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promising electrochemical performance in high-energy-density lithium-metal
batteries. This work evaluates their thermal stability under abuse conditions to

ABSTRACT: Several advanced electrolytes (mainly ether-based) have shown g4 o V;
==

elucidate their safety limits compared to carbonate electrolytes typically used 350, 300°C
in Li-ion batteries. Electrolyte stability was assessed in conjunction with a = 2800 A
LiNiy Mny;Co, ;O, cathode and a Li-metal anode at ultra-high voltages (<4.8 £ ﬂgg
V) and temperatures (<300 °C). The onset and extent of heat release were =

s

monitored via isothermal microcalorimetry and differential scanning
calorimetry. Most ether-based electrolytes show improved thermal resilience
over carbonate electrolytes. While extreme voltages severely destabilize the
ether-based electrolytes, a phosphate-based localized high-concentration electrolyte exhibits improved stability over carbonate
electrolytes, even at 60 °C. Although thermal analysis during the first charge process may be insufficient to conclude the long-
term advantages of these electrolytes, a more stable electrolyte identified under extreme voltage and temperature conditions
provides valuable guidance for the safety of future electrolyte designs.
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T he climate crisis demands immediate decarbonization in the early rechargeable Li batteries in the 19705,6’7 the safety

of energy production, which is stalled by the issues associated with dendritic Li formation and low

intermittent nature of renewables such as solar, Coulombic efficiency (CE) hindered the viability of their
wind, and hydropower. As a result, there is an ever-growing development and use in practice. The ever-growing demand
pressure to develop high-energy storage systems to store the for higher energy density batteries revived the interest in
renewable energy and level the load. In addition, to impede realizing viable LMBs, and the collective knowledge about this
severe environmental deterioration caused by fossil fuel anode gained over many years of studies is hoped to be able to
consumption, there is an urgent need to expand the solve these challenges.” With this goal in mind, the Battery500
electrification of the transport sector and enable wider use of Consortium, launched in 2016, leads a collaborative effort to
renewable energy in our society. The needed expansion can develop next-generation LMBs delivering specific energy up to

only occur if high-energy storage is available. Especially in the 500 Wh/kg, which is more than double that of state-of-the-art
Li-ion battery technologies and aims to provide electric vehicle

manufacturers with more reliable batteries that are high-
performing, safe, and less expensive.

The critical challenges for high-energy LMBs are the
formation of dendritic Li, poor CE, and compatibility issues
with high-voltage cathodes. To address these issues, one core
strategy is to create novel electrolytes that can stabilize the
interface to suppress Li dendrite formation and support high-
voltage cathodes. Most electrolyte solvents are unstable against

electric vehicle field, high-energy batteries are highly
demanded to provide performance comparable with that of
conventional internal combustion engine vehicles and propel
the expansion of electric vehicles in our society, which can
largely eliminate greenhouse gas emissions from motor
vehicles.

The need for higher energy density storage systems has
revived the interest in lithium-metal batteries (LMBs). A Li-
metal anode (LMA) has always been seen as the holy grail for
batteries because it is the lightest metal that contributes to an
extremely high theoretical specific capacity, 3860 mAh/g, Received:  January 31, 2023
having the lowest electrochemical potential of —3.040 V vs Accepted:  March 7, 2023
standard hydrogen electrode.' There have been many
applications of LMAs in primary batteries before now.”

Although a LMA was adopted in the groundwork of
rechargeable Li batteries in the 1970s°~> and had been applied
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Table 1. List of Electrolytes and Their Properties”

Carbonate-Based Electrolytes

Electrolyte composition Name
1 M LiPF4 in EC-DMC (1:1) LP30
1 M LiPF in EC-EMC (3:7) LP57
1 M LiPF¢— 0.125 M LiNO;—0.025 M Mg(TFSI), in MD25"

FEC-EMC (3:7, v/v)

