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ABSTRACT: The next generation of all-solid-state lithium-ion batteries (ASLIBs) based ot

on solid-state sulfide electrolytes (SSEs) is closest to commercialization. Understanding
the overall safety behavior of SSE-ASLIBs is necessary for their product design and
commercialization. However, their safety behavior in real-life situations, such as battery
exposure to high temperature, overcharge, mechanical rupture, and air exposure, remains
largely unknown. Herein, we report preliminary but needed evidence of (i) significantly
improved resistance to electrical shorting at high temperatures, (ii) reduced heat
generation when subjected to excessive heat, (iii) tolerable harmful gas generation when
subjected to air exposure followed by high-temperature heating, and (iv) high-voltage
charge stability when a battery is overcharged (5.5 V charge) in SSE-based ASLIBs
compared to commercial liquid electrolyte-based LIBs (LE-LIBs). Furthermore, the result
shows that SSEs can self-induce a fast and effective battery shut-down capability in ASLIBs
and avoid thermal runaway upon mechanical damage and exposure to air.

B INTRODUCTION

In the last few years, widespread advancements in lithium-ion
battery (LIB) technology have accelerated the commercializa-
tion of battery-powered electric vehicles."” Such batteries need
to satisfy far more challenging requirements, for instance, high-
energy density, faster charge—discharge cycles, safety, long
cycling life, etc. Among these, one of the most vital issues in
LIBs, which still needs significant improvement, is their overall
safety. In this respect, all-solid-state LIBs (ASLIBs) utilizing
nonflammable solid-state electrolytes (SEs) are considered
promising alternatives to conventional LIBs using flammable
organic liquid electrolytes (LEs). As the system becomes LE-
free, these ASLIBs are expected to release less energy, resist
electrical shorting, and generate minimal harmful gases when
damaged or subiected to harsh conditions responsible for
thermal runaway.”

Many inorganic compounds have been explored as SEs for
ASLIBs, such as sulfides, oxides, phosphates, etc.”® However,
oxide/phosphate-based SEs are intrinsically safer than sulfide-
based SEs (SSEs), as sulfides are low in thermal stability and
absorb air moisture to form harmful gases like hydrogen sulfide
(H,S) and carbon monoxide (CO).”~'* Regardless, SSEs are
arguably more practical for high-energy ASLIBs because of their
high ionic conductivity and lower grain boundary resist-
ance.'™'® Moreover, the lower elastic modulus of these SSEs
results in intimate contact with the active materials when
pressed.'” It allows the fabrication of bulk-type ASLIBs without
using sluggish physical vapor deposition techniques needed for
fabricating thin-film oxide/phosphate-based ASLIBs. Among
SSEs, lithium thiophosphates (Li;PS,) and argyrodites (Li;,PS;X
(X =Br, Cl, I)) show high room temperature ionic conductivity
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~1 mS/cm and low interfacial resistance between the electrode/
electrolyte, along with easy compressibility, all necessary
properties to build commercial-type high-energy cells.'®™*°
Therefore, the current research and development activities in
building commercially relevant ASLIBs focus on employing
lithium thiophosphates/argyrodites as SSEs.

