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A quantitative relationship between safety issues and dendritic lithium (Li) has been rarely investigated
yet. Herein the thermal stability of Li deposits with distinct surface area against non-aqueous electrolyte
in pouch-type Li metal batteries is probed. The thermal runaway temperatures of Li metal batteries
obtained by accelerating rate calorimeter are reduced from 211 °C for Li foil to 111 °C for cycled Li.
The initial exothermic temperature is reduced from 194 °C for routine Li foil to 142 °C for 49.5 m? g~!
dendrite. Li with different specific surface areas can regulate the reaction routes during the temperature
range from 50 to 300 °C. The mass percent of Li foil and highly dendritic Li reacting with ethylene car-
bonate is higher than that of moderately dendritic Li. This contribution can strengthen the understanding
of the thermal runaway mechanism and shed fresh light on the rational design of safe Li metal batteries.
© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

The demand on high-capacity rechargeable batteries applied in
electric vehicles and large-scale stationary energy storage systems
is increasing rapidly [1-6]. The lithium metal batteries (LMBs) have
been strongly regarded as the most promising next-generation bat-
teries due to their high theoretical specific capacity (3860 mAh
¢~ 1) and the low potential (—3.040 V vs. the standard hydrogen
electrode) of Li metal anode [7-10]. However, the use of Li metal
is confronted with many serious problems induced by dendritic
Li growth, such as low Coulombic efficiency (CE), short lifespan,
and poor safety performance. During the past ten years, strategies
including electrolyte additives [11,12], artificial solid-electrolyte
interphase (SEI) [13-15], solid-state electrolytes [16-18], and 3D
host design [19-21] have been proposed to improve the CE and
cycling lifespan, while the understandings on the failure mecha-
nism involving the safety performance of LMBs have been few
investigated yet [22-26]. In the late 1980s, cylindrical-type cells
with Li metal anode have been commercialized for the first time.
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However, they were recalled due to the potential fire incidents
and explosions [27,28]. Therefore, safety issues are the most
important challenges in the practical applications of LMBs.

Thermal runaway resulting from the mismatch between heat
production and dissipation is the intrinsic reason for the safety
challenges of working batteries [29,30]. Abuse conditions including
mechanical, electronic, and thermal abuses can trigger serious
safety risks and even the thermal runaway of batteries accompa-
nied by the soaring temperature, toxic gas, and smoke [31-34].
In addition to the internal short-circuit initiated from the collapse
of separators [35-37] and the active oxygen released from the
decomposition of the cathode [38], the Li deposits on the anode
[39] are considered as one of the most frequent detonators that
determine the thermal runaway of Li ion batteries (LIBs). The reac-
tion between the intercalated Li and the electrolyte is one of the
main exothermal reactions leading to the thermal runaway of LIBs
[40-42]. For LMBs, Li metal anode tends to form Li dendrites with
high specific surface area, which will further strengthen exother-
mic reactions [43-46]. Therefore, the reactions between electrolyte
and Li metal anode should be comprehensively explored.

To date, the exothermic chain reactions resulting in the thermal
runaway of LMBs are few touched. Li metal is thermodynamically
unstable against organic solvents. It can be corroded continuously
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by solvents and large amounts of heat is generated as the SEI is
repeatedly damaged and constructed [47,48]. In addition, Li depos-
its during cycling influenced by the different operation conditions
are highly dendritic [49-52]. Consequently, Li deposits with high
specific surface areas can potentially lead to the high reactivity
with the electrolyte [53]. However, the roles of Li dendrites with
high specific surface areas on the safety of batteries are an open
field. Therefore, it is necessary to analyze the kinetic process
between Li dendrite and electrolyte, and reveal their roles on the
safety issues of LMBs.

