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Safety of lithium battery materials chemistry

Xuning Feng,7® Dongsheng Reni< and Minggao Ouyang & *a°

Safety problems hinder the utilization of high-energy lithium and lithium-ion batteries, although some
electrochemical materials chemistries look promising. This study discusses the opinions of the authors
on the predominant battery safety issues. Statistical results indicate that there are three major kinds of
safety studies: intrinsic, active, and passive safety. Among these, intrinsic safety covers approximately
807% of the total studies, suggesting that searching for safety solutions in materials chemistry is of high-
priority. The most investigated research area is the electrolyte that directly links to the battery fire hazard.
Therefore, the major part of this study discusses the safety of lithium-ion batteries with liquid
electrolytes and solid-state batteries. To begin with, a reaction zone model was first proposed to depict
the dual problem of battery fire and thermal runaway. The problem was further quantified by a diagram
with the lowest flammable limit and maximum temperature during battery thermal failure as the two
axes. As validated by experimental data from commercial lithium-ion batteries, the diagram helped
predict the combustion behavior of lithium and lithium-ion batteries with new materials chemistries.
Regarding the safety of solid-state batteries, this perspective discusses five major concerns that are
critical but unsolved: (1) the thermal instability of components used in solid-state batteries, (2) the
interfacial reactions at the cathode/anode and solid electrolyte interfaces, (3) chemical crosstalk between
cathode and anode, (4) lithium dendrite formation and internal short circuit, and (5) the environmental
hazards related to the evolved gases and molten lithium. This information suggests that not only should
the manufacturing problem be solved before all-solid-state batteries are commercialized, but also safety
problems may be the bottleneck that is obstructing the massive production. Safety modelling that may
facilitate the development of new materials chemistry is discussed. This perspective may provide new
insights into improving the safety of high-energy lithium and lithium-ion batteries, accelerating the
research and development of new battery materials chemistry.
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Introduction

Batteries are the hope of mankind to store high-quality electric
energy for powering transportation and leveraging renewable
energy. The pursuit of batteries with higher energy and power
density through innovations in materials chemistry still
persists.’”” However, the high energy density always accom-
panies low safety, which threatens the lives and properties of
human beings; thus, several promising electrochemical tech-
nologies cannot be commercialized, wasting the efforts of many
researchers. Safety is the highest priority for a battery with a new
electrochemical system before its wide applications.?

People may forget the lessons learnt from the fire and
explosion caused by lithium batteries in 1989, but the fatal
failure of lithium batteries that resulted in the destruction of
ten thousand cell-phones shattered our dreams of using high-
performance cell-phones and laptops in the early 1990s.**> The
major safety issue for lithium batteries is the reactive lithium
metal. During cycling, the lithium metal deteriorates into
a powder that has a much larger area for failure reactions with
electrolytes. Moreover, dendrites forming on the lithium anode
lead to an internal short circuit (ISC) of the cell. The invention
of lithium-ion batteries resolved the dilemma of an unstable
lithium anode by storing lithium in layered materials.®
Furthermore, the invention of more stable lithium-ion batteries
reshaped our world by powering the commercialization of

Dr  Minggao  Ouyang is
a professor at Tsinghua Univer-
sity and an academician at the
Chinese Academy of Sciences.
Prof. Ouyang is the leader of the
New Energy Powertrain System
Group at Tsinghua University,
where he has been dedicated to
the research on new energy power
systems and transportation elec-
trification. From 2007 to 2021,
Prof. Ouyang has been the chief
scientist at the China National
Key R&D Program of New Energy
Vehicles and has made significant contributions to the world-
leading development of new energy vehicles in China. Prof.
Ouyang has made a series of scientific research achievements in
engine control and hybrid powertrains, PEM fuel cell powertrain
and hydrogen systems, lithium-ion battery safety design and
management, and energy storage and smart energy systems, raising
considerable economic benefits of over 10 billion yuan. He has won
more than 10 domestic and foreign science and technology awards
and has incubated more than 20 startups (including several
companies listed in the STAR Market). Prof. Ouyang has published
more than 400 SCI papers with 20 000+ citations and has several
times been listed as a Highly Cited Researcher by Clarivate
Analytics.

PN

Minggao Ouyang

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

electric vehicles, smartphones, laptops, and electric energy
storage stations and was awarded the Nobel Prize in 2019.”

However, lithium-ion batteries also burn. The failure rate of
lithium-ion batteries is approximately 1 in 1 million cells and 1
in 10000 electric cars.® The fire is usually caused by the
combustion of flammable electrolytes, especially the carbonate
solvents and gases from their pyrolysis during thermal failure.®
To tackle lithium-ion battery fire, researchers are making great
efforts to find countermeasures.