Intensive research on SSE-ASLIBs has been on enhancing
their electrochemical performance; however, understanding
their operational safety at component and cell levels is still
lacking.”' Therefore, in this work, we present preliminary but
essential information about the overall safety behavior of
ASLIBs using two SSEs (LPSCI and LPSBI). These two SSEs
are used because LPSBI has a higher ionic conductivity and
anode stability."*™*° In contrast, LPSCI has relatively higher
stability against high-voltage cathodes, such as lithium cobalt
oxide (LiCoO,, LCO), lithium nickel manganese cobalt oxide,
etc., which require charging at higher voltages (>4 V).”> We have
investigated the thermal, electrical, and environmental safeties of
ASLIBs consisting of a (i) LPSCI + LCO cathode, (ii) LPSCI
electrolyte, and (iii) LPSBI + graphite anode and compared the
data with LE-LIBs. Differential scanning calorimetry (DSC) has
been used to determine thermal safety. Temperature-dependent
changes in the open circuit voltage (OCV) of fully charged cells
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Figure 1. (a) Arrhenius plots of SSEs (LPSCI, LPSBI) and LE (1 M LiPF4 in EC:DMC:EMC +2 wt % VC). (b) Discharge curves of ASLIBs using
LPSCI (blue curve) and LPSBI (green curve) vs LE-LIBs (red curve). Inset (panel (b)) shows impedance (Nyquist) plots of ASLIBs using LPSCI
(blue curve) and LPSBI (green curve) electrolytes vs LE-LIBs (red curve).
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Figure 2. DSC curves of the (a) different electrolytes, (b) LE-LIB and SSE-ASLIB full cells, and (c) SSE-ASLIB at different SoCs. (d) Table
summarizing all of the DSC parameters obtained from the plots shown in panels (a—c).

have been done to determine electrical safety. ASLIB cells at damage to the cell and the resultant air exposure—an in-built
different states of charge (SoCs) have been exposed to air and safety valve in SSE-based ASLIBs is necessary to mitigate battery
heated at high-temperature (23—500 °C) in the air to determine
their environmental safety by quantifying released H,S due to
thermal decomposition. A mechanism has been observed that
can quickly shut down the cell operation upon mechanical battery thermal runaway.”

thermal runaway. In liquid electrolyte-based Li-ion batteries,

polymer separator shut-down is a safety mechanism to avoid
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Figure 3. (a) OCV of a charged SSE-ASLIB vs a charged LE-LIB at different temperatures. Voltage vs capacity plots at high-voltage (3—5.5 V) cycles

for the (b) LE-LIB and (c) SSE-ASLIB.

B RESULTS AND DISCUSSION

lon Conductivity. We have confirmed the quality of
synthesized SSEs (LPSCl and LPSBI) using impedance
measurements. From the slope of the Arrhenius plot (Figure
la), activation energies (E,) of the two SSEs have been
estimated using the equation

o(T) = A exp(—E,/RT) (1)

where T is the absolute temperature, A is a pre-exponential
factor, and R is the gas constant. For LPSBI, E, is 0.24 eV,
whereas for LPSC], E, is 0.27 V. Referring to earlier published
reports,”** these SSEs can be utilized as SEs for ASLIBs.
Electrochemical behaviors of full cells with SSEs have been
studied by constant current charge/discharge cycling at room
temperature (RT). Two ASLIBs with an LPSBI and LPSCI SEs,
an LCO+LPSCI cathode, and a graphite+LPSBI anode have
been cycled along with a LE-LIB having an LCO cathode and a
graphite anode. At the second discharge (Figure 1b), the cells
with LPSBI, LPSC], and LE (1 M LiPFg in EC:DMCEMC +2 wt
% VC) exhibited specific discharge capacities of 119.77, 77.59,
and 141.31 mAh/g, respectively. The performance corroborated
the observation from the Arrhenius (Figure 1a) and the Nyquist
(inset of Figure 1b) plots, where it is seen that LE shows a higher
conductivity as compared to the SSEs at RT. Based on the
Arrhenius plot in Figure 1a, the conductivity of LE is better than
SSEs below RT (measured up to —20 °C for this experiment).
Hence, the low-temperature performance of LE-LIB is expected
to be better than SSE-ASLIB. However, the ASLIBs are expected
to perform better at temperatures above RT. Given that these
ASLIBs show competitive electrical and electrochemical
performances compared to LE-LIBs, we are confident that the
safety data generated and analyzed below will have direct
commercial significance for the development of ASLIBs.
Thermal Safety. Thermal runaway is one of the major
failure modes in LIBs. Generally, it occurs due to a series of
uncontrolled exothermic reactions releasing a large amount of
heat, which increases the reaction rate because of the
temperature, possibly resulting in an explosion.”® Thus, it is of
utmost importance to investigate the operational range of
ASLIBs. The severity of the thermal safety of a battery depends
on several factors including, but not limited to, the chemical
composition of electrolytes and electrodes,”” the amount and
rate of heat released, heat release initiation temperature, types