In this contribution, the underlying correlation between the
thermal safety of LMBs and Li dendrite is quantitatively explored
by accelerating rate calorimeter (ARC). It is displayed by the differ-
ent thermal features including the self-heating temperature (T;)
and thermal runaway temperature (T») of LMBs with the same
cathode and different anodes. The exothermic reactions between
Li dendrites with different specific surface areas and lithium hex-
afluorophosphate (LiPFg)-ethylene carbonate (EC)/diethyl carbon-
ate (DEC) electrolyte are quantitatively investigated by
differential scanning calorimeter (DSC). The features of exothermic
peaks, i.e., the peak positions, are utilized to figure out the negative
influence of the pulverization of Li anode on the thermal safety of
LMBs. This contribution quantifies the thermal stability between
dendritic Li and routine aqueous electrolytes, which affords a
rational and clear basis from the battery safety viewpoint to regu-
late the uniform deposition of Li metal during the cycling of LMBs.
In addition, the composition of electrolyte is demonstrated to have
effects on the thermal safety of LMBs as well. Therefore, adjusting
the ratio of different solvents in electrolytes is thought to be a sim-
ple potential strategy to improve the safety performance of LMBs.

2. Experimental
2.1. Materials

1.0 M LiPFg-EC/DEC (1:1 in volume) electrolyte, LiPFg, EC, DEC,
and 1,2-dimethoxyethane (DME) solvents were obtained from Suz-
hou Duoduo Chemical Technology Co., Ltd. LiNigs5C0g>Mng30,
(NCM523) cathode with the area capacity of 4 mAh cm~2 was pur-
chased from Guangdong Canrd New Energy Technology Co., Ltd.
Lithium (Li) metal (50 and 600 pm) was obtained from China
Energy Lithium Co., Ltd. Celgard 2325 polypropylene-polyethy
lene-polypropylene (PP-PE-PP) separator was acquired from Asahi
Kasei Techno system Co., Ltd. Hydrochloric acid (HCI) and ethyl
alcohol were gained from Shanghai Titan Technology Co., Ltd. Ace-
tone was obtained from Sinopharm Chemical Reagent Co., Ltd.

2.2. Assembly of pouch-type batteries

To probe the effect of Li dendrites on the safety of Li-metal bat-
teries, pouch-type batteries with the same cathodes and different
anodes were chosen for adiabatic ARC tests (Fig. S1). All pouch-
type batteries (4.0 x 7.0 cm?) were fabricated layer by layer with
the alternation of cathodes, anodes, and separator in a dry room
with a dew-point temperature of —40 °C. NCM523, Li electrodes
(0.56 Ah, 10 mAh cm~2) with Li foils (50 pum) rolled onto two sides
of Cu plate (12 mm thick Cu plates), 4.0 g LiPFs-EC/DEC (1:1 by
vol.) electrolyte, and PP-PE-PP separator were used in pouch-type
batteries. The 0.896 Ah Li||[NCM batteries were charged at
0.32 mA cm 2 (0.08 C) between 2.8-4.3 V, then the charged NCM
cathodes were disassembled from these batteries. The Li||Cu bat-
teries were discharged at 10.59 mA cm~2 with a capacity of 0.56
Ah to obtain the Cu plates with Li deposits. Finally, two pouch-
type cells with the same NCM cathodes but different anodes (Li
foils and deposited Li) were fabricated for the ARC tests. Consider-
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ing the porosity of deposited Li encapsulating electrolyte during
the disassembling process of cells, the mass of electrolyte for cells
with Li foil (4 g) is a bit higher than that for cells with deposited Li
(3.5¢).

