.0% at 60 °C, occurs over the entire period of the test, highlighting the critical challenge of calendar
aging of SSBs. More importantly, by quantifying the irreversible and reversible capacity losses, we demonstrate the predominant
role of reversible self-discharge during calendar aging of SSBs and provide new insights into improving the calendar life of SSBs.
© 2025 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. All rights, including for text
and data mining, Al training, and similar technologies, are reserved. [DOI: 10.1149/1945-7111/ae0f59]
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Although lithium-ion batteries (LIBs) have enjoyed unprece-
dented growth and success in powering portable electronics and
small electric tools, they face challenges in safety, energy density,
service life, and cost for the applications of electrifying transporta-
tion and grid storage.' Solid-state batteries (SSBs) based on thiopho-
sphate solid electrolytes such as LigPSsCl, LijgGeP,S;,, and
Li,S-P,Ss, are considered a very promising candidate for next-
generation energy storage due to their great potential to improve
safety, energy density, fast charging capability, and cycle life
compared with today’s LIBs based on liquid electrolytes.>™® While
a longer cycle life is certainly necessary, it is not the only metric that
determines the service life of a battery because the capacity loss can
be caused by both cycling aging, i.e., capacity decay during repeated
charge/dischar%e cycles, and calendar aging, i.e., capacity decay
during storage.’~'° In real-world scenarios, calendar aging can play a
much bigger role than cycling aging because the operation periods
are substantially shorter than the idle intervals. For example, electric
vehicles (EVs) are idle for more than 90% of the time.''™'3 Although
calendar aging and cycling aging share many similar mechanisms, a
long cycle life does not necessarily indicate a long calendar life, as
demonstrated in Si-containing anodes."*~'® Current liquid-electrolyte
Li-ion batteries based on graphite-based anodes have been reportedly
demonstrated to have a long calendar life of >15 years."
Understanding the mechanism of calendar aging of thiophosphate-
based SSBs is critical to determine whether they can exhibit a
comparable or better calendar life but has rarely been studied.

The calendar aging of conventional liquid-electrolyte-based LIBs
is known to be a result of several simultaneous physicochemical
processes: loss of lithium inventory (LLI), loss of active material
(LAM), impedance rise, and reversible self-discharge (Fig. 1).810.18
A typical example for LLI is the growth of solid electrolyte
interphase (SEI) where the electrolyte reduction leads to lithium
incorporation into the SEI and this lithium is no longer available
between the electrodes.'” IAM can be caused by electrode dissolu-
tion, irreversible side reactions with the electrolytes, irreversible
phase transition (e.g., from layered to rock-salt) or local structural
evolution (e.g., Li/Ni site switching), electrode E)article isolation, and
electrode delamination during calendar aging.'® Impedance rise in
the cell can also occur during calendar aging, for example, by
excessive electrolyte consumption (also referred to as electrolyte
dry-out), leading to a decrease of the deliverable capacity of the cell
under a fixed voltage range for charge/discharge. All the above-
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mentioned three aging mechanisms can be considered as irreversible
capacity loss, i.e., the capacity decreased during aging cannot be
recovered upon subsequent charging. However, reversible self-
discharge can also occur in liquid-electrolyte LIBs during calendar
aging due to coupled side reactions between the cathode and the
anode.'®*® One example is through the CO, shuttle mechanism. CO,
in the electrolyte will be reduced at the anode, forming oxalate
(C,0,%7) that can diffuse back to the cathode and be oxidized back
to CO,, leading to a net result of two Li ions transferring from the
cathode to the anode internally.>"*> Amongst all the above pro-
cesses, LLI caused by SEI growth has been demonstrated as the
dominant mechanism in liquid-electrolyte-based LIBs.® A recent
study that analyzed the capacity loss of various cell chemistries from
existing literature results also suggests a strong t'*> dependency.® The
exact calendar life strongly depends on the quality of the SEI, which
is also the reason why graphite has a better calendar life than Si-
based anodes.'