and the amounts of gases generated during battery heating/fire,
etc. For a thermally safe or, more accurately, a thermally safer””
battery, the heat released, if any, should be small enough that it
does not initiate any unwanted chemical/exothermic reactions
responsible for thermal runaway. Before measurements, the
SSE-ASLIB and the LE-LIB were charged to 4.3 V (100% SoC).
Figure 2a shows the heat release profiles of the two SSEs, and it is
observed that LPSCl is thermally superior to LPSBI. Moreover,
the heat released from the LE is much higher than that from
SSEs. For example, LPSCI barely releases any heat (Figure 2a -
green curve) vs LE (326]/g at 258 °C (Figure 2a - black curve)).
The heat generation and exothermic peak observed in the
present work are similar to earlier reported work, showing an
exothermic peak at 273 °C with a higher magnitude of heat
generated (588 J/g).”® Therefore, LPSCl is the best choice, in
terms of thermal safety, to fabricate ASLIBs.

Figure 2b compares the DSC curves of the fully charged (4.3
V, 100% SoC) SSE-ASLIB and LE-LIB using an LCO cathode
and a graphite anode. The conventional LE-LIB starts releasing
heat below 200 °C and becomes more energy-intense than SSE-
ASLIB, which releases heat ~300 °C (~100 °C difference) with
lower heat intensity. The LE-LIB also shows two major
exothermic peaks at 230 and 265 °C; the corresponding
changes in the enthalpy are 300 and 35.6 J/g, respectively. On
the other hand, the fully charged SSE-ASLIB shows one
exothermic peak at 372 °C, with the corresponding change in
enthalpy of 114.6 J/g. Compared to the LE-LIB, the exothermic
reaction of the SSE-ASLIB appears at a higher temperature,
releasing a small amount of heat. More importantly, the heat
release rate is slower. The heat release in the LE-LIB is sharp, a
large cell format, which can lead to quick local heating (less time
for heat to dissipate) and thermal runaway.

Figure 2¢ compares the heat release profiles of the SSE-ASLIB
at different SoCs. It is found that apart from the cell with 100%
SoC, no significant exothermic peaks were observed in the cells
with lower SoCs, suggesting that the ASLIB becomes more
thermally active as the SoC increases. In contrast, the heat
released (above 300 °C) in the ASLIB is gradual, minimizing the
probability of local heating by improving the chance of more
natural heat dissipation. Thus, these results confirm that the
SSE-based LIBs are thermally more stable and safer than the
conventional LIBs and can be used even for higher temperature
operations.
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Figure 4. () Air stability of SSEs and SSE-based ASLIBs, represented by H,S release with increased temperature changing, with different SoCs, (b)
resistance change of the LE and SSE vs the time of air exposure, (c) discharge and resistance of ASLIBs and color change of the SSE before and after air
exposure, and (d) discharge and resistance of LE-LIBs and color change of the LE before and after air exposure.

Electrical Safety. Another critical failure mode in LIBs is
electrical shorting, either due to dendrite formation in an aged
cell or the separator’s mechanical failure (rupture/melting) at
high temperatures. An electrical short can cause high current
flow internally in the cell that leads to battery heating, causing
damage to the separator, electrolyte, and consequently, damage
to the electrodes, eventually resulting in battery thermal
runaway. One of the plausible solutions to this problem is to
replace the low melting separator used in the LE-LIB with an
SE.*”*° Figure 3a shows the variation in the OCV of the SSE-
ASLIB and LE-LIB at different temperatures. At 110 °C, the
OCV of a fully charged LE-LIB gradually decreases in 2 h,
whereas, at 160 °C, the OCV significantly drops down after 500
s and keeps falling at a much higher rate when compared to the
OCV, decreasing at 110 °C. This may be ascribed to the
shrinkage of the polyethylene separator at high temperatures.*

