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H I G H L I G H T S

• The changes of the thermal stability of the battery with different charge state was observed in DSC and ARC data.

• The thermal stability mutation of Si@C material has been observed.

• The thermal stability of NMC811/Si@C metrical was deeply researched, a reasonable thermal runaway sequence was proposed.

• Based on ARC data, the TMR curve is predicted, which can provide guidance on the safe use of the NMC811/Si@C battery.
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A B S T R A C T

The nickel-rich silicon-graphite lithium-ion cells, for example the LiNi0.8Mn0.1Co0.1O2/Silicon-carbon (NMC811/
Si@C), have been used in the commercial power batteries to meet the higher capacity requirements now.
However, the battery with higher energy is more destructive as thermal runaway occurs. In order to improve the
safety of the battery, it is essential to study the thermal stability of this kind of battery. In this work, the
differential scanning calorimetry (DSC) and adiabatic rate calorimetry (ARC) have been used to conduct a detail
thermal stability analysis for this type of battery of different charge state, the thermal stability mutation of Si@C
material has been observed firstly when the SOC is great than 55%. Besides, a reasonable thermal runaway
reaction sequence of the battery of NMC811/Si@C is proposed. Moreover, based on the time to maximum
reaction rate (TMR), the effective recommendations for the use of NMC811/Si@C lithium ion battery are pro-
vided.

1. Introduction

The lithium ion battery is considered to be a kind of clean energy
with higher energy density, longer cycle life, no pollution and no
memory effect. It is widely used in the communication, transportation
and other industries around the world [1,2]. With the popularity of
lithium ion battery continues to increase, especially electric vehicles, in
order to make the battery working hours longer, the demand for li-
thium-ion batteries with higher energy density will be even more ur-
gent [3,4].

In order to provide higher energy, the silicon-carbon material has
been used as an anode material, which has a higher capacity (over
400mAh·g−1 [5–7]) than the traditional graphite material
(372mAh·g−1) [7,8]. At the same time, to match the capacity of the
anode electrode, the layered transition metal oxide,

LiNi0.8Mn0.1Co0.1O2 (NMC811), has been applied as the cathode ma-
terial, which has a capacity of 275.5 mAh·g−1 [9,10]. Because this type
of battery with such system have been used in the commercial appli-
cations, the research on the thermal stability of this type battery is very
important.

The cathode electrode material NMC undergoes a lattice transition
under high temperature conditions while oxygen is released. The
oxygen will easily reacts with the electrolyte inside the battery and the
lithium-intercalated anode material, which may easily cause thermal
runaway of the battery [11–14]. Bak et al. [15] conducted thermal
stability analysis of charged LiNixMnyCozO2 (x+ y+ z=1) by in-situ
time-resolved X-ray diffractometer (XRD) and mass spectroscopy, and
considered that the onset temperature of thermal decomposition of
NMC materials decrease as the increase of Ni content and decrease of
Co/Mn content. Belharouak et al. [16] used the DSC and XRD to study
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the NMC111, and found that the material will become more stable
when the phase change from R m3̄ layered phase to Fd m3 spinel phase.
In addition, the Si@C anode electrode material also has corresponding
safety problems. It is widely known that Si will undergo a nearly 400%
volume change during charging [6,17–19]. A large volume change in
charging process will increase the internal stress of the battery [5]. The
strong internal stress generated by the volume change may lead to the
cracking and pulverization of Si@C anode electrode [20–23], and the
rupture of separator, followed by partial short circuits and even thermal
runaway [3,17]. Besides, the capacity fade of lithium-ion batteries with
silicon-based anodes is also related to the volume change of Si@C of
charging process [5,6,21,24,25].