Ether-Based Electrolytes

Electrolyte type Electrolyte composition Name
Fluorinated 1 M LiFSI in FDMB FDMB"
1.2 M LiFSI in FSDEE xs'
1.2 M LiFSI in F4DEE with 2 wt% X4
LiDFOB
LHCE 1.54 M LiFSI in DME-TTE M47'
(22:78, v/v)
1.54 M LiFSI in DME-TFEQ ED2"
(21.5:78.5, v/v)
Phosphate-based 1.05 M LiFSI in TEPa-OTE (1:3, v/v) T3

LHCE

Ionic conductivity (mS/cm) Viscosity (cP) Densi?r Boiling point
(25 °C) (25 °C) (g/cm?) (°Cc
~10 35 1.30 EC: 248"
8.88 3.0 1.07 DMC: 90
7.49 3.16 1.27 EMC: 110
FEC: 210
Ionic conductivity (mS/cm) Viscosity (cP) Densit?f Boiling point
(25 °C) (25 °C) (g/cm?) (°Cc
3.5 S 1.25 ~150
5.01 + 0.09 3.39 142 >170
~4.76 + 0.007 ~6.97 ~1.38 >170
2.44 4.92 1.48 DME: 85
1.79 6.23 1.46 TTE: 93.2
TFEO: 144
0.36 S.5 1.49 TEPa: 220
OTE: 113

“Abbreviations: LiPF, lithium hexafluorophosphate; EC, ethylene carbonate; DMC, dimethyl carbonate; EMC, ethyl methyl carbonate; FEC,
fluoroethylene carbonate; Mg(TFSI),, magnesium bis(trifluoromethanesulfonyl)imide; LiNO, lithium nitrate; LiFS], lithium bis(fluorosulfonyl)-
imide; FDMB, fluorinated 1,4-dimethoxybutane; FSDEE, 1-(2,2-difluoroethoxy)-2-(2,2,2-trifluoroethoxy)ethane; F4DEE, 1,2-bis(2,2-difluoro-
ethoxy)ethane; LiDFOB, lithium difluoro-oxalato borate; DME, 1,2-dimethoxyethane; TTE, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether;
TFEO, tris(2,2,2-trifluoroethyl) orthoformate; TEPa, triethyl phosphate; OTE, 1H,1H,5SH-octafluoropentyl 1,1,2,2-tetrafluoroethyl ether.

the strongly reducing Li metal at low voltages and oxidizing
cathodes at high voltages. After many years of exploration,
several advanced electrolytes have been developed, includin%
localized high-concentration electrolytes (LHCEs).”™"
LHCEs can benefit from reducing the free solvent in the Li"
solvation structure, thereby enhancing the Li CE in high-
concentration electrolytes (HCEs) while mitigating the poor
wetting and conductivity of the HCE by adding functional
solvent(s) as diluent in it, typically consisting of partially
fluorinated ether molecules. The fluorinated ether solvent can
help form a robust LiF-rich solid—electrolyte interphase (SEI),
which can improve the Li CE through the Li-friendly ether
backbone and shift the oxidation stability to a higher voltage
via terminal C—F groups.'”~"* Triethyl phosphate is another
promising solvating solvent for use in LHCEs which has been
shown to alleviate the severe unfavorable side reactions and
reduce the flammability of electrolytes.'”"> To enhance the
anodic stability, newly designed carbonate electrolyte for-
mulations, made with a multi-salt strategy, have been shown to
boost LiNO; dissolution in the carbonate solvent with the
addition of divalent salts.'®'” The combination of LiNO; and
LiPF; in the carbonate solvents forms an inorganic-rich SEI
and cathode—electrolyte interphase (CEI), enabling the Li
anode to achieve a high Li CE and high-voltage NMC811
cathodes to realize a long cycle life, with the additional benefit
of using salts with lower cost than pure lithium bis(fluoro-
sulfonyl)imide (LiFSI).'® Although these new electrolytes can
outperform commercial carbonate electrolytes in LMBs
electrochemically, their safety and stability windows are vastly
unexplored.

