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ABSTRACT

The thermal safety of power lithium-ion batteries (LIBs) has seriously affected
the booming development of electric vehicles (EVs). Especially, owing to the
requirement of high energy density, thermal runaway (TR) easily occurs in LIBs,
resulting in a higher heat generation rate. Over-discharging is recognized as a
common cause for TR. In the present research, the correlations between the structure

and thermal-electrochemical properties of an over-discharged ternary/Si-C battery at
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room and high temperatures were investigated. The heat generation mechanisms of
the batteries due to the maximum surface temperature and peak temperature
difference variations during fast charging and discharging processes were investigated.
Moreover, the electrochemical performances parameters of the batteries, such as
voltage changing trend, discharge time, discharge capacity, internal resistance,
electrochemical impedance spectroscopy (EIS) spectra, were analyzed. When the
battery was discharged at 2.0C and 55°C, its maximum temperature and highest
temperature difference reached 91.34°C and 13.24°C, respectively, finally resulting in
a sharp decline in electrochemical performance. Furthermore, the root reasons for
performance degradation and heat generation intensification of the over-discharged
battery (ODB) were analyzed by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The cause of the aforementioned phenomenon is due to
irreversible damage of the electrode materials. This research not only reveals the
relevant relationship between the thermal behavior and the microscopic structure of
the over-discharged ternary/Si-C battery under various temperature conditions but
also provides valuable insights for improving the safety of LIBs modules even packs.

Keywords: Thermal safety, Over-discharge, Electrochemical performance, Heat
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1. Introduction

Lithium-ion batteries (LIBs) are one of the most promising power sources

because of their high energy density and long service life [1-3]; thus, they are widely

used in different engineering fields, ranging from portable electronics to electric

vehicles (EVs) [4—6]. To meet the high-performance demand of EVs, ternary cathode

and Si-C anode-based power batteries with relatively higher energy density have been

developed. However, owing to the requirement of high energy density, the thermal




safety of integrated power systems is continuously aggravating, resulting in a thermal
runaway (TR) and even catastrophic accidents [7—9]. Unfortunately, the vulnerability
of the thermal sensitivity and thermal stability of a ternary cathode material would
aggravate TR due to the crystal structure of the material and the chemical reaction,
especially under overheating, overcharging, and over-discharging conditions [10, 11].
Over-discharging is mainly initiated by the failure of a battery management system
(BMS) and the inappropriate operation and performance inconsistency between
battery cells [12—14]. It is well known that over-discharging inevitably degrades the
electrochemical properties of a battery as the penetrated battery separator with the
unceasing growth of metallic dendrites generates an internal short circuit (ISC) [15,
16]. Therefore, it is important to investigate the fundamental thermal-electrochemical
properties and the correlation of the structure and performance of power batteries
under over-discharging conditions. Numerous studies have been conducted on the TR
mechanisms, failure mechanisms and models of power batteries under
over-discharging conditions [17—21]. During over-discharging, the anode potential of
a lithium-ion battery increases; thus, active substances on the Cu current collector are
oxidized to Cu’ and Cu?". Moreover, the over-deintercalation of lithium ions
extracting from the anode is transferred to the cathode, resulting in the decomposition
of the solid electrolyte interface (SEI). Eventually, the battery separator becomes
damaged, causing an ISC during the over-discharging process [18, 19]. In addition,
the impacts of over-discharging on the electrochemical property degradations,

establishment of heat generation models, calculation of heat generation of power



batteries have been also investigated [22—24]. Ouyang et al. [25-27] analyzed the
influences of over-discharging on the electro-thermal properties of power batteries
with different chemical systems and noticed an increased declining rate of discharge
capacity, internal resistance, energy density, and surface temperature due to
over-discharging. Moreover, the electro-thermal parameters (temperature rise,
capacity degradation rate) of the batteries increased exponentially with the rise of the
over-discharge degree. Wang et al. [28] investigated the over-discharge behavior of a
2.9 Ah cylindrical Li(NipgCoy1Mng)O,/graphite battery under an adiabatic
environment and asserted that a higher over-discharge rate resulted in a faster
temperature rise. Broda et al. [29] conducted experiments to reveal the internal
resistance and temperature changing trend during the over-discharging process of a
lead-acid battery and found that the temperature and internal resistance of the battery
increased remarkably under over-discharging conditions, manifesting severe
influences on aging and capacity degradation. Qian et al. [30] investigated the cycle
life decay behavior of a Li(Ni;3Coy;3Mn;;3)O,/graphite high-power battery during a
slight over-discharging process and noticed a cycle life degradation of 15.4%.
Moreover, the battery suffered from irreversible internal structure damage and phase
transformation due to over-discharging. Zheng et al. [31] investigated the
performance degradation and cycling stability of a LiFePO,/C battery during an
over-discharging process and reported that over-discharging led to serious irreversible
loss of charging and discharging capacities. Moreover, the breakdown and dissolution