While all the physicochemical processes, including LLI, LAM,
impedance rise, and reversible self-discharge, could also occur in
SSBs, due to the different properties between solid electrolytes and
liquid electrolytes, there can be distinct differences in the causes and
relative contribution of each process to the overall calendaring decay
(Figs. la and 1b). Firstly, most liquid electrolytes exhibit better
stability at high voltages than at low voltages, leading to a much
more pronounced formation of SEI than CEI in typical LIBs.
However, many solid electrolytes exhibit limited electrochemical
stability at both high voltages and low voltages.”>> As a result, side
reactions with the solid electrolyte will occur at both the cathode and
the anode.’®*’ The side reaction between solid electrolytes and
cathodes can not only lead to the apparent growth of cathode
electrolyte interphase (CEI), which enhances LLI, but also promote
loss of cathode active material (LAM) due to irreversible side
reactions between the solid electrolyte and the cathode.?”?
Secondly, solid electrolytes are not flowable and infiltrative as
liquids. Although the non-infiltrative feature of solid electrolytes
helps to form a less dynamic SEI/CEI (i.e., no need to reform part of
the SEI/CEI upon cracking or pulverization),?>* which will help
mitigate LLI, it will lead to a more severe issue in LAM because of
the challenge to keep the interfacial contact between solid electro-
Iytes and electrodes due to side-reaction-induced contact loss (so-
called “chemo-mechanical degradation™),?® electrode cracking and
pulverization during calendar aging. The third difference in SSBs is
the absence of electrode dissolution in electrolytes. This not only
eliminates LAM caused by electrode dissolution but also prevents
reversible self-discharge due to coupled side reactions between the
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Figure 1. Calendar aging mechanisms in liquid-electrolyte lithium-ion batteries and solid-state batteries.

cathode and the anode. Another distinct difference between solid and
liquid electrolytes is the existence of residual electronic conductivity
in solids. Although the electronic conductivity is typically orders of
magnitude lower than the ionic one in solid electrolytes, it is never
zero and therefore can lead to perceptible reversible self-discharge
especially when the battery is not under constant use.'~*>

Because of these differences, the capacity decay during calendar
aging of thiophosphate-based SSBs may be governed by different
mechanisms from the conventional wisdom learned from LIBs.
While the electrochemical stability of thiophosphate-based solid
electrolytes is limited at both high and low voltages, the SEI formed
at the interface between solid electrolytes (e.g., LigPSsCl and
LizPS,) and Li metal anodes is quite passivating 3335 The growth
of the SEI lazler at the Li/SE interface is very limited during long-
term storage.” This is also probably the reason why the only few
studies on calendar aging of SSBs all focused on LLI and LAM
caused by the side reactions between layered oxide cathodes and
solid electrolytes.”>>"*! Ceder et al. highlighted the importance of
interfacial instability, especially at high temperature and high state-
of-charge (SOC), on the calendar life of SSBs.?> Kang et al. reported
the first experimental study on the detrimental effect of high-
temperature storage of LigPSsCl-based SSBs due to the electrolyte
decomposition at the interface with LiNipgMng ;Cog 10, cathode.>
Through a series of careful structural characterizations, Yoon et al.
confirmed the enhanced side reactions between Ni-rich cathodes and
the lithium argyrodite-type solid electrolyte during high-temperature
storage.”” A recent study from Yang et al. also reported that the
LiNip gMng ;Coq 10, cathode composite with LigPSsCl solid electro-
lyte exhibits a much better capacity retention during aging than the
cathode with a bi-electrolyte (Li3YClg-LigPSsCl) due to the differ-
ences in the cathode/electrolyte reactions.” By comparing the
stability of cathode/electrolyte and anode/electrolyte interfaces, Lee
et al. first demonstrated that the calendar aging of the anode-free SSB
with a LiNig ggCog 0oAlg 30, cathode, LigPS5Cl solid electrolyte and
an Ag-C anode interlayer, is dominated by the side reactions between
the cathode and the solid electrolyte, rather than the anode/electro-
lyte interface.** Most recently, Wu et al. demonstrated that
LiCo0O,-LicPSsCl cathode experiences much less capacity decay
compared with LiNiygCog1Mng 10,-LigPS5Cl cathode during ca-
lendar aging due to the different extent of side reactions at a high
temperature and a high SOC.*!