In this study, the thermal stability of seven newly developed
electrolytes were evaluated and compared to those of two
commercial carbonate electrolytes, 1 M LiPF;/EC:DMC
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(LP30) and 1 M LiPF,/EC:EMC (LPS7) (all electrolyte
compositions are summarized in Table 1, including definitions
of the abbreviations used). Two types of measurements were
performed for the evaluations. One is differential scanning
calorimetry (DSC), in which active materials and electrolytes
are subjected to elevated temperatures (as high as 300 °C) to
compare the thermal runaway during a dynamic heating
process.'”*® Using this method, thermal stability is tested not
only for the electrolyte itself but also in coexistence with a
highly charged LiNiysMn,;Coo;0, (NMC811) cathode
(charged to 4.8 V) or a charged LMA. The other is isothermal
microcalorimetry (IMC), which is employed to monitor the
real-time heat evolution from full cells during a charging
process, including the listed electrolytes. IMC is an operando
technique that can monitor a cell’s thermal evolution during
electrochemical cycling. It has been extensively used to study
parasitic reactions in Li-ion batteries and to understand
thermal signs in cell degradation.”'”>’ Real-time monitoring
of the heat flow generated by all cell components and
processes provides valuable insight to pinpoint the sources and
extent of side reactions. The measured heat is a sum of
contributions from reversible Faradaic reactions at the
electrodes as well as the irreversible parasitic reactions that
result in cell degradation. Identifying the onset and
culmination of parasitic reactions can elucidate the limits of
safe cell operation and the conditions at which cell
components and the electrolyte have optimal stability. To
push the limits of stability and match the DSC studies, the
operando measurements were performed by charging cells to
4.8 V and at isothermal temperatures of 32 °C, 45 °C, and 60
°C to mimic the different working conditions of the cell. This
preliminary study is expected to provide a rough estimation of
the safety of these new electrolytes and is hoped to also

https://doi.org/10.1021/acsenergylett.3c00235
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Figure 1. Ex situ DSC profiles of electrolyte only, electrolyte + Targray NMC811 charged to 4.8 V, and electrolyte + Li-metal anode after
being charged with the electrolytes listed in Table 1: (a) commercial LP57, (b) commercial LP30, (c) MD25, (d) FDMB, (e) X3, (f) X4, (g)
M47, (h) ED2, and (i) T3. The total integrated heat released from each experiment is summarized in (j).

provide the groundwork for the exploration of better
electrolytes in the future.

Thermal Runaway Tests at Elevated Temperatures
via Ex Situ Calorimetry. The high-temperature thermal
stabilities of different electrolytes in conjunction with active
materials were studied using DSC. To avoid interference from
the ambient environment and any possible heat loss through
the gas release during the tests, high-pressure capsules
containing active materials and electrolyte were assembled
inside a glovebox to accurately monitor any thermal
decomposition as the cell components were heated to 300
°C. To pinpoint the main sources of thermal instability,
electrolytes were heated not only by themselves but also in the
presence of the NMC811 cathode or LMA, after the cathode
and anode were charged to 4.8 V with each electrolyte. The
results are summarized and compared in Figures 1 and S3.
There are two critical temperatures for the measured heat flow:
one is the onset temperature, indicating the starting point of
exothermic heat generation, and the other is the peak
temperature, marking the moment when the intense thermal
runaway reaction happens. Considering electrolyte only, most
ether-based electrolytes do not have the apparent exothermal
peaks that are observed for carbonate-based -electrolytes,
although some exhibit a slightly lower onset temperature.
The integrated exothermic heat flow during heating,
summarized in Figure 1j (blue bars), also shows smaller heat
releases for almost all ether-based electrolytes than for the
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carbonate-based electrolytes, indicating former have better
thermal stability than the latter if considering the electrolyte
only. This could be attributed to the higher thermal stability of
the salt—solvent pairs used in the ether-based electrolytes.
LiFSI salt is known to have better stability than LiPFy, as LiPF
can catalyze chain reactions with itself as well as with the
organic solvent molecules.”® In addition, fluorinated ether and
carbonate solvents can have superior thermal resilience over
non-fluorinated carbonate and ether solvents.”**"