2.3. Fabrication of Li deposits with different specific surface areas

The electrolytic cell with copper (Cu) working electrode and Li
counter electrode was utilized to obtain the Li deposits with differ-
ent specific surface areas. The Cu foil was soaked in 0.10 mol L™!
HCI for 10 min and then washed with acetone and ethanol 3 times
in turn to eliminate the impurities on the Cu foil. Then the hole
punch was used to cut the Cu foil into a circular electrode with a
diameter of 19 mm. The one side of the Cu working electrode
was covered by Kaption adhesive tape to achieve the single-side
deposition of Li metal. The Li plate with a diameter of 16 mm
and a thickness of 600 pm was used as the counter electrode.
The electrolytic cell with Cu and Li electrode was fabricated in an
Ar-filled glove box (H,0 < 0.1 ppm, O, < 0.1 ppm) and 25 mL LiPFs-
EC/DEC (1:1 by vol.) electrolyte was added with the immersion of
these two electrodes. Finally, different current densities including
0.07, 0.16, 0.35, 0.71, 1.59, and 10.59 mA cm~2 and a constant
depositing capacity (3.18 mAh cm2) were applied to acquire the
Li deposits with a series of specific surface areas.

2.4. Investigations on thermal stability

DSC was used to assess the influence of Li dendrites on the
safety of batteries at material levels. The Li deposits with different
surface areas and the LiPFs-EC/DEC electrolyte were sealed into
crucibles in glove boxes. Then they were transferred into the DSC
(Q2000 TA) measurement with a temperature procedure of 10 °-
C min~! from 30 to 300 °C under Ar atmosphere. It is worth noting
that the heat flow of DSC was calculated based on the mass of Li
metal and the DSC tests for each sample were repeated at least
twice for the reliability of the experiment.

The safety performance of pouch-type batteries with different
anodes was tested by ARC which was produced by thermal hazard
technology and was conducted in a heat-wait-seek (HWS) proce-
dure. A heating increment of 10 °C is adopted from 40 °C with a
waiting time of 30 min. Then the self-heat rate of batteries is
detected and compared with 0.02 °C min~'. If it exceeds 0.02 °-
C min~!, the temperature is defined as T; and ARC switches into
adiabatic mode. Then the onset temperature of the thermal run-
way (T,) is obtained when the temperature rising rate of battery
reaches 1 °C s~!. Otherwise, the ARC would repeat the HWS proce-
dure until the thermal runaway of batteries or reaching a preset
temperature limit of 400 °C. In addition, the real-time open-
circuit voltage (OCV) of batteries was also monitored during the
ARC test.

2.5. Characterization of Li deposition

The surface morphologies of the Li deposits were obtained with
aJSM 7401F (JEOL Ltd., Tokyo, Japan) scanning electron microscopy
(SEM). The Cu plates with Li deposits were washed by DME solvent
before the SEM test. The mass of Li metal containing on the Cu
plate was measured by the gas chromatography (Agilent 7890A
GC) and the experiment was repeated at least twice for much reli-
able results (Fig. S2). The Cu plate with Li deposits was placed into
the head space bottle which was usually used to collect gas for the
GC analysis. Then excess ethyl alcohol (0.5 mL) was injected into
the bottle to react with Li metal for a long time (15 min) until bub-
bles generated from the reaction were not formed and the meteo-
rological product (H;) of the reaction was restricted in the head
space bottle. The 10 mL injection syringe was utilized to transfer
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the resultant gas into the GC system for measuring the amount of
H,. Finally, the content of Li metal was calculated based on the
chemical reaction [54].

2Ll + ZC2H50H - 2C2H50L1 + HzT

2.6. Calculation of the specific surface area of deposited Li obtained at
different current densities

Considering the features of SEI including porosity and thermal
instability, the specific surface areas of Li deposits are preferred
to be calculated according to their mass rather than Ar desorption
process. To obtain the specific surface area of Li dendrites, two
hypotheses are made, i.e., the cross-section of Li dendrites is circu-
lar and the Li dendrites distribute evenly and tightly on the Cu
plate (Fig. S3). Then the specific surface area of Li dendrites can
be calculated through the following steps.

(1) The volume of total Li deposits (Vy;) is calculated by dividing
metallic Li mass by its density.

Li

Vi = (1)
(2) As the lithium dendrites are tightly stacked on the Cu plate,
the number of columnar Li (Ny;) can be expressed as.

2)

(3) The volume of a single lithium dendrite (V;) can be calcu-
lated as.
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(4) The length of Li dendrite (h) can be obtained by dividing the
volume of a single lithium dendrite by the bottom area of the Li
dendrite.