While LLI and LAM caused by side reactions between the cathode
and the solid electrolyte will certainly be involved in SSBs, leading to
irreversible capacity losses, none of the previous studies investigated
the effect of residual electronic conductivity of solid electrolyte on
reversible capacity loss during calendar aging. While reversible self-
discharge seems to be not as detrimental as irreversible ones, it is
critical for applications that do not need frequent charging such as
backup power, seasonal equipment, or primary energy-storage systems,

and more importantly, it can lead to perceptible energy loss regardless
of the application. A recent study from Shao et al. suggests that the
electronic conducthlt?/ of many excellent solid electrolytes including
thiophosphates (~10 Sem™Y)is orders of magnitude higher than that
of LiPON (107'* and 10 S cm™)), and the long calendar life of
LiPON-based thin-film batteries*> cannot be assumed for bulk-type
solid-state batteries based on thiophosphate electrolytes.®' In fact,
apparent reversible self-discharge due to electronic leakage was
also observed in Wu et al.’s work by monitoring the open circuit
voltage of the cell during high-temperature aging.*' In this work,
we aim to understand the mechanisms of calendar aging of
thiophosphate-based SSBs by measuring their capacity decay
throughout 8 months of aging at 25 and 60 °C. Different from
the previous studies that solely focus on irreversible calendar decay
caused by side reactions between the cathode and the solid
electrolyte, we also quantify the reversible capacity loss to under-
stand the relative contribution of irreversible and reversible decay
mechanisms to the overall calendar decay. The results suggest the
important role of electronic leakage in the calendar decay of solid-
state batteries and point to new directions for further improving the
calendar life of thiophosphate-based SSBs.

Results and Discussion

The calendar aging measurement was performed with a typical
cell structure used in the solid-state battery community (Fig. 2a).°
The cathode consisted of LiNbOs-coated LiCoO, and LigPSsCI with
a weight ratio of 70:30. 1icPS5Cl was used as a solid electrolyte and
the thickness of the electrolyte is around 800 pm. Lig sIn was used as
the anode due to its excellent stability with LigPSsCl. Since
electronic leakage strongly depends on the electronic conductivity
of solid electrolyte, we used LigPSsCl synthesized in house to ensure
consistency of the measurement. Figures A-1-A-3 compare the
LigPSsCl synthesized in-house with the samples from the commer-
cial suppliers, and the results suggest that the LigPSsCl used in this
study is of high quahty with high purity, a superior ionic con-
duct1v1ty (43mS cm™ ) and low electronic conductivity (3.4 x
107'°S em ™) at room temperature. The test protocol for calendaring
aging consists of five formation cycles followed by seven aging/
diagnostic blocks. The aging was performed at 100% SOC and the
duration for the aging period is 1 month except for the second aging
which is 2 months, leading to the total aging time of 8 months
(Fig. 2b). Each diagnostic process includes 1st discharge to 3.0 V
immediately after aging and two complete cycles between 3.0 V to
4.2 V. The cell was then charged by a constant current constant
voltage (CCCV) protocol to 4.2V to ensure the cell was aged at
100% SOC. A typical constant current (CC) charging and dischar-
ging protocol was used for the cells without aging as the control
cells.



Journal of The Electrochemical Society, 2025 172 100519

(a)

(b) L 45

LiNbO; coated LiCoO,
cathode composite

LigPS;Cl electrolyte
(800 pm thick)

LiysIn alloy anode

Potential (V vs. Li/L

Formation Diagnostic

Aging Aging

—@— with aging
—&— without aging

-
o
o

© ©
o

Capacity (%)

O
D

21t

24t

Relative Discharge E

125°C
0 6 12 18 24 30
Cycle number

(<o}
N

Time

p—
2

RN
o
v

—&— with aging
—A— without aging

oth 12th

Capacity (%)

21t

Relative Discharge

60 °C
88+——r——r 24"

0O 6 12 18 24 30
Cycle number

Figure 2. (a) Cell structure. The studied SSB consists of a LINbO3-coated LiCoO, cathode, an 800 pm-thick LigPS5Cl solid electrolyte, and a Li-In alloy anode.
(b) Test protocol. After 5 formation cycles at C/20, the cell undergoes a CCCV charging to 4.2 V, followed by seven aging/diagnostic blocks. Each aging/
diagnostic block includes an aging period, a discharge process at C/20 directly after aging, two cycles at C/20, followed by a CC charging at C/20 to 4.2 V and a
CV charging at 4.2 V for 12 h to equilibrate the cell at 100% SOC. The duration of the aging period is 1 month except for the 2nd aging which is 2 months. (c and
d) Discharge capacities at different cycles during testing with and without aging at 25 °C (c) and 60 °C (d). The discharge capacity was normalized based on the

discharge capacity from the formation cycles.