The thermal runaway behavior changed significantly when
the charged NMC811 cathode and electrolytes were heated in
conjunction. Almost every electrolyte produced an enhanced
exothermic response during the heating, and both onset and
peak temperatures shifted to lower values (Figure S3),
indicating worse thermal stability in the presence of the
charged cathode. This is likely due to the high reactivity of the
Ni-rich NMC cathode (NMC811), especially at the high state
of charge (SOC) (charged to 4.8 V), exacerbating the side
reactions with the electrolytes and reducing the thermal
stability. However, comparatively, most ether-based electro-
lytes still exhibited higher heat release peak temperatures
(Figure S3b) and smaller integrated heat flow than the two
commercial carbonate electrolytes (LP30 and LPS57). This is
especially notable for the recently reported fluorinated ether
electrolyte XS, which showed less than half the heat release
observed in LP30 (green bars in Figure 1j). The multi-salt
carbonate electrolyte (MD25) also released less heat during

https://doi.org/10.1021/acsenergylett.3c00235
ACS Energy Lett. 2023, 8, 1735-1743
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Figure 2. Heat flow measurements via isothermal microcalorimetry from Li-metal coin cells with Targray NMC811, galvanostatically charged
to 4.8 V at (a) 32 °C, (b) 45 °C, and (c) 60 °C isothermally, and rested at open-circuit voltage. Dotted curves represent electrochemical
profiles, and solid curves show the measured heat flow. Upward features in the heat curves indicate an exothermic response. (d) Summarized

integrated heat release for different electrolytes.

the heating than the two commercial carbonate electrolytes
(LP30 and LPS7), although they have similar thermal
behaviors for the electrolyte alone.

Ether-based electrolytes have traditionally been used with
LMAs, due to the ether backbone’s ability to solvate Li",
providing a higher CE than carbonate solvents. While common
ether solvents such as 1,2-dimethoxyethane (DME) are known
to have low thermal stability (BP = 85 °C) and low oxidative
potential (<4.0 V vs Li*/Li), by using co-solvents/additives
and higher salt concentrations, both thermal and high-voltage
performance can be improved.'”** Utilizing high-stability salts
and solvent additives can help passivate the highly reactive
surface of the Nirich NMC cathode and LMA, thereby
limiting the side reactions between the electrode surfaces and
the electrolyte. Although all these new electrolytes were
initially designed to stabilize the cycling of LMA, they can also
function to form thin and stable CEI films on the surface of
cathode particles.”” To verify that the increased heat release
with the electrolytes in the presence of the charged cathode
was mainly a result of parasitic reactions between the cathode
and the electrolyte, not solely due to the reactive cathode itself,
the charged NMC811 powders were heated to 300 °C without
any electrolyte (Figure S4). Regardless of whether charging
was performed in a commercial carbonate electrolyte or a new
ether-based electrolyte, the cathode powders heated by
themselves all showed a similar heat release. An exotherm is
observed as the temperature exceeds 190 °C, which marks the
onset of thermal decomposition of the NMC811 cathode. The
resultant heat flow from the cathode by itself was comparable
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to that of the electrolytes only and much smaller than the heat
release when the cathode and electrolytes co-existed in the
same capsule. Thus, the highly reactive charged cathode itself
is not the main cause of the severely worse thermal stability of
the cathode + electrolyte systems, verifying the major
contribution to be from the side reactions between them.
Furthermore, while NMC811 and carbonate electrolytes
exhibit high-intensity reactions concurrent with the thermal
decomposition temperature of the NMC811 cathode, the peak
temperatures for the exotherms with ether electrolytes are
delayed to higher temperatures, especially with fluorinated
ether electrolytes X4, XS, and FDMB (Figure S3a).