V1 4m,_,-
h=—=
Si puSaT

(4)

(5) The total specific surface area of columnar Li (S) obtained at
different current densities can be calculated as the following
equation.

SaT  4my;
4 pydy

where my; is the Li mass on the Cu electrode, py; is the density of
Li metal, Sc, represents the surface area of Cu electrode, dy; is the
diameter of columnar Li obtained at different current densities,
S is the bottom area of a single Li dendrite, S; and S, are the total
base area and side area of column Li respectively.

S=S51 +5 = (S + mdh) x Ny =

(5)

2.7. Density functional theory calculations

The lowest unoccupied molecular orbital of EC and DEC mole-
cules were calculated by density functional theory calculations,
conducted in Gaussian (G09) suite of program with Becke’s
three-parameter hybrid method using the Lee-Yang-Parr correla-
tion function (B3LYP) [55]. The geometrical structures and the
vibrational modes were calculated at 6-311++G(d, p) level. Simul-
taneously, the solvation effect was considered with an universal
solvation model of SMD [56]. The dielectric constant of EC and
DEC is set to 89.78 and 2.81, respectively.
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Fig. 1. Thermal runaway features of Li||[NCM pouch-type cells. (a) Optical photograph of Li|[NCM pouch-type cell. (b) ARC results of Li|[NCM pouch-type cells with Li foil and
cycled Li obtained at 10.59 mA cm™2 as their anodes. (c) A typical ARC test curve. The dT/dt and T,.x are the rate of temperature rise and the highest temperature of the cell
during the ARC tests respectively. (d) Comparisons of ARC results for Li|[NCM cells with different Li anodes.
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Fig. 2. Characterizations for Li deposits. (a) Schematic diagram of electrolytic cell used to obtain the Li deposits. (b) SEM images of Li deposits obtained at different current
densities. (c) The dependence of the diameters and specific surface areas of Li deposits on the current densities. As the dendritic Li obtained at 10.59 mA cm 2 is disordered, its
diameter and specific surface area are unable to be calculated. The inserts in (c) are the typical images of Li deposits obtained at different current densities.

3. Results and discussion
3.1. Thermal runaway of Li-NCM pouch-type cells

The relationship between Li dendrite with different surface
areas and Coulombic efficiency, as well as the lifespan, has been
widely probed [57]. However, the significance of LMBs with
dendrite-free working Li metal anode during cycling has not been
highlighted and demonstrated from the security standpoint until
now.

The thermal runaway behaviors of Li|[NCM pouch-type cells
with different anodes and the same cathode were explored by adi-
abatic ARC to demonstrate the roles of dendritic Li on the thermal
safety of practical Li metal pouch-type cells (Fig. 1a). ARC is in
quasi-adiabatic condition until the appearance of thermal run-
away. Therefore, it is a highly sensitive instrument to evaluate
the thermal safety of batteries with comparable indexes including
the two characteristic temperatures (T; and T,). T; is the self-
generated-heat temperature with a self-heating rate > 0.02 °
C min~! while T, is a thermal-runaway temperature with a self-
heating rate > 1 °C s~ (Fig. 1c). For a scientific comparison, the
adopted cathode is LiNig5C092M0¢ 30, (NCM) obtained after once
charging to 100% State of Charge (SOC), while the adopted anode
is the fresh Li foil and Li deposits obtained at 10.59 mA cm 2.

For LMBs with fresh Li foil as the anode, T; and T, are 68.5 and
211 °C respectively, while T; locates at 41.9 °C and T, reaches at
111 °C in the case of Li deposits as the anode (Fig. 1b and d). As
demonstrated before, T; is caused by the decomposing of SEI, while
T, is caused by the reactions between Li metal and the electrolyte.
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Therefore, cycled Li with many dendrites seriously accelerates the
side reactions and deteriorates the safety performance. Besides,
during the ARC tests, gas generation is obviously observed for the
cell containing Li deposits with the pouch bag bulge (Fig. S4).
The evolution of flammable gas is a serious problem and has a neg-
ative influence on the safety of batteries [58,59]. As a result, it is
demonstrated that the drastic exothermic reactions within LMBs
are further strengthened with the pulverization of Li anodes.