Figure 2 shows the evolution of the discharge capacities of the
cells at different cycles at 25 °C (Fig. 2c) and 60 °C (Fig. 2d). Since
the capacity decay can be caused by both cycling aging and calendar
aging during the test, we compared the capacity loss of the cell with
and without aging. Although a quick capacity decay can be observed
during formation cycles due to the stabilization of the interphases,
the cells experienced a much faster capacity decay during the
subsequent cycles with aging compared with those without aging
at both temperatures, indicative of apparent calendar decay. The
capacity loss at a higher temperature is larger than that at a lower
temperature. While a gradual decrease of the capacity with cycles
can be observed during testing without aging, there are some
“valleys” for the discharge capacity right after aging (Figs. 2c and
2d, i.e., the discharge capacity decreases right after aging (cycle 6th,
9th, 12th...) and then increases back for the subsequent diagnostic
cycle (cycle 7th, 10th, 13th...). The results suggest that capacity loss
can be recovered upon subsequent charge, which is a strong
indication of reversible capacity loss. The capacity loss is so large
that we cannot see the capacity increase due to CCCV charging
(compared with the CC charging) before the aging period. The
results clearly suggest that electronic leakage plays a critical role in
the capacity decay of SSBs.

To understand the capacity decay during the test, we plotted the
discharge capacities right after each aging, denoted as the Ist
discharge capacity, and the discharge capacity for the subsequent

diagnostic cycle, denoted as the 2nd discharge capacity, with
increasing aging durations (Fig. 3a). Both capacities have important
implications in the practical application. The 1st discharge capacity
indicates the remaining capacity of the cell after experiencing all
decay mechanisms including both cycling decay and calendar decay,
while the 2nd discharge capacity provides information on the
remaining capacity only due to irreversible decay mechanisms.
The capacity retentions of 1st and 2nd discharge processes after 8-
month storage are 95.9% and 95.3% at 25 °C, and 93.0% and 91.4%
at 60 °C, respectively. The gap between the 1st and 2nd discharge
capacity is related to the reversible capacity loss. The larger gap
observed at a higher temperature is consistent with the increase of
electronic conductivity with temperature (Figs. A-3 and A-4).

We then investigated the trend of the decay of the 2nd discharge
capacity after different aging periods. Previous research on calendar
aging of LIBs suggests that irreversible capacity decay follows a
power law relation with time.®'> Most studies suggest the capacity
decay follows a square root of time relationship because the side
reactions between electrodes and electrolytes as well as SEI growth
can be considered a diffusion-controlled process.® However, no such
power law relationship can be observed for SSBs studied in this
work. The detailed reason for such behavior is currently unknown
but might be related to LAM caused by non-side-reaction-related
mechanisms such as irreversible structural degradation of the
cathode active material itself. Based on the existing data, we applied
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a simple linear extrapolation to estimate the capacity decay over a
long period of aging (Fig. 3b). The projection in Fig. 3b shows that
the calendar life, where the capacity drops to 80%, is around 1000
days at 25 °C and around 700 days at 60 °C. While the calendar life
is certainly dependent on the cell form factor and testing protocol,
such a limited calendar life for SSBs with a relatively stable
LiNbO;-coated LiCoO; cathode,” an 800 um-thick solid electrolyte,
and a relatively stable Li-In anode is still quite alarming.