When “Battery Safety” is searched on the Web of Science, we
can see that the number of papers has increased exponentially
since 1990, as shown in Fig. 1. As we first proposed in 2018,
battery safety research includes three major terms: intrinsic
safety, active safety, and passive safety."*

The intrinsic safety research confronts the moment “At”
battery thermal runaway. Three characteristic temperatures {7},
T,, T3} set the criterion for judging the intrinsic safety of
lithium-ion batteries.”> A battery that has higher T;, and T,
(onset and triggering temperature), and lower T (maximum
temperature) is regarded as safer. The clear target for intrinsic
safety technology is to increase T; and T5, and to decrease T;.
Intrinsic safety cares about the thermal stability in the materials
chemistry level and includes novel safety design of the single
cell.

Active safety tries to inspect the battery during operation and
detect and warn the possible fault “Before” it evolves into
a thermal runaway. The T;-T, segment is the overlap between
the active safety and intrinsic safety, and it is the last chance for
active safety countermeasures to take action. Active safety
mainly includes research on battery management system
(BMS), for which safety monitoring is the bottom line. For BMS
research, it relates to sensors, models and algorithms, all of
which support the core function of fault diagnosis and early
warning. Nowadays, cooling systems and fire extinguishing
systems function to suppress abnormal thermal events when
a warning signal is triggered.

Passive safety protects human life “After” battery thermal
runaway is triggered. As the number of batteries is huge in
commercial applications, the probability of failure will never be
zero. During safety design, passive safety refers to the “fail-safe”
design against a pre-set failure scenario. Hence, correlated
studies are concerned with fire and propagation after thermal
failure occurs.

According to the search results, intrinsic safety issues occupy
most (more than 80%) of battery safety publications, while
active safety and passive safety have similar shares. The “Safety
of Lithium Battery Materials Chemistry” is the most important
issue in battery safety research based on statistics. The hottest
keywords belonging to the three kinds of safety papers are
illustrated by coloured circles, as shown in Fig. 1. There is
a trend of interdisciplinary study on battery safety, as each
paper may cover two or more key words, as shown in Fig. 1. The
most mentioned research is on electrolytes, which directly link
with the battery fire hazard. Researchers are trying to develop
a non-flammable electrolyte® or a solid electrolyte (SE),*
substituting for the current carbonate electrolyte. Therefore, the
first part of this perspective discusses the “Safety of Liquid
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Fig.1 Search results for "battery safety” in the Web of Science. Three categories of countermeasures named “intrinsic safety”, “active safety”, and
“passive safety” are proposed using ref. 10 and 11. Each category contains 7-9 trending key words in the recent literature. The size of the circles
with the key words corresponds to the number of the representative papers. The number of papers with the corresponding key words is
illustrated chronologically in the sub-figure located at the bottom. BMS = battery management system. The relationship among the three safety
technologies is described at the top using the Semenov diagram. The y axis is the heat generation Q during failure and the x axis is the
temperature T. Three characteristic temperatures have been widely used to quantify the battery thermal runaway.*? T, is the onset temperature,

T is the triggering temperature, and Ts is the maximum temperature.

The three characteristic temperatures divide the plane into five regions:

initiation, incubation, thermal runaway, propagation, and hazard. The active safety technology function before thermal runaway is triggered at 7.
Intrinsic safety technologies are made to improve the thermal stability of the battery and manipulate the T;—T,—T3 curve. Passive safety tech-
nologies are essential to avoid failure propagation and further hazards that may affect human beings and damage properties.

Lithium-ion Batteries”, whereas the second part discusses the
“Safety of Solid-State Batteries”. Moreover, one of the most
difficult aspects of battery safety design is the modelling tool,
which requires more knowledge of thermal science than
materials chemistry. Hence, the “Modelling and Prediction of
Battery Safety” is discussed in the last section.

Safety of liquid lithium-ion batteries

For the safety of liquid lithium-ion batteries, here we focus on
the relationship between battery fire and thermal runaway (TR),
which is first discussed in the literature to the best knowledge of
the authors. Owing to space limitations, interested readers are
recommended to ref. 10, 11, 15 and 16 for more details on other
safety solutions that have been reviewed. The left side of Fig. 2
shows that battery failure is a dual problem: fire (outside) and
TR (inside). The heat and fuel within the fire triangle (the third
one is oxygen) come from inside the cell. Extinguishing the fire
outside the battery might be futile, while suppressing the TR
from inside the battery may hit the point.