The thermal behaviors at elevated temperatures were also
evaluated when these electrolytes coexisted with the post-
charge LMAs. As expected, both the modified carbonate-based
electrolyte and the ether-based electrolytes produced signifi-
cantly less heat release than the two commercialized carbonate
electrolytes (LP30 and LPS7) (red bars in Figure 1j),
manifesting their ability to be better at stabilizing the Li-
metal surface. All LiPFg-containing carbonate electrolytes
(LP30, LP57, MD25) showed earlier onset for exothermic
reactions, below the melting point of Li-metal (180.5 °C),
whereas the major exotherms with LiFSI-containing ether
electrolytes and LMA appeared past the melting point of Li.
Although the multi-salt carbonate electrolyte MD25 showed
higher reactivity with LMA than the LiFSI-ether electrolytes,
the total heat flow was less than those of LP30 and LPS7.
Blending Li salts is a commonly used strategy to enhance the
performance and safety of electrolytes by synergistically

https://doi.org/10.1021/acsenergylett.3c00235
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utilizing the desired properties of different salts. LINOj is a salt
additive commonly paired with LiPFs and LiFSI for its
tendency to promote a Li,O-rich SEL'”'® The MD25
electrolyte benefits from LiNO; salt additive, as well as the
fluorinated fluoroethylene carbonate (FEC) co-solvent, which
is another passivating additive that promotes the desired
inorganic SEI, thereby showing improved stability with LMA
over the LP30 and LP57 electroly’ces.15 On the other hand,
concentrated LiFSI has been shown to have better stability
with LMA than LiPF, even in the carbonate solvents ethylene
carbonate (EC) and dimethyl carbonate (DMC).*® This is
typically attributed to the high reactivity of FSI” with the
LMA, forming a LiF-rich SEL'%*” Such SEIs formed in the
electrolytes beyond LPS7 and LP30 are rich in inorganic
species (LiF, Li,O, or Li;N) compared to the SEIs formed in
LP57 and LP30'**" and, therefore, provide better protection
from thermal reactions between the LMA and the electrolyte.
Furthermore, the desired LiF-rich CEIs were also found in the
LHCEs (M47 and ED2) with FDMB, X5, and X4."'~'* As a
result, the reactivity of NMC811 and the electrolyte is also
reduced in comparison to those of LP57 and LP30.

In conclusion, the commercial carbonate electrolytes LP30
and LPS7 showed a significantly higher heat release (almost
10-fold that for electrolyte only) when heated with Li-metal,
whereas the new electrolytes effectively improved their high-
temperature stability with LMA to various degrees. This
further verifies the poor compatibility of commercial carbonate
electrolytes with LMAs, signifying the importance of exploring
new electrolyte chemistries to realize viable LMBs.

Real-Time Thermal Monitoring at Extreme Voltages
via Isothermal Microcalorimetry. Ex situ DSC is a valuable
tool to assess the component-level thermal stability of active
materials and electrolytes during a dynamic heating process.
However, considering the real applications, this method is
insufficient to elucidate the cell-level reactivity under harsh
operating conditions such as elevated potentials and temper-
atures. To explore the dynamic thermal behavior of the
electrolytes in coin-cell batteries including an NMC811
cathode and LMA and observe the severity of exothermic
reactions, IMC was employed. The real-time heat flows from
the cells were monitored while charging to extreme voltages
(up to 4.8 V) at increasing isothermal temperatures (32 °C, 45
°C, and 60 °C) to evaluate the upper limit of stability and
severity of heat release under these abuse conditions.