The thermal stability of the battery is closely related to charge state
of the battery. This work focuses on the thermal stability of NMC811/
Si@C battery by combining both scanning calorimetry (DSC) and
adiabatic rate calorimetry (ARC). The DSC analyzes the thermal stabi-
lity of battery materials with different states of charge (SOCs). The
batteries are charged to different charge states with 1C current before
ARC experiments. By comparing the DSC data of the electrolytes in-
volved, the decomposition of electrode material and its reaction with
the electrolyte as well as the thermal stability of battery materials at
different SOCs can be more clearly observed and understood. The
thermal stability mutation of the Si@C electrode material was clearly
observed in DSC result. Based on the complete thermal analysis of the
battery (including electrolyte, separator), a reasonable sequence of
thermal runaway reactions is proposed. In addition, using the ARC data
of different charge state battery, the TMR curve is predicted.

2. Experiment

2.1. DSC experiment

The experiment material was the 57 Ah NMC-811/Si@C electrode
pieces taken from the battery made by JEVE. The capacity of positive
electrode is 236.25mAh·g−1, which measured under the condition of
constant current discharge and the cut-off voltage is 3–4.3 V. the ca-
pacity of negative electrode is 452.51mAh·g−1, which measured under
the condition of constant current discharge and the cut-off voltage is
0.01–2 V. All the values above were measured from coin cells, whose
electrodes are cut from the fresh commercial electrodes. The counter
electrode is lithium metal. After disassembling the fresh battery, the
electrode was dried, and then cut to make a 3.2 cm×3.2 cm electrode.
Next, the electrolyte was injected into the battery for charging by re-
assembly. The electrolyte solvent supplied by CAPCHEM consisted of
EC/PC/DMC, and the solute was LiPF6, in addition, additives was added
to the electrolyte in order to make the battery work excellent.

The DSC experiments were conducted on the electrode materials
with 5 different SOCs: 0%, 25%, 50%, 75%, and 100%. By comparing
the charging curve of the battery under 1C in Fig. 1, the corresponding
voltages under different SOCs were obtained and shown in Table 1:

After the batteries were charged to the corresponding voltages in
Table 1, they were quickly disassembled in the argon-filled glove-box.
The electrodes were immediately washed with dimethyl carbonate
(DMC), and soaked for two hours to remove the electrolyte on the
electrode surface, followed by placing in the glove box for two hours to
ensure there was no electrolyte residue inside the electrode material.

When the DSC experiments were carried out, the cathode and anode
electrode material powders of different charge states were scratched
from the electrodes with a ceramic knife, and the mass of the powders
was controlled within the range of 3–10mg. When the mass was less
than 3mg, the exothermal peaks were difficult to detect because of low
heat generation. When the mass was more than 10mg, the sealed
crucible might leak due to the internal pressure increases caused by the
increase of oxygen released from the cathode electrode material. The
sample is prepared based on the following ratio: electrode material:
electrolyte= 1mg: 1 ul. Therefore, this operation was used to control
the accuracy of the experiments. The crucible used in the DSC experi-
ment was a gold-plated stainless steel sealed crucible. The DSC samples
were prepared by adding electrolyte to electrode materials on specific
ratios.

The DSC measurements were performed with a Netzsch (STA 449 F3
Jupiter®) DSC 204 (Germany). The heating rate is 5 K·min−1, and test
temperature range from 50 °C to 350 °C.

In addition to test the DSC data of the cathode and anode materials,
the experiments also tested the electrolyte and the separator used in the
57 Ah NMC-811/Si@C pouch battery. The separator used in the pouch
battery was a ceramic separator. Considering the separator melt, the
DSC test temperature range from 50 °C to 200 °C. Besides, the electrodes
were examined with a Rigaku Miniflex 600 X-ray diffractometer with
nickel-filtered Cu Kα radiation at a scan rate of 4° per second over a 2θ
range.

2.2. ARC experiment

The ARC measurements were performed with a HEL PHITEC BTC
500 (British).

The batteries used in ARC test were the research batteries made by
JEVE. The batteries were charged to different SOCs at 1C (57 A) current
before ARC experiments. During the heat-wait process, the sample was
heated to 25 °C initially, followed by a 40min temperature calibration.
Then the sample temperature ramped up. A 30min search process was
conducted after every 5 °C ramps at 2 °C·min−1. When the instrument
detected the temperature of the battery rise rate exceeds 0.02 °C·min−1,
the program will assume that the battery has enter the self-heating
process and enter a track mode. Then the ARC tracked the temperature
change of the battery under an adiabatic condition. Two temperature
probes were attached on the battery to detect temperature change of
the battery.