25238 | J Mater. Chem. A, 2023, 11, 25236-25246

The left side of Fig. 2 illustrates the “Reaction Zone Model”
that interprets the mechanisms of battery TR, which is first
proposed. The complex reactions are incorporated into three
reaction zones (A, B and C), indicating the location where the
reaction occurs. A is for the Anode, C is for the Cathode, and B is
for the reaction zone “Between” the anode and cathode. The
existence of Zone B can be inferred from in operando TR tests."”
The reactions within Zone A, at the full region of the anode
electrode, including the interface between the anode and elec-
trolyte, emit reductive gases,'® while the reactions within Zone C
generate oxidative species." The products from Zones A and C
meet together and further react in Zone B. The characterization
methods for studying the failure mechanisms in Zone A or C are
much easier to perform than those for Zone B. The reaction
mechanism in Zone B is too complex for the current experi-
mental instruments. Our recent opinion is that after the prod-
ucts from Zones A and C neutralize in Zone B, the residuals
flush the counter zone and then burst out of the battery. As the
venting gas is reductive (flammable), the crosstalk model of
cathode oxygen release® is insufficient to conclude the TR

This journal is © The Royal Society of Chemistry 2023
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Fig.2 The dual problem in battery safety design: fire (outside) and thermal runaway (inside). The fire is caused by flammable gases vented from
inside the cell. Flammable gases are the product of thermal runaway reactions. The self-ignition energy comes from the thermal runaway inside
the cell. There are three reaction zones inside the lithium-ion battery: Zone A contains the anode and the interface between the anode and
electrolyte; Zone C contains the cathode and the interface between the cathode and electrolyte; and Zone B is for the reaction region between
the cathode and anode, where the energetic (reductive and oxidative) species meet and the flammable gases are generated. The right-side figure
has the maximum temperature (Tnax) ON the x axis and the lowest flammable limit (LFL) of the vent gas on the y axis. The LFL yields Le Chatelier's
equation and mostly depends on the major components of the vented gas mixture.?® The solid black line divides the plane into the “non-
flammable zone" and “flammable zone". The blue circles denote the test result for the battery with LFP (LiFePO,) cathode, while the pink circles
denote the batteries with the NCM (LiNi,Co,Mn,O,) cathode and graphite anode. The number marked in the pink circles is for the stoichiometric
proportion of the nickel content. For instance, 3 is for x = 0.333, 5is for x = 0.5, ..., and 9 is for x = 0.9. The values of T\ax and LFL, LFP and NCM
batteries mostly comes from ref. 21. “Na" refers to the sodium-ion battery with layered cathode and hard carbon anode; "LMFP" refers to the
lithium-ion battery with LiMn,Fe;_,PO,4 cathode and graphite anode; the "9|SiC" refers to the lithium-ion battery with LiNi,Co,Mn,O, (x = 0.9)
cathode and graphite anode with approximately 10% addition of SiO,. The above data for the three kinds of batteries were collected by us.
Further predictions (with dotted arrows) are made based on our research experience. The LM is for a battery with a lithium-rich manganese-
based cathode. The location of the all-solid-state-battery (ASSB) and the battery with lithium as the anode (Li battery) are predicted according to
our recent test data for Tp,x and the compositions of vented gas. The reference data for ASSB can be found in ref. 22. The typical LFLs for pure

gases, which appear in the vented mixture, are listed beside the y axis, including carbonate, H,, H,S, CH4, and CO.

mechanisms. More attention should be paid to the origins of
flammable (reductive) gases at Zone A if one wants to solve the
fire extinguishing problem caused by battery TR. The reaction
zone model reminds us that regarding the view of the electro-
chemical stoichiometric ratio, the battery materials chemistry
might be balanced. However, because of chemical reactions
during TR, the anode is excessive for most current lithium-ion
batteries. This might be the root cause of battery fire, which
has never been achieved before. There might be some corol-
laries for the reaction zone model when the battery chemistry is
changed. The first one is that if the solvent vaporizes at lower
temperatures before the reactions are activated in Zones A and
C, the vent gas might be the oxidative species emitted from the
cathode if there are residuals after the oxidant reacts with the
anode. Oxidative vent gases, although hot, might be ideal for
battery safety design because they are usually non-flammable.

This journal is © The Royal Society of Chemistry 2023

The second one is that if the electrical insulation distance
between the cathode and anode is quite small, it might be hard
for Zone B to form during battery TR.