It should be noted that the irreversible capacity decay of SSBs in
Fig. 3 is caused by both cycling aging and calendar aging, even if the
cells experienced only a relatively small number of cycles.
Quantifying the individual contribution of calendar aging and

cycling aging to the overall capacity decay is challenging, even for
industrial standardized cells with well-known chemistry, because of
their coupling effects.**** To understand the effect of cycling aging
and calendar aging on the degradation of the cathode, we performed
differential capacity vs voltage (dQ/dV) analysis for cycles 7th, 10th,
and 13th for cells with and without aging (Fig. 4). Because of the
excellent stability of the Li-In anode with LigPSsCl solid electrolyte
and the excessive Li inventory in the cell, the dQ/dV curves mainly
reflect the charge/discharge behavior of the cathode. The charge/
discharge curves used for the analysis are shown in Fig. A-5. No
apparent changes in the dQ/dV curves can be observed for the cells
tested without aging at both temperatures (Figs. 4a and 4c). For the
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cells that experienced aging, the peak for the discharging process
shifted to a low potential accompanied by a slight decrease in the
peak intensity for the charging process (Figs. 4b and 4d), indicative
of irreversible degradation of the cathode. The results indicate that
calendar aging at 100% SOC plays a more important role in the
deterioration of the cathode than cycling aging. It should also be
noted that the testing protocol for calendar aging can have a large
impact on the results,*® and for the present study, the constant
voltage charging step for 12 h to 100% SOC may lead to irreversible
side reactions between the cathode and the solid electrolyte.” To
understand its effect on the overall calendar decay, we also
performed a dQ/dV analysis of SSBs tested with constant voltage
charging and without aging (Fig. A-6), and only minimal change can
be observed in the dQ/dV curves for the 7th, 10th and 13th cycles.
The results suggest that, while irreversible capacity loss due to
cycling aging certainly exists, a majority of the irreversible capacity
decay is due to calendar aging.

To elucidate the relative contribution of irreversible and rever-
sible capacity loss during calendar aging, we extracted the irrever-
sible and reversible capacity losses after each aging (Fig. 5). As
demonstrated in Fig. Sa, the reversible capacity loss is determined by
subtracting 1st discharge capacity from the 2nd discharge capacity
within each diagnostic block, and the irreversible capacity loss is
determined by subtracting the 2nd discharge capacity of the current
diagnostic block from the 3rd discharge capacity of the previous
diagnostic cycle. Figures 5b and 5S¢ compare the irreversible capacity
loss and reversible capacity loss at 25 and 60 °C. Except for the 6th
aging at 25 °C, the reversible capacity losses are larger than the
irreversible ones at both 25°C (Fig. 5b) and 60 °C (Fig. 5c),
suggesting the critical role of electronic leakage in the capacity
decay during aging. The electronic leakage-induced capacity decay
is also supported by the larger reversible loss for the 2nd aging which
experiences a longer period of storage than others. In addition, the
ratio of irreversible/reversible capacity loss at 60 °C is generally
lower than that at 25 °C (Fig. A-7), suggesting that the increase
in the electronic conductivity with temperature is more predomi-
nant than the enhanced side reactions between the cathode and the
solid electrolyte at 60 °C. The reversible capacity loss at 60 °C
(~2 mAh gfl) is around two times that at 25 °C (~1 mAh gfl) for
1 month aging consistent with the increased electronic conductivity
at higher temperatures (Figs. A-3 and A-4). Overall, the results
provide strong evidence for electronic leakage-induced reversible
capacity loss during calendar aging.

To further understand the structural evolution of the cathode
composite after long-term storage, we tested the XRD of the cathode
after aging at 25 °C and 60 °C (Fig. 6). Despite the slight peak
broadening for the cathode aged at 60 °C, no apparent impurities can
be observed from the XRD results after aging at 100% SOC for
8 months at 25°C and 60 °C. While irreversible side reactions
between LigPSsCl and LiCoO, certainly occurred, the products from
these reactions are either amorphous in nature or the content of these
phases is too low to be detected from a lab XRD test. Moreover,
these irreversible processes did not alter the main structure of
LiCoO, cathodes during long-term aging at quite harsh conditions.