of the SEI film resulted in severe electrochemical property degradation and poor



cycling performance. Erol et al. [32] analyzed the effects of over-discharging on the
impedance response of a LiCoO,/C battery and noticed a reversibility of the
impedance variation behavior of the over-discharged battery.

However, very few works have clarified the main reasons for internal crystalline
structure destruction and performance degradation of anode and cathode electrode
materials under over-discharging conditions, and it becomes the technical bottleneck
of promoting the lifetime and thermal safety of batteries, especially for power battery
packs with ternary/Si-C as the electrode material in EVs.

In the present research, the electrochemical performances of a ternary/Si-C
battery, such as discharge voltage platform, discharge capacity and time, internal
resistance, and electrochemical impedance spectroscopy (EIS) spectra, were analyzed.
Moreover, the influences of temperature variations on the above-mentioned properties
were also investigated. In addition, heat generation mechanisms during charging and
discharging processes under room and high-temperature conditions were explored.
Finally, the main reasons for electrochemical performance degradation and heat
generation intensification were revealed. This illustration of the dependency between
the interior structure destruction and the decreased electrochemical performance
would be greatly benefited for the modification of electrode materials, thermal safety

and the battery thermal management system (BTMS) designation.

2. Experiment

2.1 Governing equations



The electrochemical reaction of power LIBs is regarded as the disintercalation
process of lithium ions. Lithium-ions can be inserted into or removed from the active
material particles without affecting the original internal lattice structure of the
electrodes. During the charging process, the lithium-ions are embedded from the
positive electrode to the negative electrode. On the contrary, the lithium-ions are
inserted from the negative electrode to the positive electrode during the discharge
process. The entire electrochemical reaction process is considered to be reversible.
Heat generation mechanism inside the battery is very complicated and is dependent on
the electrochemical reaction rates. Heat production also changes with time and
temperature. The X, y, z coordinates of battery heat flux can be described as follows
based on the complex -characteristics of the orthotropic materials during

charging/discharging processes [33,34]:
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The energy conservation equation of the battery cell is shown as follows:
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Equation of conservation of mass is described as follows:
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As the processes of electrochemical reaction in the battery are very complex, it is
very necessary to simplify the heat generation rate from the perspective of heat
transfer. The total heat generation within the battery contains three parts and can be

1llustrated as follows:

Q=095+ Qqc+ar 9
dT

qs = mbcpa (10)

dc = heffA AT (11)

ar= 0, A(T* — To*)  (12)
where qs, . and q, represent the heat stored in the battery, the heat transported to

outer by convection heat transfer and radiation heat transfer, respectively.

2.2Preparation of power batteries

The technical parameters of an 18650-type ternary/Si-C power battery are
presented in Table 1. Two batteries with excellent electrochemical performance
consistency were selected. The first battery was charged under a 1.5C (the
measurement of the charge and discharge current with respect to nominal capacity of
the battery) constant-current (CC) charging mode with a cutoff voltage limit of 4.2 V
and then again discharged under a constant-voltage (CV) charging mode until the

cut-off current declined to 238 mA. After the charging experiment, the battery was
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over-discharged at a rate of 2.0C until the cut-off voltage dropped to 2.0 V. The
aforementioned charging-discharging procedures were repeated 100 times at room
temperature (25°C) to obtain an over-discharged battery (ODB). After the
over-discharging test, the internal resistance of ODB was raised by 12% from 40.51
mQ to 45.38 mQ. For comparison, the second battery was marked as a normal
battery (NB) without conducting the aforesaid operations. The photos of NB and
ODB are shown in Fig. 1.