The dynamic heat flow signals and corresponding galvanic
profiles were collected by using an isothermal microcalorimeter
and an electrochemical cycler, and the combined results are
shown in Figure 2. The exothermic events shown in the heat
curves are mirrored by the features in the voltage profiles, aside
from the waving peaks of heat flow signals that appeared before
2 h, which are attributed to the temperature balance of the
calorimeter. All electrolytes exhibit baseline heat flow until
approximately 4.4 V, even at 60 °C, after which an exothermic
uptick is observed, marking the onset of exothermic side
reactions. While for most electrolytes this exothermic reaction
exhibits a single peak or bump, the LHCEs present a distinct
plateau-like feature in both voltage and heat flow curves. The
two LHCEs, M47 and ED2, similarly formulated with LiFSI
and DME, suffer from an extended side reaction as the
potential exceeds typical operating limits (>4.4 V), where a
significantly higher exothermic heat flow is prompted. This
could be due to the high-voltage instability of the non-
fluorinated ether solvent DME present in both electrolytes.
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The 1 M LiFSI/DME electrolyte is known to have a low
oxidative stability, limited to <4 V."* For M47, the high-voltage
exotherm is even more intense than that for ED2, the former
additionally including 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetra-
fluoropropyl ether (TTE) as a diluent instead of the
tris(2,2,2-trifluoroethyl) orthoformate (TFEO) in ED2.
Similar phenomena have also been observed in other ether
electrolytes, like poly(ethylene glycol) (PEG), in which the
ether chain (—C—O—C—) will be oxidized when the voltage is
higher than 4.3 V in Li/NMC622 batteries.”® Thus, the
notable exothermic side reactions and the distinct plateau-like
voltage profile above 4.5 V indicate that there may be potential
safety risks under voltage abuse conditions with M47 and ED2.
Once the upper voltage limit is exceeded, stability becomes
compromised, prompting severe self-decomposition and cross-
over parasitic reactions with other components, resulting in
much higher heat generation than with other electrolytes. This
speculation was further verified by another similar operando
thermal measurement for M47 electrolyte with a 4.4 V cutoff
voltage at 60 °C, where the heat release was significantly
reduced and no plateau-like feature in either the heat flow
curve or the voltage curve was observed (1256 J/g vs 46 J/g)
(Figure S6).

Figure 2d summarizes the total integrated heat flow values
for each electrolyte. The electrolytes based on fluorinated ether
electrolytes, FDMB, XS, and X4, show high-voltage thermal
stability similar to that of the commercial carbonate electro-
lytes LP30 and LPS7 and significantly better stability compared
to the DME-containing LHCEs. The improved oxidative
stability of the fluorinated ether electrolytes over that of the
DME-based electrolytes is likely owed to their having lower
highest occupied molecular orbital levels due to the function-
alized —CF,— incorporation.13 FDMB, XS, and X4 have
superior high-voltage stability up to 45 °C, after which parasitic
reactions increase by nearly 3-fold. A shoulder-like exotherm
emerges at 60 °C, indicating worsened side reactions at the
higher temperature.

Non-flammable, phosphate-added, fluorinated ether T3
electrolyte exhibits the lowest heat flow among the tested
electrolytes, indicating the highest resilience to the severe
charging voltage of 4.8 V and high temperature of 60 °C.
Under such abuse conditions, salts and organic solvents in the
electrolyte can decompose to form radical species with high
reactivity. Phosphate esters such as triethyl phosphate (TEPa)
are thought to have a free-radical scavenging ability which can
combat the chain-like electrolyte decomposition reactions. T3
electrolyte benefits from two flame-retardant solvents, TEPa
and 1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethyl ether
(OTE).”**” However, TEPa does not form a stable SEI/CEI,
which may reflect negatively on its electrochemical perform-
ance.”* Thus, the use of high-boiling-point, non-flammable
solvent additives can be a viable strategy to enhance the high-
temperature and high-voltage resilience of electrolytes.

Similar to the results of the DSC experiments, the MD25
multi-salt carbonate electrolyte shows somewhat improved
stability over the commercial carbonates, especially at elevated
temperatures of 45 °C and 60 °C. The incorporation of a
LiNO; salt additive and FEC co-solvent improves the high-
voltage and high-temperature stability of the conventional
LiPFs-EC solvent pair. Typically, the exothermic flow is
expected to increase when the cell temperature is increased, as
elevated temperatures can prompt higher reactivity of cell
materials. While this phenomenon is observed for most
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Figure 3. Operando DSC measurements performed on (a) Targray NMC811 vs EcoPro NMC811 with M47 electrolyte that were charged
and rested at 4.8 V at 60 °C isothermally. Upward features in the heat curves indicate an exothermic response. Same measurements
performed on Targray NMC811 with (b) different volumes of M47 electrolyte and (c) different coin cell configurations. (d) Summary of the

integrated heat release for (c).

electrolytes, where temperature and heat flow present as a
linear correlation, the M47 and ED2 show a different trend.
For the two LiFSI-DME-containing LHCEs, the highest heat
flow is observed at 45 °C, and the high-voltage plateau seems
shortened at 60 °C, which can be observed more closely in
Figure S7. Uncovering the reason behind this phenomenon
requires further in-depth analysis, which is beyond the scope of
this study.