The right side of Fig. 2 tries to quantify the dual problem of
battery fire and TR. As the oxygen condition in the fire triangle is
always satisfied with the vent gas, the temperature and flam-
mability of the vent gas become critical in fire extinguishing.
Therefore, the x axis is set for the maximum temperature (Tyay)
that the battery TR can reach, while the y axis is set for the
lowest flammability limit (LFL) of the vent gas mixture. Tpax
represents the total chemical energy that is released in heat
during TR, and it is usually determined by the chemical
potential gap between the cathode and anode.”> Ty,,x may
change if we manipulate the reaction sequences as in ref. 11 and
18. The LFL refers to the lower limit of the gaseous fuel's
concentration exposed in the air, which quantifies the boundary

J. Mater. Chem. A, 2023, 11, 25236-25246 | 25239
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of fire ignition. Gas with a higher LFL is regarded as safer than
those with a lower LFL. When the gas concentration in the air is
lower than the LFL, the gas mixture is regarded as non-
flammable. Generally, regardless of the pressure effect, we
summarize a rough self-ignition boundary (the thick black solid
line on the right side in Fig. 2) for commercial lithium-ion
batteries that we have tested.”®** The vent gas of a cell chem-
istry that has a coordinate (T,ax, LFL) located at the left of the
self-ignition boundary is regarded as non-flammable; other-
wise, it is regarded as flammable. When we perform a safety
design that fights against fire at the materials chemistry level,
we want the points to move towards the left of the self-ignition
boundary and better to the top-left corner in the figure.

The right side of Fig. 2 further explains the fire ignition
mechanisms of the current lithium-ion batteries. For the battery
with an NCM (LiNi,Co,Mn,0,) cathode, both the cathode and
anode participate in the thermal runaway reactions. Therefore,
the Tax is high, and the points are always located in the flam-
mable zone on the right side. As the nickel content increases, the
oxidizability of the cathode increases, leading to increases in
both the LFL and Ty,.x of the vent gas. The point moves to the top
right in the figure, approaching the properties of carbon
monoxide. Fortunately, the battery with the LFP (LiFePO,)
cathode has a coordinate of vent gas located in the non-
flammable zone on the left side of the self-ignition boundary
not because of the high LFL but because of the low T,,.. Here, we
remind the readers that insufficient concerns were paid to the
potential hazard introduced by those large format LFP batteries
(up to 300 A h). The large format LFP batteries are observed to
have high Tj,.x (higher than 800 °C) because the low heat dissi-
pation is introduced by the small area-to-volume ratio that causes
undesired heat accumulation. Once the T, exceeds 600 °C, the
LFP cathode may also release oxygen and join in the TR reactions,
pushing the T, to 800 °C or higher. We observe that many of
the electrical energy storage stations (up to 100 MW h to 1 GW h)
use large format LFP batteries, but their safety design did not
consider this dangerous factor. Here, we seriously warn the
customers and firefighters that if there is a fire in an electrical
energy storage station using large-format LFP batteries, please
stay away at a sufficiently safe distance before the failure event is
under control. This is because the designers and engineers who
built the site may not know the self-ignition problem caused by
the scaling up of battery sizes. The high-voltage electric system
generates an arc to ignite the vent gas (though at low tempera-
tures during venting).

We also add some (Tyax, LFL) data for the sodium-ion battery
(marked as Na in green), battery with LiMn,Fe; PO, (marked
as LMFP in dark blue) cathode, and high-energy battery with
LiNi,—o oCo,Mn,0, cathode and silicon/graphite mixed anode
(marked as 9|SiC in pink-grey dot). All the three cell chemistries
are under consideration by industry to make cheaper or higher
energy-contained batteries. However, the recent test results
show that all of them have lower LFLs, indicating that they are
more dangerous than LFP and NCM batteries. There are still
chances for them to improve their intrinsic safety because the
test samples are just raw for trial, and very few publications have
discussed how to improve their intrinsic safety.

25240 | J Mater. Chem. A, 2023, N, 25236-25246
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Fig. 2 depicts predictions of the combustion behaviours of
new cell chemistries. First, the battery with lithium-rich
manganese-based cathodes may have its point located at the
top-right side of the NCM chemistries, as its oxidizability
further increases. Moreover, we predict that lithium metal
batteries that have organic electrolytes may be located at the
bottom-right corner of the figure, indicating that they have
higher Ty,,x and are more prone to combustion and explosion.
For the all-solid-state batteries (ASSB), unfortunately, the
sulfide-based SE generates H,S,** which has an LFL near 4%,
similar to H, and CH,. In this sense, the ASSB burns. Those
who believe that the ASSB ultimately has intrinsic safety
should be reconsidered. However, the SE in ASSB may be
promising for isolating the cathode and anode to avoid the
formation of Zone B during thermal runaway, thereby
decreasing the Tiax. If Thax can be designed to be lower than
600 °C, the ASSB and lithium-ion batteries will be intrinsically
safe against fire.