Before ARC testing, thermocouples (temperature probe) were fixed
to the surface at the center of the battery, and then winded the heater
on the surface of the battery. Before placing the battery inside the ca-
lorimeter, the sample should be wrapped tightly by the sample heater
with thermal tape as shown in Fig. S1. The batteries tested for ARC was
placed on a tripod inside of the equipment. Because of the tripod’s mass
is too small comparing with the battery, we assume that it has no effect
on the test results. There atmosphere is air used in the ARC. Besides, the
dimensions of the battery for ARC test is shown in Table 2.

Fig. 1. Charge curve of 57 Ah lithium ion battery.

Table 1
The potential of different SOCs.

SOC 0% 25% 50% 75% 100%

Potential (V) 2.75 3.67 3.87 4.09 4.20
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3. Results and discussion

3.1. Data and analysis

3.1.1. Experiments of cathode materials
By comparing the DSC data of the cathode materials with electrolyte

under different SOCs in Fig. 2(a), it can be found that there are roughly
two exothermic peaks in the reaction of the cathode electrode material
and the electrolyte, and the positions are around 260 °C and 310 °C. The
positions of two exothermic peaks are consistent with Patrick’s research
[26]. According to Patrick’s DSC measurements, the exothermic peaks
of more than 150 °C are the cathode-electrolyte reactions [26]. As the
SOCs increase, the positions of these two peaks tend to move forward.
As the SOCs increased from 0% to 50%, the position of exothermic
peaks remains unchanged, but the intensity of the peak at around
310 °C increased. This change also is consistent with the Patrick’s re-
search. At the same time, when SOC reaches 50%, it can be observed
that the reaction peak at 260 °C is split from a single peak to double
peaks. The splitting phenomenon indicted there have two or more re-
actions in the corresponding temperature. When the charge state
changed, the reactions will change simultaneously. Different reactions
have different activation energy and different reaction rate, the DSC
result also can show reaction rate. Thus, the splitting phenomenon can
to be understand that there have reactions happening in advance. This
is a bad signal for battery safety, indicating that the self-heating reac-
tion occurs in advance. When the SOCs are increased from 50% to
100%, the reaction peak around 260 °C will move forward, and the
splitting phenomenon is more obvious. However, the reaction peak
around 310 °C will gradually weaken, which is different with the
change of SOCs from 0% to 50%.

Through the DSC data of the cathode electrode material without

electrolyte additional reaction in Fig. 2(b), it can be inferred that the
decomposition reaction peak of the cathode electrode will increase with
the increase of SOCs. For the DSC data of SOCs reach 75% and 100%
shown in Fig. 2(b), the reaction peak at about 230 °C should be at-
tributed to the reaction of cathode electrode material decomposition. As
the SOCs increase, the decomposition reaction peak of the NMC mate-
rial gradually increases, which is similar to the Röder’s research [27].
Compared with Fig. 2(a), the reaction peaks at other positions should be
the peaks of the reactions of the cathode electrode material and the
electrolyte. It can be inferred that the thermal decomposition of the
cathode electrode material is preceded by the reaction of the cathode
electrode material and the electrolyte when the battery occurred
thermal runaway reaction.