3.2. Li deposits with different specific surface areas

The reaction between Li metal and electrolyte is one of the main
exothermic reactions during the thermal runaway of LMBs. There-
fore, the thermal behavior between Li metal with different specific
surface areas and 1.0 M LiPFs-EC/DEC (1:1 by vol.) electrolyte was
further investigated by DSC to analyze the characteristics of the
reaction and propose the corresponding solutions to improve the
thermal safety of LMBs. The Li deposits on the Cu plate at different
current densities are obtained in a typical electrolytic cell (Fig. 2a)
[60]. Uniform and dense Li deposits are achieved when the current
density is below 0.71 mA cm 2 (Fig. 2c and Fig. S5a). A locally inho-
mogeneous Li deposit is observed as many bumps on Cu current
collectors at the current density larger than 0.71 mA cm~2. The
sites with uniform Li deposits obtained at both 0.71 and
1.59 mA cm 2 were utilized for SEM and DSC tests (Fig. 2¢ and
Fig. S5b). The average diameter of deposited Li columns ranges
from 0.16 to 1.62 pum, decreasing with the rise of current density
(Fig. 2b and c and Figs. S6 and S7), which is dominated by nuclei
size and number density [61,62]. The specific surface area of
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Fig. 3. Thermal stability of Li deposits with different specific surface area against LiPFs-EC/DEC electrolyte. (a) DSC results for the electrolyte and Li metal obtained at different
current densities. (b) The illustration of peak height and peak width obtained from DSC tests. The peak height is obtained at maximum heat flow and the peak width is defined
at half maximum heat flow in the raising side. (c) Left panel: the relationship between depositing current density and the peak position of maximum heat flow; Right panel: o0
before 180 °C vs. deposition current density. (d) The schematic diagram of gr and q. gr is defined as the released heat from 30 to T °C and q is total heat release from 30 to
300 °C. (e) B for the reaction between Li deposits and electrolyte. All the mass in the whole article during DSC tests is based on the metallic Li.

columnar Li is calculated according to the Li mass on the Cu elec-
trode and the corresponding diameters of the Li columns
(Fig. S8). The results reveal that the specific surface area of colum-
nar Li increases from 5.0 to 49.5 m? g~! as the current density rises
from 0.07 to 1.59 mA cm~2 (Fig. 2c and Table S1). Therefore, den-
dritic Li is easily occurred with a large specific surface area at a
high plating current density.

3.3. Thermal stability of Li deposits against LiPFs-EC/DEC electrolyte

DSC was used to characterize the thermal stability between Li
metal with different specfic surface areas and LiPFg-EC/DEC elec-
trolyte (Fig. 3). The effect of prisitine SEI on DSC curves is excluded
(Fig. S9). The exothermic peaks in Fig. 3(a) can be attributed to the
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reaction between Li metal and LiPFs-EC/DEC electrolyte. Fresh Li
foil is stable with electrolyte until the melting point of Li metal
due to the significant increase in specific surface area after
180 °C. The location of the first exothermic peak begins to move
towards lower temperature to 178, 171, 144, 142, and 139 °C with
the increasing of current density to 0.16, 0.35, 0.71, 1.59, and
10.59 mA cm 2 respectively (Fig. 3c and Table S2). With the rise
of the specific surface area of Li deposits, the chemical reaction
between Li metal and elelctrolyte aggravates at lower temperature,
implying the negative effect of dendritic Li on the thermal safety of
LMBs compared to homogeneous Li deposition.