A sudden voltage drop can be the signature of the direct
electrical shorting of a battery. As high temperatures accelerate
chemical degradation, the marginal voltage drop is also expected
in ASLIBs.”" As shown in Figure 3a, the SSE-ASLIB exhibits a
slow voltage drop at 160 °C; notably, the voltage drop is not as
rapid as in the LE-LIB. The dimensional stability of the SSE
(LPSC], annealing temperature SS0 °C) prevents direct
electrical shorting of ASLIBs even at higher temperatures.
Thus, this small loss in voltage in the ASLIB can be attributed to
the chemical degradation of the electrolyte/electrode at high
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temperatures such as 160 °C. Hence, the SSE system present in
ASLIBs can resist electrolyte-led electrical shorting even beyond
160 °C and is expected to eliminate or delay the thermal
runaway.

Yet another battery failure mode that can initiate thermal
runaway is charging the LIB to higher voltages. For example, in a
LE-LIB with an LCO cathode, irreversible structural changes
and cobalt dissolution happen if it is overcharged. Overcharge
can cause unstable charge voltage (formation of microshorts)
and fast decay of discharge capacity.”' Figure 3b shows the first 4
cycles of a LE-LIB, which has been charged/discharged to 5.5/3
V. Significant discharge capacity decay can be observed after
each cycle; the specific discharge capacity of the 4th cycle is
10.3% of the 2nd cycle. In contrast, after the first cycle of the
solid electrolyte interphase formation, the following 4 cycles
show a very minute capacity decay despite the fact that the
ASLIB has been repeatedly charged to 5.5 V and discharged to 3
V (Figure 3c). The specific discharge capacity of 4th cycle is
93.2% of the 2nd cycle. Moreover, even after repeated
overcharging to 5.5 V, the voltage profile of the ASLIB remains
stable, unlike microshorts observed in the LE-LIB. This
demonstrates the ability of ASLIBs to sustain repeated high-
voltage charges and hence embodies high electrical safety
compared to LE-LIBs.

Environmental Safety. Environmental safety is another
parameter that can be critical in determining the usefulness of
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these SSEs in commercial batteries. As reported earlier, LE-LIBs
can emit several fatal gases, including hydrogen fluoride (HF),
when burning.*” It has been shown that SSEs can react to moist
air and form undesirable gases like H,S.”® Utilizing the exact
quantities of the materials used to fabricate the full cells, all
measurements for the SSEs and SSE-based components have
been carried out. Figure 4a shows the concentration of H,S
released upon the contact of SSEs, SSE-based components, and
ASLIBs with air, representing the air stability of SSEs and their
derivatives. The observed patterns show that LPSCI has a
gradually increasing slope for temperatures lower than 300 °C.
The release rate slowed down from 300 to 400 °C, forming a
plateau. At 400 °C, the rate of release increases again. Similar
behavior is observed in LPSBI with a higher level of H,S
generated, both in the amount and rate of release. Due to
negligible amounts of SSEs in the electrodes, the H,S release is
observed only from the anode sample. This result agrees with the
observation of LPSBI being less stable than LPSCI. ASLIBs with
different SoCs obey the following trend of H,S release, with the
order from high to low: 0, 50, and 100% SoC. The most probable
reason for the sudden increase in the H,S release rate could be
the cracking of the ASLIB pellet due to heating that can expose
SSEs to air (high temperatures can induce cracks in the cell
stack, Figure S1) and lead to a higher rate of H,S release. The
maximum H,S level detected was <25 ppm, which can cause
fatigue, loss of appetite, headache, irritation, poor memory, and
dizziness, but not loss of life.