Fig. 3 shows the powder XRD of lithium-rich NMC811 material. As
the SOCs increase, the clear splitting of (0 0 6)/(1 0 2) peak will dis-
appear first and then appear. As the SOCs increase, the clear splitting of
(0 1 8)/(1 1 0) peak will firstly strengthen and then weaken. The (0 1 8)
peak will move to a lower angle and then move to a higher angle, while
the (1 1 0) peak changes in the opposite direction. In addition, with the
continuous reduction of lithium in the cathode material, the intensity of
the peak of (1 0 1) increases gradually. Combined with the DSC data, it
can be seen that the thermal stability of the NMC811 material is con-
tinuously weakened when that change occurred. In particularly, the
thermal stability of the NMC811 material will undergo a relatively large
change when the (0 1 8) peak shifts to the right and the (1 1 0) peak
shifts to a lower angle. The reason of thermal stability of NMC material
will have great change when the SOCs reached 50% can be attached to
the unit-cell volume change of NMC811. The unit-cell volume change
can according to the change of lattice parameter C when the material
was charged to high voltage [28]. The lattice parameter C will increase
at the early of charge and decrease when reached the high voltage [29].
Aleksandr et al. [30] also consider that the C parameter for NMC811
cathode material will change when the state of charge is around 50%.
When the unit-cell volume change, the surface of the material structure
will crack due to stress changes, and the surface reaction is more sen-
sitive.

3.1.2. Experiments of anode materials
From the DSC data of the reaction of the anode electrode material

and the electrolyte in Fig. 4(a), it can be found that when the SOCs are
increased from 0% to 50%, the intensity of the reaction peak at about
110 °C increase, and a new peak appeared at around 230 °C. When the
SOCs are higher than 50%, the position of the peak will change, the
reaction peak at 110 °C disappear, the peak at around 230 °C will in-
crease, and a new peak will appear around 330 °C, and the intensity of
the reaction peak will also increase.

Compared to the anode electrode material DSC data without elec-
trolyte in Fig. 4(b), it can be found that the reaction peak at about
330 °C should be attributed to the reaction of the anode electrode ma-
terial thermal decomposition, and the previous reaction peaks in

Table 2
The dimensions of the battery.

Capacity (Ah) Length (mm) Width (mm) Thickness (mm) Weight (g)

57 264 92 12 754 ± 3

Fig. 2. DSC results of different SOC cathode. (a) Is the DSC result of cathode
with electrolyte. (b) Is the DSC result of cathode without electrolyte.

Fig. 3. XRD patterns of different charge state of cathode material.
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Fig. 4(a) are attributed to the reaction of anode electrode material and
the electrolyte. It can be inferred that when the anode electrode ma-
terial undergoes a thermal runaway reaction, the lithium-intercalated
anode electrode material will react with the electrolyte before the re-
action of anode material decomposition, which is different from the
reaction of cathode. Compared with the DSC data of the cathode elec-
trode material in Fig. 2, it can be found that the heat generated by the
reaction of the cathode electrode materials and the electrolyte is higher
than that of the anode electrode material.

The thermal stability of the anode material will cause a large change
when the SOC is greater than 50%. To find the reason, the battery re-
search with SOC between 50% and 75% was added. From the DSC data
in Fig. S2, it can be clearly seen that the exothermic peak at around
110 °C will disappear, but the exothermic peak at around 230 °C will
appear when the SOC higher than 55%. Besides, compared with the
DSC data of SOC equaling to 50%, it can also be found that the intensity
of exothermal peak at around 110 °C has decreased but the peak at
around 230 °C has increased when the SOC equal to 55%.

Fig. 5 shows the powder XRD of Si@C material. The patterns are
similar to the Si@C patterns of Zhou et al. [31]. It will be found that the
peak of carbon (C) element (at around 26.4°) changes with the SOCs
increasing. It can be seen that the intensity of C peak will decrease
when the SOC above 50%. The potential of alloying reaction with

silicon during the charge process is 0.3 V, which is higher than the
potential of the lithium insertion into graphite (0.1 V), so the alloying
reaction with silicon will go before the lithium insertion into graphite
during the charge process. The exothermal peak at around 110 °C
should be the lithium intercalated silicon react with the electrolyte.
Silicon, no matter crystalline or amorphous, will be transformed to an
amorphous phase and subsequently transform to a crystalline com-
pound during the lithium intercalation process [32–35]. The thermal
stability of anode material change when the SOC higher than 55%
should be attributed to the silicon phase change.