In addition to the positions of the exothermic peaks, the ratio
(o) between peak height (H) and peak width (D) (Fig. 3b) is adopted
to indicate the speed of heat release, and the ratio () between the
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respectively (isovalue: 0.02). (e) The scheme of Li deposits with different specific surface areas consumed in LiPFs-EC/DEC electrolyte. The Li deposits with moderate specific
surface area are mostly consumed by DEC while the Li deposits with really the low or relatively high specific surface area are mostly consumed by EC. (f) DSC traces of Li
deposited at 10.59 mA cm~2 with electrolytes containing different volume ratios of EC and DEC.

heat release in different temperature ranges (qr) and the total heat
release (q) (Fig. 3d) represents the dangerous level of the reaction
between Li deposits and electrolyte correspondingly. As shown in
Fig. 3(c), a is positively related to current density. The o is 0.45
and 28.33 for Li deposited at 0.16 and 10.59 mA cm 2, respectively.
The p changes with the current density at different temperature
ranges. In detail, g is 9.65%, 17.42%, 17.28%, 33.46%, and 48.87%
for Li deposited at 0.16, 0.35, 0.71, 1.59, and 10.59 mA cm 2,
respectively, in the temperature range from 30 to 140 °C, indicat-
ing that highly dendritic Li can react with electrolyte and generate
large heat at low temperature (Table S2). As a result, it demon-
strates the positive relationship between the specific surface area
and the exothermic reaction. The formation of highly dendritic Li
during the repeated plating and stripping has an obviously adverse
role in the safety of LMBs.

It is widely accepted that thermal runaway is attributed to the
mismatch between heat production and dissipation in a working
cell. Therefore, the heat release of per gram Li obtained at different
current densities with LiPFs-EC/DEC electrolyte is calculated and
regarded as one of the important indicators for the safety of LMBs
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(Table S2). The metallic Li deposited on the Cu plate was tested
with gas chromatographic (GC) (Fig. S2) and the Li metal is com-
pletely consumed by electrolyte, indicated by the disappearance
of the exothermic peak of Li solidification during the cooling pro-
cess of samples (Fig. S10). The relationship between heat release
per gram Li and current densities indicates a volcano-shaped trend
(Fig. 4a). The thermal stability of Li metal with different electrolyte
components including DEC, EC solvents, and LiPFg salt was investi-
gated (Fig. S11).

Firstly, there is only an endothermic peak (180 °C) in Fig. S11(a),
displaying the high thermal stability between Li metal and LiPFg. In
addition, the content of Li metal reacting with solvents should be
determined with the aim to calculate the heat release per gram
Li metal with DEC or EC solvents. As shown in Fig. S11(b), the
endothermic peak at 180 °C of Li metal melting cannot be
observed, indicating the complete consumption of Li foil by DEC.
Similarly, no Li solidification peaks take place during the cooling
process which implies the complete reaction of Li deposits by EC
as well (Fig. S11c). In addition, the endothermic peaks of DEC
and EC evaporation are far from the exothermic peaks resulting
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Fig. 5. The reaction between Li deposits with different specific surface area and 1.0 M LiPF¢-EC/DEC electrolyte. The reaction temperature between Li metal and electrolyte
deviates to a lower temperature with the increase of the specific surface areas of Li metal. In comparison, the heat release of per gram Li increases firstly and then decreases

with the increase in the specific surface areas of Li metal.