This work highlighted the critical role of reversible self-discharge
on the calendar decay of the thiophosphate-based SSBs. The
important effect of electronic conduction induced calendar decay is
also supported by the voltage decay measurement for solid-state cells
with varying electrolyte thicknesses (Fig. A-8), as the cell with a
thicker electrolyte has less voltage decay during calendar aging due
to the increase in the resistance for electronic leakage. Although
irreversible capacity loss due to side reactions between the cathode
and the solid electrolyte certainly exists, reversible self-discharge
should also be considered for the calendar decay of SSBs. It should
be noted that the replacement of a relatively stable LiNbOs-coated
LiCoO, cathode with the start-of-the-art layered oxides such as Ni-
rich oxides will lead to more severe side reactions between the
cathode and the solid electrolyte, leading to enhanced irreversible
capacity loss. However, for practical applications, the thickness of
the solid electrolyte should be much lower than 800 pm. Theoretical
predictions indicate that the electrolyte thickness needs to be
decreased to <100 pm or even <50 pm to realize the energy density
benefit of SSBs, the decrease in the electrolyte thickness will
promote the electronic leakage in the SSB.>* Understanding the
chemical and structural evolution of the electrodes and their
interphases during calendar aging and correlating them with the
capacity losses to further understand the decay mechanisms are
ongoing in our lab and will be published in our future study. This
work calls for more careful evaluations of calendar aging with state-
of-the-art cathodes and anodes and with realistic cell form factors.
The effect of stack pressure, which has been commonly applied to
thiophosphate-based solid-state batteries, on calendar decay should
also be carefully studied. The large effect of electronic leakage on
calendar aging also requires the development of new methods to
qualify calendar decay. The voltage decay method, which measures
the decrease of the open circuit potential during storage, may not
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fully reflect the real calendar life of the battery under conditions with
repeated charging.'®>' Different aging periods may also need to be
used for testing the calendar life of SSBs depending on the charging
frequency of the application.

In addition, the study also points to new directions to improve the
calendar life of SSBs by lowering the electronic conductivity of solid
electrolytes. A rough estimate based on the reversible capacity loss in
Figs. 5b and 5S¢, using Ohm’s law, will lead to an electronic conductivity
of 35x 10" S em™" at 25°C and 7.0 x 107'° S em™" at 60°C,
consistent with a previous study.®' The electronic conductivity is several
orders of magnitude higher than that of LiPON.***® It should be noted
that theoretically, electronic transport in solid electrolytes is driven by
Fick’s law due to the diffusion of electronic carriers.*° However, the
total electronic conductivity including both electron conductivity and hole
conductivity under a fixed range of Li activity (or equivalent potentials)
can be considered constant because of no change in the defect equilibria
of the solid electrolyte, and therefore Ohm’s law can be used to roughly
estimate the electronic conductivity in the solid electrolyte as well as the
electronic leakage induced reversible capacity decay in SSBs. The
research advocates a more fundamental investigation of electronic
transport in Li solid electrolytes such as voltage dependence, charge
carrier, and dominant root causes (grain boundaries, surfaces, impurities,
non-stoichiometry etc.) to develop materials solutions to improve the
calendar life of SSBs. Many excellent tools, both theoretical and
experimental, have already been developed by the solid state ionics
community to study electronic transport in oxygen ion conductors for
solid oxide fuel cells.*>'* One of the main lessons we learned from the
development of Si-containing anodes in liquid-electrolyte LIBs is that,
fluoroethylene carbonate (FEC) additive, which was discovered to largely
improve the cycling stability, was later found to promote calendar
decay."*** As many approaches such as doping/substitution used to
improve the ionic conductivity or electrochemical stability of solid
electrolytes will alter the electronic transport property, more careful
evaluation of the electronic conductivity of solid electrolytes should be
done during the development of advanced electrolytes for their successful
integration in SSBs.

Conclusions

In summary, we analyzed the capacity decay of SSBs with a
LiNbOj-coated LiCoO, cathode, an 800 pm thick LigPSsCl solid
electrolyte, and a Li-In alloy anode during 8-month aging at 100%
SOC at both 25 and 60 °C. Over the entire aging test, the capacity of the
SSB decreased 4.1% at 25 °C and 7.0% at 60 °C. Notably, capacity loss
does not follow a typical power law with aging time, suggesting the
complexity of the aging mechanism beyond a typical diffusion-controlled
process. Based on a linear extrapolation, the calendar life of the studied
SSB is around 1000 days at 25 °C and around 700 days at 60 °C. It is
reasonable to expect that the calendar life of SSBs with an advanced
cathode such as Ni-rich layered oxides and a thinner electrolyte
(<100 pm) will be much shorter, highlighting the critical challenge of
calendar decay of thiophosphate-based SSBs. By quantifying the
irreversible and reversible capacity losses, we demonstrated a predomi-
nant role of reversible self-discharge in the overall calendar decay at both
25 and 60 °C. We also found that the reversible capacity loss increases
with the aging time, and the relative contribution of reversible capacity
loss increases with temperature, both of which are related to the
predominant role of electronic leakage over the irreversible decay
processes. The research highlights the importance of reversible capacity
loss during calendar aging of thiophosphate-based SSBs and calls for
more careful studies on quantifying, understanding, and mitigating
calendar aging of SSBs to facilitate their successful utilization in
applications where the longevity of batteries is a critical metric.