Influence of Other Components on the Cell Thermal
Stability. The above IMC measurements were carried out on
Hohsen 2032-type coin cells, each containing a Targray
NMCS811 cathode, 50 uL of electrolyte, and 600 pm thick Li-
metal anode. In a systematic study, using M47 as the sample
electrolyte, it was found that when some of the cell
components were changed, the heat release would be different.
In Figure 3, changes in (a) cathode material (Targray or
Ecopro NMC811), (b) quantity of electrolyte, and (c) coin
cell parts were studied to elucidate their influence on
electrolyte reactivity. The X-ray photoelectron spectroscopy
(XPS) analysis of Targray NMC811 powders (Figure S8)
suggests the presence of a boron-containing surface mod-
ification, although this information was not released by the
vendor. Upon subjecting the two NMC811 analogues to the
4.8 V charge experiment, using an Ecopro NMC811 cathode,
without any detectable coating/substitution (Figure S8), a
higher heat release was observed compared to Targray
NMCS811, containing boron on the surface (1487 J/g vs
1256 J/g) (Figure 3a). Thus, cathode modification is a viable
way to improve the thermal stability, as similarly shown in our
recent work on niobium-coated/substituted NMC811.*° This
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also signifies the importance of characterizing purchased
materials.

Another strategy to limit cell reactivity is to reduce the
amount of electrolyte in the coin cell, which can limit the
extent of side reactions (Figure 3b). Although excess
electrolyte is beneficial for longer cycle life as a countermeasure
to electrolyte depletion, the thermal stability and the energy
density of the cell may be sacrificed. Therefore, a trade-off may
exist between stability and performance. LiFSI-based electro-
lytes are prone to corrode stainless steel coin cell parts, and it is
important to reinforce the cell parts with protective coatings to
reduce corrosive reactions during electrochemical testing.
Figure 3c,d shows the operando DSC tests with different cell
configurations (different coin cell parts, Al coating, with/
without adding Al foil). The results show that, when other
conditions are identical, the Hohsen coin cell produced
significantly less exothermic heat in comparison to the MTI
coin cell, which can be attributed to the better corrosive
resistance for the former (coin cell: Hohsen SS 316L vs MTI
SS304, see Figure S9). Thus, corrosive resistance properties of
the coin cell parts can suppress the exothermic side reactions.
Furthermore, Al protections (Al coating and Al foil addition)
are a very effective strategy to impede the corrosive reactions
between the electrolyte and stainless steel. These findings are a
reminder that enhancing the performance of LMBs in real
applications is a complex project, not only demanding
optimization on the materials level but also requiring
compatibility in the whole system.

The thermal stabilities of many newly developed, com-
petitive electrolytes for LMBs were studied by ex situ DSC and
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operando DSC (IMC) and compared to those of two
commercial carbonate electrolytes, LP30 and LPS7. For the
ex situ thermal measurements at elevated temperatures up to
300 °C, the new electrolytes showed apparent advantages on
suppressing the heat generation with cell active materials. This
can be attributed to their specialized formulations which help
stabilize the interphases either on the cathode or on the Li
anode, as the parasitic reactions between the electrolyte and
the cathode or anode are the main cause of severe exothermic
reactions. Comparatively, the thermal behaviors of these new
electrolytes during the operando measurements are mostly just
slightly better or comparable to those of the two commercial
carbonate electrolytes, and some are even worse, as the
extreme charge voltage (4.8 V) adopted for the IMC
measurements severely exceeds the safe working window for
some new electrolytes. Furthermore, monitoring the heat
release during the first charging process may be too constricted
to determine the realistic stability of the electrolytes. Operando
thermal studies with lower charge voltage and longer cycling
are worthwhile to explore in the future. In addition, through
studying the influence of the cell components on thermal
behavior, some stabilizing strategies were identified, such as
modifying the cathode materials with coating/substitution,
reducing the electrolyte amount, and preventing the corrosive
reactions with inactive cell components. Our studies indicate
that there may be a trade-off between the quality of Li plating
and the stability and lifetime of the cells.