Safety of solid-state batteries

Solid-state batteries (SSBs) are one of the promising solutions
for solving the safety problems of high-energy lithium batteries
if non-flammable SEs can replace flammable organic liquid
electrolytes.”® Several groups of SEs have been developed for
SSBs, including polymer SEs, oxide SEs, sulfide SEs and halide
SEs. The polymer SEs usually consist of the polymer matrix
(poly(ethylene oxide)-PEO, poly(vinylidene fluoride)-PVDF, etc.)
and lithium salts (LiPFs, Li[N(SO,F),]-LiFSI, etc.). The ionic
transport inside the polymer SEs relates to the segmental
motion of polymer chains, which create free volumes for the
hopping of lithium ions.>* The ion hopping is slow at ambient
temperature, resulting in low ionic conductivities (107° to
107" S em™ ") that limit further commercialization. The oxide
SEs, sulfide SEs and halide SEs are all inorganic electrolytes
with crystal or amorphous structures. The lithium ions diffuse
along favourable pathways and act like hopping between stable
and intermediate sites of the solid framework, following three
migration mechanisms, ie., vacancy diffusion mechanism,
direct interstitial mechanism and interstitial-substitutional
exchange mechanism.” The oxide SEs include perovskite-type,
NASICON-type and garnet-type, with ionic conductivities of
107° to 107 S cm ™. The sulfide SEs are divided into Li,S-P,Ss
binary system, argyrodite LicPSsX (X = Cl, Br and I)-type, thio-
LISICON type and Li,GeP,Stype, exhibiting high ionic
conductivities of 107> to 107> S em™ ' that are comparable to
those of the liquid electrolytes.>® The halide SEs share similar
chemical formulas-Li,MX, (M = metal element, X =F, Cl, Br, I),
and they achieve relatively high ionic conductivities of around
107 S em™'.>” Halide SEs can be divided into three categories
according to the metal elements: (1) group 3 elements (Sc, Y,
La); (2) group 13 elements (Al, Ga, In); and (3) divalent elements
(Zn, V, Fe, etc.). Among various SEs, the sulfide SEs have the
highest ionic conductivities and are regarded as the most
promising SEs for power batteries, while oxide and halide SEs
show high stabilities toward high-voltage cathodes and are
suitable as catholytes.

This journal is © The Royal Society of Chemistry 2023
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environmental hazards related to the evolved gases and molten lithium.

Apart from developing high-performance SEs, numerous
research efforts have been devoted to improving the electro-
chemical performance of SSBs through interfacial and electrode
engineering. However, the safety performance of SSBs has not
yet been thoroughly investigated because SSBs are usually pre-
supposed to be safe. Recent studies have reported intense
exothermic reactions between SEs and electrode materials
(NCM cathode and lithium metal anode),??*>° indicating that
the safety of SSBs may be over-expected. Therefore, a compre-
hensive investigation of the safety of SSBs is urgently needed.

Based on our understanding of the TR of lithium-ion
batteries, we mention several potential safety concerns about
SSBs, as shown in Fig. 3.

I. Thermal instabilities of SSB components

The cathode and anode materials decompose at 100 -300 °C,
generating significant heat and gases. Decomposition of SE
materials is unavoidable at elevated temperatures. Polymer SEs
have relatively lower decomposition temperatures, which
further decrease in the presence of lithium salts.** Polymer SEs
can decompose into polymer monomers, which can burn and
lead to complex thermal reactions. Sulfide SEs exhibit better
thermal stability than polymer SEs but still suffer from sulphur
precipitation at high temperatures (>300 °C).** Oxide SEs are the
most thermally stable SEs and wusually show high

This journal is © The Royal Society of Chemistry 2023

decomposition temperatures of over 1000 °C.** However, Chen
et al.* found that oxide SEs release oxygen and react violently
with molten metallic Li at elevated temperatures. These results
raise concerns about the thermal instabilities of SEs when in
contact with electrode materials.

II. Interfacial reactions at CA|SE and AN|SE interfaces

Interfacial reactions occur inside SSBs owing to the (electro-)
chemical instability of SEs and may deteriorate the safety of
SSBs. The polymer SEs are prone to be oxidized at the interface
on high-voltage cathodes, and the lithium salts in polymer SEs
can react violently with metallic lithium.** Similarly, sulfide SEs
can be oxidized at the cathode surface and reduced at the anode
surface.®® Recently, vigorous exothermic reactions accompanied
by intense heat generation were observed in composite cath-
odes containing oxide cathodes and sulfide SEs.”**** Two
distinct thermal reaction pathways were found to be respon-
sible for intense heat generation, ie., the gas-solid reaction
pathway (the reaction between sulfide SEs and the O, released
from cathodes) and solid-solid reaction pathway (the reaction
between sulfide SEs and solid decomposition products of the
cathodes).? Oxide SEs are usually electrochemically stable at
cathode interfaces, while reduction reactions occur at the anode
Moreover, as mentioned before,
exothermic reactions between oxide SEs and molten metallic Li

interfaces.? intense
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were observed,* demonstrating the critical role of interfacial
reactions in SSB safety. However, the interfacial reactions inside
SSBs under abuse conditions and their contribution to battery
safety remain elusive.