Figure 4b shows changes in SSE (LPSCI) and LE resistances
with air exposure time. In the first 5 min, the difference in
resistance of LPSCl and LE were (+) 4% and (—) 4.1%,
respectively. After 30 min, the change was drastic, especially in
LPSCI, with the change in resistance of LPSCl and LE being (+)
981% and (+) 7.3%, respectively. The LE remains conducting
for a longer time. In contrast, the SSE decomposes in 30 min air
exposure, and its deteriorating electrochemical behavior can
further be confirmed at the cell level (Figure 4c,d).

ASLIBs using a 30 min air-exposed SSE could not discharge,
and the impedance plot was too scattered to show herein as a
comparison. Figure 4c shows a decline in discharge capacity and
an increase in impedance of ASLIBs using a 5 min air-exposed
SSE. As seen from the inset pictures of Figure 4c, as the time of
air exposure increases, the color of the SSE rapidly changes from
gray to brown. Also, the particles of the 30 min air-exposed SSE
are significantly agglomerated and show a weight gain of 12.5%
(weight before air exposure = 88 mg, weight after 30 min air
exposure = 99 mg), mainly due to moisture absorption and
reaction with oxygen. On the other hand, the LE exposed to air
for 5 and 30 min results in a slight increase in impedance, but
discharge capacity is largely unaffected Figure 4d. No color
change was observed for the LE before and after 30 min air
exposure, implying that the LE degrades in the presence of air,
but the rate of degradation is too slow compared to air
degradation of the SSE.

The data from Figure 4 implies that the resistance increase in
the SSE-ASLIB upon air exposure is rapid and can work as a
safety valve in shutting down Li" transport in ASLIBs. Thus, the
separator needs to shut down to avoid thermal runaway
initiation when the battery is subjected to accidents and is cut
open to air. This self-creating safety-valve characteristic (quick
resistance rise when exposed to ambient air) of the SE is a new
observation and can prove vital in ASLIB safety.
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B CONCLUSIONS

SSE-based ASLIBs show excellent operational safety compared
to LE-LIBs. For example, ASLIBs show: (i) less intense and late
initiating exothermic peaks, (ii) no electrical shorting beyond
160 °C, (iii) cycling up to 5.5 V charge, (iv) marginal amounts of
H,S when heated up to 500 °C, and (v) a capability of self
battery shut-down in case of air exposure. Thus, the results of
thermal, electrical, and environmental abuse tests suggest that
SSE-ASLIBs are exceptional in terms of safety compared to their
LE-based LIB counterparts. We believe the findings of this work
would be beneficial for designing and commercializing next-
generation high-energy, high-safety ASLIBs suitable to operate
in harsh conditions.

B EXPERIMENTAL METHODS

The SSEs (LPSCI (LigPS;Cl) and LPSBI (Li;P,SsBry<lys))
have been synthesized in-house in a box furnace inside an argon-
filled glove box (Figure S2), using a scalable manufacturing
process. The detailed synthesis procedure has been given in the
Supporting Information. This modified synthesis/annealing
process of SSEs using a furnace differs from the earlier method
that involves annealing the SSEs in sealed (volume constraint)
quartz tubes.”” The electrical and electrochemical behavior of
the synthesized SSEs have been evaluated by measuring
impedance, charge/discharge, and DSC tests. The air exposure
test was done in a tube furnace connected to a sealed box with a
H,S and CO sensor and a hygrometer in it (Figure S3). These
experimental details have been provided in the Supporting
Information. Furthermore, two sets of experiments were
designed: (i) LIB using fresh LE, S and 30 min air-exposed
and (ii) ASLIB using fresh SSE, S and 30 min air-exposed, to
prove the air safety of SSE-based ASLIBs vs LE-based LIBs. The
impedance of all of the cells using fresh and air-exposed
electrolytes was measured to determine the extent of electrolyte
degradation when exposed to air for both the LE and SSE. The
discharge capacities of the LIB and ASLIB using fresh and air-
exposed electrolytes were also measured to prove the real-life
functional impact of air exposure.
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