3.1.3. DSC experiment of separator and electrolyte
The DSC data of the electrolyte has been obtained, and the all re-

action peaks include one endothermic peaks and one exothermic peak
as shown in Fig. 6(a). It can be seen that the temperature increases from
50 °C to 200 °C, the endothermic peak began at 200 °C, this reaction
should be the dissolution of electrolyte salt, but at about 210 °C, the
endothermic peak of the electrolyte is weakened, indicating that the
electrolyte will start to heat up and liberate heat, reaching a peak at
around 255 °C. According to the research of Tsukasaki et al. [36], it can
be inferred that the exothermic peak at 255 °C should be the derived
from LiPF6 decomposition.

Observing the DSC data of the separator in Fig. 6(b), it can be found
that the separator has an obvious endothermic peak around 142 °C. It
can be inferred that the reaction peak should be the melting reaction
peak of the separator. Compared with the traditional PE separators, the
ceramic separators have a relatively small shrinkage rate under high
temperature conditions [37–39].

3.2. ARC data and analysis

3.2.1. Thermal runaway temperature
Through the temperature data of the ARC experiment of the battery

in Fig. 7(a), it can be found that the NMC811/Si@C batteries start self-
heating at around 60 °C, and the batteries start to slowly heat up under
the action of self-heating, and the heating rate as shown in Fig. 7(b).
When the batteries are heated to about 100 °C, the self-heating rate of

Fig. 4. DSC results of different SOC anode. (a) Is the DSC result of anode with
electrolyte. (b) Is the DSC result of anode without electrolyte.

Fig. 5. XRD patterns of anode material.

Fig. 6. (a) Is the DSC results of the electrolyte. (b) Is the DSC result of the
separator.
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the battery increases, and the heating rate is about 10−1 °C·min−1,
causing the battery to continue to heat up, and heating up to 150 °C in a
relatively short period of time, which causes the battery to run out of
control. The batteries’ temperature rises rapidly when the batteries get
to 150 °C, the maximum heating rate is 102 °C·min−1. The maximum
temperature of the thermal runaway batteries could reach more than
500 °C.

From the above, it can be concluded that the NMC811/Si@C battery
will undergo thermal runaway when it reaches 150 °C, whether it is
fully charged or not. It can be considered that the separator of the
battery has completely melted at this temperature. Liu et al. [11] also
prove that the battery can prevent thermal runaway before a certain
temperature. When the temperature of the battery reaches 150 °C, the
battery rapidly heats up due to its own heat generation, and the thermal
runaway reaction cannot be prevented at this temperature. It can be
found that the self-heating time of the lithium ion battery with the SOC
reaching 75% is longer than other charging-state lithium ion batteries.
But regardless of the charging state of the lithium ion battery, the
temperature at the start of thermal runaway of the lithium ion battery is
almost the same. Therefore, it can be recommended that in order to
avoid thermal runaway of the battery, the use temperature of the bat-
tery needs to be lower than 150 °C. In order to use the battery safer, the
temperature of the battery should be lower than 60 °C. The tempera-
tures mentioned above should be lower especially when the lithium ion
battery is fully charged (see Table 3).

In addition, according to the DSC data, when the states of charge
increase, the reaction temperature of the anode electrode with the
electrolyte increases, and the reaction temperature of the cathode
electrode with the electrolyte decreases. It can be believed that when
the state of charge reaches to 75%, the two reactions will occur at
nearly the same temperature, and the energy released from the thermal
runaway is more concentrated. Therefore, in the ARC experiment,
compared with the thermal runaway data of the battery whose SOC
equals to 50%, the self-heating time of the battery which SOC equals to
75% will be prolonged, but the maximum temperature of the thermal
runaway will be higher.

3.2.2. Time to maximum rate
There are three important temperature parameters in the thermal

runaway reaction of the battery:

(i) The battery self-heating start temperature Tini. When the battery
reaches this temperature, it indicates that the battery is starting to
get dangerous.