III. Chemical crosstalk between cathode and anode

The chemical crosstalk phenomenon, ie., the diffusion of
chemical species and the consequent reactions between these
species and electrodes, significantly affects battery safety.** The
cathodes can produce oxidative species (such as O,), which
react with the anodes and trigger battery TR.* Reductive gases
(such as H,) are also released from the anodes and can accel-
erate cathode phase transformation and battery TR."® A chem-
ically inert and dense SE layer can help retard the chemical
crosstalk between the cathode and anode. However, softening
the polymer SEs at a temperature above their melting points
still leads to direct exposure of the electrodes and sequential
chemical crosstalk. The cracking of oxide SE pellets induced by
the reactions with lithium metal was also observed at around
330 °C,* facilitating the chemical crosstalk between electrodes.
Therefore, whether the SE layers can inhibit chemical crosstalk
between electrodes at elevated temperatures 1is still
questionable.

IV. Lithium dendrite growth

Dendrite-induced ISC is the most detrimental problem for the
application of lithium metal anode. SE layers with high
mechanical strength are expected to suppress lithium dendrite
growth in SSBs. However, recent studies have demonstrated
that lithium dendrite still grows and propagates in SSBs, even
faster than in liquid lithium batteries. Once lithium dendrite
forms, the polymer SEs may be too soft to suppress the lithium
dendrite penetration.®® For inorganic SEs, lithium dendrite can
grow along the cracks, defects and grain boundaries, and even
form inside SEs.** Compared to liquid lithium batteries, the
lithium dendrite growth mechanisms in SSBs are much more
complicated. The underlying mechanism of the dendrite-
induced ISC and its influence on SSB safety is unclear. Prac-
tical strategies for dendrite suppression are urgently needed to
promote the development of solid-state lithium batteries.

V. Environmental hazards

Lithium-ion batteries may release a significant number of
hazardous species under abuse conditions, leading to potential
threats to human health, fire and explosion.”* Fire and explo-
sion hazards related to the vented gas from liquid lithium-ion
batteries have been characterized.”® However, the potential
environmental hazards associated with SSBs have rarely been
studied. SO, gas was detected in sulfide SE-based SSBs at high
temperature and voltage,”** and H,S is released once the
sulfide SEs were exposed to air moisture.*” These toxic, flam-
mable and explosive gases threaten the health of passengers
and first aid responders and thus require much attention. The
environmental hazards of polymer SE and oxide SE-based SSBs
may be lower compared to sulfide SE-based SSBs. However,
flammable and explosive gases may also be released from these
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SSBs at high temperatures and thus should be comprehensively
evaluated. Another safety concern of SSBs that requires special
consideration is the environmental hazards of molten lithium.*®
Once broken, the molten lithium can flow out of the battery case
and react violently with air moisture, leading to fire and even
explosion.

Overall, although
researchers have demonstrated the relatively high safety of SSBs
under specific abuse tests, safety concerns about SSBs still exist
according to the physicochemical properties of battery compo-
nents. With the acceleration of the mass production of SSBs,
mechanistic understanding, comprehensive evaluation and
potential new regulations of the safety concern about SSBs are
urgently needed.