Experimental

Materials synthesis and characterization.—LicPS5Cl solid elec-
trolyte was prepared by solid-state synthesis method. Li,S, P,Ss, and
LiCl with a stoichiometric ratio were mixed through ball milling at
110 rpm for 6 h. The mixed powders were vacuum-sealed in a
carbon-coated quartz tube and annealed at 550 °C for 24 h. Lig sIn
used as the counter and reference electrode was prepared by melting
Li and In with an appropriate molar ratio at a temperature of 50 °C
higher than the melting temperature. X-ray diffraction measurements
were done on a Panalytical X’Pert Diffractometer using a Cu Ka: X-
ray source.

Cell fabrication.—To prepare a solid-state Li—In/LigPSsCI/LiCoO,
full cell, 80 mg LicPSsCl powders were first pressed at a pressure of
100 MPa. A 15 mg cathode composite consisting of LiNbO3 coated
LiCoO, and LicPSsCl (weight ratio LiNbOs-coated LiCoO,:LigPSsCl
= 70:30) was spread on the top of the solid electrolyte layer. The
cathode and solid electrolyte were then pressed together under 350 MPa
for 3 min. 100 mg Li-In anode was pressed on the other side of the
solid electrolyte under 300 MPa. The initial stack pressure for the cell is
70 MPa. A customized cell consisting of a 10 mm diameter stainless
steel die lined with polyether ether ketone (PEEK) and two stainless
steel current collector rods was used to test the electrochemical
performances of the cells. The stack pressure was controlled using a
load cell (FC2331-0000-2000-L). A similar design was also reported
from a previous report.>

Electrochemical measurements.—The calendar decay of the
solid-state cells was tested using Arbin or LAND battery testing
systems at 25 or 60 °C. The voltage and current range of the Arbin
system is £5 V (with a 0.02% accuracy) and 100 pA (with a 0.05%
accuracy), respectively. The voltage and current range of the
LANHE system is 5V (with a 0.05% accuracy) and 1 mA (with a
0.05% accuracy), respectively. After 5 formation cycles at C/20, the
cell underwent a CCCV charging to 4.2 V, followed by seven aging/
diagnostic blocks. Each aging/diagnostic block includes an aging
period for 1 or 2 months, a discharge process at C/20 directly after
aging, two cycles at C/20, followed by a CC charging at C/20 to
4.2V and a CV charging at 4.2 V for 12 h. A typical constant current
(CC) charging and discharging protocol was used for the cells
without aging as the control cells. The electronic conductivity of
LigPSsCl solid electrolyte was measured by DC polarization of a
two-blocking-electrode using a BioLogic VSP-300 potentiostat. The
cell was polarized under a small DC voltage of up to 0.5V to
determine the steady-state current after 12 h. The electrodes for cells
were properly insulated and the cells were put in a Faraday cage
(BioLogic FC-45) for the electronic conductivity measurement. An
ultra-low-current module (BioLogic ULC300) that can lower the
base current range from 1 pA to 1 pA was also used with the
potentiostat to improve the instrument’s resolution to detect small
currents. The ionic conductivity of solid electrolytes was measured
by electrochemical impedance spectroscopy using a BioLogic VSP-
300 potentiostat.
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Figure A-1. X-ray diffraction of LigPSsCl solid electrolytes synthesized in house and from commercial suppliers.
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Figure A-2. Impedance spectra (a) and room temperature ionic conductivity (b) of LigPSsCl solid electrolytes synthesized in house and from commercial
suppliers.
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Figure A-3. Current vs time curves during DC polarization (a, ¢, and e) and electronic conductivities (b), (d), and (f) of LicPSsCl solid electrolytes synthesized in
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Figure A-5. Charge/discharge curves of solid-state cells with and without aging at 25 and 60 °C.
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