(ii) The maximum heating rate start temperature Tfin. This temperature
is the safe threshold for the battery. When the battery temperature
is higher than this value, it indicates that the irreversible thermal
runaway will occur. The thermal runaway of lithium ion battery
may bring great harm to human who using it.

(iii) The maximum temperature Tmax reached by thermal runaway. This
temperature indicates that the danger degree of the accident
caused by thermal runaway. The higher the temperature of the
lithium ion battery, the more dangerous in usually.

In the adiabatic system, the heat generated by the battery itself was
completely used for the temperature rise of the sample. Assuming that
the reaction equation in the thermal runaway reaction conforms to the
Arrhenius equation, the following equation can be obtained by estab-
lishing the heat balance equation:

= −Q
C

A C edT
dt

* * *
p

n E
RT

(1)

wherein T is the reaction temperature, C is sample mass, Q is reaction
heat evolution, Cp is average heat capacity of the sample, A is a factor
before reaction, n is reaction order, and E is reaction activation energy.

Assuming Cp and Q are independent of sample state and tempera-
ture, it can get:

=
−

C
Q

C
T T

p

max

0

0 (2)

where T0 is the inital temperature of the battery.
Assuming that the sample mass C has the following relationship

with the temperature T :

= −
−

C T T
T T

C*max

max 0
0 (3)

By combining Eqs. (1)–(3), the self-heating thermal reaction rate of
the battery sample can be obtained as following:

⎜ ⎟= ⎛
⎝

−
−

⎞
⎠

− −A T T
T T

T T C edT
dt

* *( )* *max

max

n

max
n E

RT
0

0 0
(4)

Eq. (4) is used to fit the thermal runaway temperature data of the
lithium ion batteries. Assuming a value of the reaction order number,
the reaction pre-factor and activation energy of the thermal runaway
reaction can be obtained.

The time to maximum rate (TMR) represents the time required to
reach the maximum reaction rate, also is the time before thermal run-
away occur in this temperature. The TMR can get from Eq. (5) [40]:

=TMR R T
E

*
*dT

dt

2

(5)

Fig. 7. Thermal runaway data. (a) Is the temperature change during the thermal runaway. (b) Is the heating rate of thermal runaway.

Table 3
The ARC test data.

SOC Self-heat temperature
(°C)

Max-rate temperature
(°C)

Max temperature (°C)

25% 59.3 148.1 517.9
50% 56.6 146.5 533.6
75% 63.1 138.8 607.8
100% 58.60 154.2 609.6
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Using the above method to analyze the NMC811/Si@C battery, and
assuming the reaction order number =n 2, the TMR data can be ob-
tained, as shown in Fig. 8. It can be seen directly that as the tempera-
ture increases, the TMR will become smaller and smaller, indicating
that the higher the temperature, the lower the thermal stability of the
battery. For example, according to Fig. 8, the battery with full charged
reaches the maximum reaction rate after 24 h at 77.9 °C, that is, the
thermal runaway occurs. At 88.6 °C, the reaction rate will reach a
maximum reaction rate after 8 h. However, the battery with the SOC
equaling to 75% can reach a maximum reaction rate at 95.7 °C for 24 h.
It can get a conclusion from Fig. 8 that, compared with other charge
state batteries, the NMC811/Si@C lithium ion battery whose SOC
equals to 75% can be safely stored for a longer time in higher tem-
perature environment. But the separator will melt at high environment,
the battery will absolutely thermal runaway due to internal short.

3.2.3. Battery after ARC pictures
By observing the photos after the thermal runaway of the battery in

Fig. S3, it can be found that the integrity of the battery after the ARC
experiment decreases with the increase of the state of charge. After the
battery thermal runaway, the battery of SOC 25% can only maintain its
original shape better mostly in Fig. S3. The battery with SOCs reaching
to 75% and 100% experiments have completely turned into pieces. It
was known that although the battery of SOC equaling to 75% can
maintain relatively good thermal stability, but the internal energy is
relatively large, the damage of battery of SOC equaling to 75% caused
by thermal runaway is still relatively large. So the integrity of battery
after the ARC experiment is relative with the energy stored.