several academic and industrial

Thermal runaway modelling of lithium-
ion batteries

In parallel with experiments, computational modelling is
becoming increasingly important in battery TR investigations.
Fig. 4(a) illustrates the fundamental theory of battery TR
modelling, where the heat generation and dissipation deter-
mine the battery temperature increase. Heat dissipation is
composed of heat conduction, convection and radiation. Heat
generation originates from exothermic chemical reactions and
ISC. After parameterization, the TR models can be applied to
predict the battery thermal/electrical behaviours, clarify battery
TR mechanisms, and guide the battery safety design.
Parameterization, i.e., determining the critical parameters of
heat generation and dissipation processes, is usually the first
step to establish a reliable TR model for lithium-ion batteries.
The physical and heat dissipation-related parameters can be
directly measured from calibration experiments. In contrast,
identifying the kinetics parameters of heat generation terms is
challenging. The Arrhenius equation-based reaction kinetics,
Ky = Ay X exp( - iaqf) x fy(cy), is widely used to simulate the
exothermic reaction rate, where «, denotes the reaction rate and
¢, denotes the normalized concentration of the reactant x. The
pre-exponential factor A,, activation energy E, , and mechanism
function f, are the kinetics triplets. The heat generation from
the reaction can then be calculated by multiplying the reaction
rate , by the enthalpy AH,. The kinetics parameters [Ay, Eq x, fx,
AH,] determine the heat generation of a reaction and are
usually identified from the accelerating rate calorimetry (ARC)
and differential scanning calorimetry (DSC) test results,*>*° as
illustrated in Fig. 4(b). However, oversimplified assumptions,
such as unity reactions and single-step reactions, are usually
adopted in reaction kinetics analysis, leading to the low fidelity
of the reaction model. In the future, artificial intelligence (AI)-
driven approaches may help to identify the kinetics parame-
ters without analytical solutions. Furthermore, compared to the
kinetics analysis of exothermic chemical reactions, it is more
challenging to characterize heat generation from the ISC. The
heat generation from ISC is usually simulated by the near-joule
heating equation (Qisc = nU*/Risc), with the ISC resistance Rysc
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Fig. 4 Thermal runaway modelling of lithium(-ion) batteries. (a) Fundamental theory for battery TR modelling. (b) Parameterization of the
exothermic reactions based on the (b1) ARC and (b2) DSC test data. Reproduced with permission from ref. 39 and 40. Copyright 1999, IOP
Publishing, and Copyright 2018, Elsevier. (c) Model-based analysis of the battery TR mechanism. Modified with permission from ref. 41 (c1) and 42

(c2). Copyright 2018, IOP Publishing, and Copyright 2022, Elsevier.

estimated to fit the experimental results, and 7 is defined for the
efficiency of heat conversion from electricity.** However, the
battery ISC resistance varies with different types of short
circuits, pressure and temperature, making it difficult to
measure. Finally, the electrical and chemical heat generation
processes inside the battery usually exhibit significant interac-
tions during the TR process. Few studies have addressed the
parameterization of electrochemical-thermal coupled TR
processes, and progress in this issue is expected to improve the
capability of battery TR models.

TR models can be used to predict battery performance
under abuse conditions. Hatchard et al.** and Kim et al.** built

This journal is © The Royal Society of Chemistry 2023

lumped and three-dimensional models to predict the TR
behaviour of lithium-ion batteries. Battery TR models were
further developed to predict the venting and jet fire processes**
because TR is usually accompanied by smoke and fire outside
the battery. In the future, battery TR models incorporated with
more multi-physical processes are strongly encouraged to
achieve high fidelity in predicting the multi-physical battery
TR process.

TR modelling can also help to interpret battery failure
mechanisms that are difficult to characterize. One example is to
clarify the contribution of different reactions to total heat
generation. As presented in Fig. 4(c1), our group quantified the
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proportion of the ISC in the total heat generation using an
electrochemical-thermal TR Model and found that ISC was not
the major heat source during battery TR.** More importantly,
battery TR modelling and tests can work together to gain
insights into battery TR mechanisms. Our group revealed that
battery TR can be triggered by chemical crosstalk between
electrodes.’®" As shown in Fig. 4(c2), Zhou et al.** quantified the
exothermic effects of crosstalk on battery TR through model-
ling, quantifying complicated interactions among battery
components. With a more profound understanding of the TR
mechanisms, battery TR modelling will also become more
accurate and effective in predicting and analysing the TR of
batteries with different formats under different scenarios.

Finally, TR modelling can accelerate battery safety design by
reducing “trial-and-error” costs. However, although TR model-
ling has been widely applied in battery module/pack design,***”
model-based optimization of battery materials chemistry has
rarely been reported. Several challenges still hinder the utili-
zation of TR models in battery materials chemistry design. First,
there is a lack of databases that contain the reaction kinetics of
various battery components. Standard test and analysis
methods that can quantify the exothermic reactions between
different electrode materials, electrolytes and their interactions
are required to promote the establishment of the material
databases. Second, the accuracy of the TR model requires
improvement, but the exothermic reactions, electrode crosstalk,
and multi-physical coupling mechanisms are not fully under-
stood. Parameterization of these processes also requires further
elaborate tests and advanced characterization tools. Third, the
battery safety design should balance the electrochemical and
safety performance. Any key performance indicator we want to
optimize must be simulated simultaneously by mathematical
equations, which is an arduous task. The fast-growing Al tech-
nique may facilitate the rapid prediction of battery performance
by reducing the mathematical modelling and parameterization
processes. The Al technique can further enable multi-objective
optimization of battery performances, thereby paving the way
to the model-based safety design of batteries.