B METHODOLOGY

Electrode Preparation. Due to the high surface sensitivity
of NMC811, all the electrode preparations were performed in a
dry room (relative humidity <0.5%) to minimize exposure to
moisture. Commercial NMC811 (Targray) powder was mixed
with acetylene black (Alfa Aesar, 100% compressed, >99.9%)
and poly(vinylidene fluoride) (PVDF) binder in a weight ratio
of 90:5:5 with 1-methyl-2-pyrrolidinone (NMP) solvent (solid
content is ~45%) through a mixer (THINKY ARE 310) at the
speed of 2000 rpm to fabricate the electrode slurry. The
formed homogeneous slurry was cast on aluminum foil with
the Comma Coating Machine (MediaTech, South Korea)
inside the dry room, with a mass loading of the active material
around 17—18 mg/ cm?. Then the coated electrodes were
punched and calendered to 3.0 g/cm® For the calendering
density calculations, all the solid materials on the Al current
collector were considered, including active material
(NMC811), PVDF binder, and carbon black. Finally, the
calendered electrodes were further vacuum-dried at 120 °C for
at least 2 h before they were transferred to an argon-filled
glovebox for coin cell assembly.

Coin Cell Making. The 2032-type coin cells (Hohsen,
Japan or MTI) were assembled for the electrochemical
measurements with Li foil (600 ym) as a counter/reference
electrode. A polyethylene (PE) separator (Mediatech) and SO
uL of different electrolytes (listed in Table 1) were used for
cell assembly. To avoid corrosive reactions between solvents
and coin cell parts, the positive coin cell caps were Al-coated
and/or an additional piece of Al foil disc (12 ym thickness, 19
mm diameter) was added inside the positive cap. Assembled
cells were rested at open-circuit voltage (OCV) for 24 h before
electrochemical measurements.

Ex Situ Calorimetry. Ex situ experiments were performed
with a TA Q200 differential scanning calorimeter by heating
the sample and reference capsules from 50 °C to 300 °C at a
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ramping rate of 2.5 °C/min. The reference capsule contained
the high-pressure (100 bar) stainless-steel pan/cover and a
gold seal, and the sample capsules mirrored the contents in the
reference capsule with the addition of fresh electrolyte (3 g/Ah
of capacity at 4.8 V, corresponding to 5—7 uL depending on
electrolyte density) and/or 10 mg of charged cathode
(corresponds to 11.1 mg of cathode powder scratched off
the washed cathode) and/or § mg of washed Li anode
(including some SEI) obtained from the charged cell. The cells
used in ex situ calorimetry were charged to 4.8 V at room
temperature and then disassembled in an argon-filled glovebox
to collect the LMA and NMC811 cathode, which were
thoroughly washed with dimethyl carbonate (DMC) solvent
and dried before the measurements. To compare the total heat
release during the heating for different samples, the thermal
curve was normally integrated from 125 °C to 300 °C (see
Figure S1).

Isothermal Microcalorimetry. The IMC experiments,
also denoted as operando DSC, were performed using an
MMC 274 Nexus multi-module calorimeter with a high-
temperature coin cell module (Netzsch), which was coupled
with EC-Lab for electrochemical measurements. The coin cell
module is a differential calorimeter, where the heat flow signal
is the difference between the reference and sample cell outputs.
The sample cells were standard assembled 2032 coin cells as
described in the above Coin Cell Making section, and the
reference cell was assembled the same, excluding the NMC811
cathode, LMA, and electrolyte. In the voltage abuse experi-
ments, the sample cells were charged to 4.8 V at C/10 (1C =
200 mAh/g) inside the calorimeter at an isothermal temper-
ature of 32 °C, 4S5 °C, or 60 °C. Upon reaching 4.8 V, the
current was removed, and the cell was rested to establish a
baseline. The total heat was obtained by integrating under the
heat curves using a linear line drawn between two flat regions
(baseline heat) before and after the exotherm (see Figure S2).
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