When observing the sample after the thermal runaway of the bat-
tery, it was found that after the battery of different charge states was
out of control, the cathode current collector was not seen, but the anode
current collector could be found. However, as the states of charge in-
creasing, the integrity of the anode current collector continues to de-
crease. Silver-white particles were found in the battery residue. In ad-
dition, golden yellow particles were found in the battery of SOCs
equaling to 50%, 75%, and 100% residues, and the radius of the par-
ticles also increased with the increase of SOCs. It was suspected that the
silver-white particles were the product of the melting of the cathode
current collector, and the gold-yellow particles were the product of the
melting of the anode current collector.

Here are some speculations about the possibility of thermite reac-
tion inside the battery. The classical thermite reaction is the reaction of
iron oxide and aluminum. The NMC811 material is also a metal oxide,
and the current collector of the cathode electrode is aluminum foil, and
the two are in close contact. In the event of thermal runaway, the
pressure inside the battery can be as high as 5–10 bar [26], besides, the
thickness of the cathode current collector is only 13 μm. Under this
condition, a thermite reaction may occur. There are some related lit-
eratures that report the thermite reaction inside the battery [41–43].
Based on the above analysis, it was believed that the thermite reaction

is likely to occur at the moment when the battery thermal runaway,
therefore, the silvery white particles may be formed by the thermite
reaction, and due to the thermite reaction temperature, golden yellow
particles may be the melted copper.

Based on the above DSC data analysis and ARC data analysis, it can
be inferred that the internal reaction sequence in the NMC811/Si@C
battery thermal runaway should be as follows: First, the Solid
Electrolyte Layer (SEI) on the anode electrode surface liberates heated
at the temperature about 60–110 °C [44–46], this point can also be
confirmed in Fig. 7 that the self-heat temperature of battery thermal
runaway starts at about the temperature of 60 °C. But this part of the
reaction heat is small [47], hence the temperature rise rate of the
battery is relatively slow at the start of exothermic process. Next, the
anode electrode reacts with the electrolyte. Because the battery reacts
at different SOCs, the exothermic is different in the reaction of different
SOCs anode with electrolyte. Therefore, this is also the reason why the
self-heating rate of the different state of charge cells is inconsistent after
the self-heating is reached. When the battery temperature reaches
110 °C, the reaction rate reaches the maximum, causing a significant
increase in the temperature rise rate of the battery as shown in Fig. 7.
When the battery temperature rises to 142 °C, the melting separator
may cause the internal short circuit, because electrical energy was
converted into heat, so the internal short circuit will cause the tem-
perature of the battery to rise linearly. The reaction that occurs after-
wards will be the decomposition of cathode material, followed by the
reaction of the electrolyte with the cathode material, which will make
the temperature rise sharply because the exothermal in this step is
bigger than other reactions.

There are two reasons for the difference in the maximum average
temperature of the thermal runaway temperature of different re-
chargeable batteries. One is that the battery is in a different state of
charge, and the energy released by the internal short circuit is different,
hence the amount of heat converted is also different. The other is that
the exothermic amount of the decomposition reaction is different from
the reaction of electrolytes with cathode materials. The heat released by
the reaction of the anode electrode initiates the self-heating of the
battery, but the heat generated by the reaction of the cathode electrode
material triggers thermal runaway and contributes to the maximum
temperature of thermal runaway, which is also the most direct cause of
battery explosion.

4. Conclusion

By performing both DSC experiments and ARC experiments on the
NMC811/Si@C battery materials and the pouch batteries, it can be
found that when the SOC is more than 50%, the reaction of the cathode
and anode materials will undergo a relatively large change. When the
batteries are at different SOCs, the self-heating start temperature and
the thermal runaway trigger temperature do not change greatly. The
NMC811/Si@C battery will start to self-heat at around 60 °C, and the
thermal runaway will occur at 150 °C. So the battery use temperature
can refer to those values.

The significance of this work is to provide recommendations for
better and safer use of batteries based on both ARC and TMR data.
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