from the reaction between Li foils and DEC, and Li deposits and EC
respectively, hence, the influence of evaporation of solvents on
heat release of the reactions can be ignored. The heat generation
(q) is about 10 times greater for Li + DEC (30.2 k] g~!) than that
of Li metal with EC (3.2 k] g~!) (Fig. 4b). Therefore, the different
amounts of heat release for the reaction between Li deposits and
electrolytes can be attributed to the different ratios of Li metal
reacting with DEC or EC. The mass percent of moderately dendritic
Li reacting with DEC is thought to be higher than that of Li foil and
dendritic Li with large specific surface areas. The different reaction
mechanisms can be illustrated in the following analysis: (1) Com-
pared to EC, DEC can react with Li metal of all specific surface areas,
even the fresh Li foil at room temperature [63]. It is due to the
highly dispersed feature of the reaction products of Li and DEC,
while the reaction products between EC and Li metal have a poor
dispersibility in the electrolyte and the reactions are self-limited
(Fig. 4c). Consequently, Li foil tends to react with DEC rather than
EC at temperature below 180 °C. However, the limitation of lithium
ethylene dicarbonate (LEDC) is weakened when Li metal is highly
dendritic or molten. (2) The lowest unoccupied molecular orbital
(LUMO) of EC is lower than that of DEC (Fig. 4d). The electrons
are easy to transfer from metallic Li to EC, indicating that Li metal
tends to thermodynamically react with EC [64]. Based on the above
analysis, highly dendritic Li (such as 49.5 m? g~! dendrite) and Li
foil react mostly after 180 °C without the protective of LEDC. The
mass percent of them, reacting with EC, is higher than that of mod-
erately dendritic Li (Fig. 4e). Due to the different amounts of heat
release and reaction kinetics between Li metal and different sol-
vents, the thermal safety of LMBs can be regulated by the ratio of
the different solvents. Li metal obtained at 10.59 mA cm 2 is uti-
lized to react with the electrolyte containing different volume
ratios of EC and DEC (from 0.2 to 5) (Fig. 4f). A stronger exothermic
peak is aroused as long as the electrolyte contains a larger DEC
ratio, which is attributed to the huge difference in heat release of
Li reacting with EC or DEC. It should be noted that the exothermic
reaction between Li deposits and electrolyte (1.0 M LiPFg-EC/DEC
(1:5 by vol.)) is overheated, because the tremendous heat release
rate is much higher than the set temperature rises rate of DSC (10 °-
C min '), leading to the uncontrollable temperature rise for sam-
ple. In addition, due to the protective role of LEDC, the
exothermic peak shifts to a higher temperature with the increasing
of volume ratios of EC in ester electrolyte. Therefore, the composi-
tion of the electrolyte obviously affects the exothermic behavior
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between Li metal and electrolytes. The safety performance of LMBs
is not only strongly dependent on the structure of the Li metal
anode, but also on the ratio of different solvents.

Based on the above disscussion, the relationship between the Li
deposits with different specific surface areas and the thermal
safety of LMBs is closely correlated (Fig. 5). (1) The reaction tem-
perature decreases with the increase in the specific surface area
of Li metal, indicating the increase of the thermal runaway risks
with the pulverization of Li anode. (2) The total heat release per
gram Li with electrolytes increases firstly and then decreases with
the increase in the specific surface areas of Li metal, which results
from the different ratios of Li metal reacting with DEC or EC. The
more metal Li reacts with DEC, the greater the total heat release.

4. Conclusions

The thermal safety of LMBs is inversely proportional to the
specific surface area of Li metal anode, which is demonstrated by
ARC results from the cell level and the features of DSC curves from
the material level. During the ARC tests, compared to LMB with Li
deposits (T1: 41.9 °C, To: 111 °C), LMB with fresh Li foil indicates
higher T; (68.5 °C) and T (211 °C), confirming that the increasing
specific surface area of Li anode reduces the thermal safety of LMB.
In addition, the initial exothermic temperature of Li metal and
electrolyte from the DSC results is 194 °C for fresh Li foil and
142 °C for 49.5 m? g~! dendrite. Additionally, the heat release of
the reaction between Li metal and DEC solvent is several-fold rel-
ative to that of Li metal with EC solvent. More importantly, Li
deposits with different specific surface areas can regulate the elec-
trochemical routes: The mass percent of Li foil and 49.46 m? g !
dendrite reacting with EC is higher than that of moderately den-
dritic Li. Therefore, the electrolyte composition can significantly
modulate the heat output during thermal runaway. These results
present the exothermic reaction scenarios of dendritic Li with dif-
ferent specific surface areas and electrolytes with various solvent
ratios, which affords fresh insights into the thermal stablity of Li
metal anode and emerging concept to achive safe LMBs.
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