Summary and outlook

This study proposes some current opinions on the safety of
lithium/lithium-ion battery materials chemistry. The literature
on battery safety research has been categorized into three kinds
of countermeasures: intrinsic safety, active safety and passive
safety. Owing to limited spaces and considering the scope of
this renowned journal, only key insights into intrinsic safety
were discussed. For the solutions of active safety and passive
safety, interested readers are referred to ref. 11 for more infor-
mation. When we focus on the intrinsic safety of lithium and
lithium-ion batteries, based on statistics, the hottest research
issue is on the electrolyte that determines whether a battery
burns under a failure scenario. Therefore, regarding electro-
lytes, this perspective paper discusses the safety of liquid
lithium-ion batteries and that of solid-state batteries.

A “Reaction Zone Model” is first proposed to depict the dual
problem of fire and thermal runaway for all kinds of lithium-ion
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batteries with liquid organic electrolytes. The relationship
between battery fire and thermal runaway is not only qualita-
tively described but also quantitatively defined through
a diagram with the lowest-flammable-limit and maximum
temperature during thermal runaway as the two axes. A self-
ignition boundary slices the plane into non-flammable and
flammable zones. Because the diagram has high fidelity in
interpreting the safety of commercial lithium-ion batteries,
predictions are made for scaled-up batteries, batteries with
lithium-rich manganese-based cathodes, batteries with lithium
metal anodes, and all-solid-state batteries.

For solid-state batteries, this perspective reminds us of five
emerging safety concerns that may hinder further research,
development and applications. The first one is the thermal
instability of the components of solid-state batteries. New
materials chemistry may bring unexpected side reactions. The
second one is the reactions at the interface between the
cathode/anode and solid electrolyte, which were reported in
a few papers with negative influences on the battery safety
performance. The third one is the chemical crosstalk that exists
between the cathode and anode. As long as the chemical
crosstalk occurs, the thermal energy stored in the cathode and
anode is fully released, resulting in a disastrous event. The solid
electrolyte must continue separating the two electrodes against
crosstalk. The fourth one is to prevent lithium dendrite growth
and further induction of ISC. The last one is to take care of the
potential environmental hazards of sulphur-contained gas and
molten lithium.

The model prediction of battery safety for materials chem-
istry development is discussed in brief, as the simulation tools
can link with artificial intelligence that may largely accelerate
the battery safety design process. Relying on a deep learning
algorithm, our team is making significant progress in predict-
ing battery thermal runaway behaviour based on materials
calorimetric data. Moreover, the digital twin model, which
contains information on scales from material (nm) to system
(m), is in demand.

Based on the 200 year history of the battery industry, we
conclude with a three-step law for a new battery chemistry to be
developed. The first step is to have a promising electrochemical
system based on materials chemistry, and it should have high
energy density, long cycle life and low cost. Then, the second
step is to improve its intrinsic safety to avoid fire and explosion
in use. The third step is to monitor the status of the battery and
make it work wisely.*® The lithium-ion batteries now seem to be
at the third step, working with artificial intelligence to better
serve the electrified world. LFP batteries with the help of scaling
up, such as the blade battery and cell-to-pack battery structure,
have balanced properties of energy, power, longevity and cost,
thereby occupying the largest market share. However, the fire
propagation of a huge LFP battery system at the MW h to GW h
level should be investigated because the cell number is large
with a high failure rate. Self-poisoned strategies may help
destruct the failure cell to avoid propagation towards its
neighbours.” The NCM batteries are struggling in the second
step to compete with the LFP batteries in vehicle application
scenarios. However, NCM batteries, if intrinsically safe, still
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have broad chances to beat the LFP batteries because the latter
have reached their limit of energy density. The intrinsic safety of
NCM batteries can be improved by electrolyte design,* elec-
trode modification,”™ separator enhancement,* and cell
design® guided by the reaction sequence map proposed in ref.
11. The solid-state batteries and batteries with other cell
chemistries must overcome the problems at the first step;
afterwards, safety issues may emerge. We still cannot obtain
clear information on how new cell chemistry will behave under
safety tests before it is achieved at full scale. Predictions of fire
and explosion hazards are beneficial, relying on prototype cell
tests and modelling analysis.

We hope that this perspective will provide new insights and
ideas for tackling the bothering failure problems of high-energy
lithium and lithium-ion batteries. Most of the opinions are
proposed based on our group's recent viewpoints, which might
have flaws and limitations. The authors welcome comments,
suggestions and corrections.
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