Table 1 Technical parameters of an 18650-type ternary/Si-C power battery

Items Technical parameters
Nominal voltage/capacity (V/Ah) 3.6/3.2
Cathode/Anode materials Li(NiggCo¢.1Mnyg 1)O, / Si-C
Electrolyte material Carbonic ester
Cut-off voltage of charge (V) 4.2
Cut-off voltage of discharge (V) 2.75
Maximum charge rate (C) 1.5
Maximum discharge rate (C) 2.0
Standard charge rate (C) 0.2
Dimension (mm) Diameter:18

Height: 65
Weight (g) 39
Mass energy density (Wh/kg) 295.40
Volume energy density(Wh/L) 696.9

NB ODB

Fig. 1 Photos of NB and ODB

2.3 Experimental settings



The experimental system is schematically displayed in Fig. 2. A calorstat
(BTH-80 C, Dongguan Bell Measuring Equipment Co. Ltd., China; Temperature
range: -40—150°C) was used to maintain constant-temperature working conditions of
25°C and 55°C. NB and ODB were placed in the battery testing cabinet (CT-3001
W-50 V/120 A-NTF, Shenzhen Xinwei Co. Ltd.,, China) to conduct
charging-discharging operations with an acquisition interval of one second. T-type
thermocouples (OMEGA-type TT-T-30-SLE-1 M; Accuracy = +0.1°C) were adhered
to the positive, middle, and negative positions of NB and ODB (as shown in Fig. 3) to
measure temperatures, and the original temperature data were recorded by a
temperature patrol instrument (34901 A, Keysight Technology Co. Ltd., China) at an
interval of one second during the electrochemical reaction process. An internal
resistance meter (BK-300, Guangzhou Blue-Key electronic industry Co. Ltd., China)
was used to detect the internal resistances of NB and ODB with different states of
charge (SOCs). In addition, an electrochemical workstation (ZIVESP 1, Shanghai

Anzinc Co. Ltd., China) was used to determine EIS spectra.
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Fig. 2 Particular settings of the overdischarging experiments: (a) schematic diagram of the

experimental platform and (b) actual experiment set-up

10



() (b)
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Fig. 3 Arrangement of T-type thermocouples: (a) particular schematic of the layout of the

thermocouples and (b) actual diagrams of the placement of the thermocouples

2.4 Electrochemical property measurement

To analyze the influences of over-discharging on the electrochemical properties
of ternary/Si-C power batteries at different temperatures and discharge currents,
fully-charged NB and ODB were placed in the calorstat under constant-temperature
conditions of 25°C and 55°C to perform discharging experiments at 0.5C, 1.0C, and
2.0C, and subsequently, the discharged capacity degradation, discharge time and
voltage platform variation of ODB and NB were analyzed. The calculation method for
discharge capacity is depicted in our previous work [35].

In addition, the internal resistances of NB and ODB with different SOCs ranging
from 0% to 100% at 25°C and 55°C were evaluated. First, NB and ODB were charged
in a galvanostatic mode at a rate of 1.5C with a voltage cut-off limit of 4.2 V and then
charged in a potentiostatic mode until the charge current declined to 238 mA.
Subsequently, the two fully charged batteries were discharged in a CC mode at 1.0C

by taking 5% of the nominal capacity (3.2 Ah) as the discharge capacity interval point.
11



During the discharging process, discharge current and capacity were set as key
experimental parameters to obtain the internal resistances of the batteries under
different SOCs, which could refer to our previous work [35].

The EIS spectra of NB and ODB were measured by the electrochemical
workstation at room temperature (25°C) with an alternating current amplitude voltage

of 5 mV and a frequency range of 100000—0.001 Hz.

2.5 Heat generation analysis

The temperature variations of NB and ODB at 25°C and 55°C during the
fast-charging process were compared. The charging rate of 1.5C was considered as
the maximum value (Table 1). NB and ODB were first charged in a CC mode at 1.5C
until the charge voltage reached 4.2 V and then charged in a constant-voltage mode
until the charge current decreased to 238 mA. The charging experiment was
conducted under a constant-temperature condition.

Moreover, to analyze the heat generation mechanism during the discharging
process, discharging experiments of NB and ODB were conducted at 0.5C, 1.0C, and
2.0C rates under constant temperature conditions of 25°C and 55°C. The maximum
temperatures and peak temperature differences between NB and ODB were measured

and compared.

2.6 Microstructural characterization
2.6.1 Scanning electron microscope (SEM)

After the aforementioned experiments, NB and ODB (SOC = 0%) were placed
12



and dissected in a Mikrouka glove box under an argon atmosphere at 25°C, and the
detailed process is displayed in Fig. 4. The purple insulating plastic film outside the
battery was first peeled off, and the naked metal steel shell was then slowly stripped
off by a tweezer. During this process, the caps of the positive and negative poles fell
off first. Then the unique winding structure of the diaphragm, and anode and cathode
electrode slices was clearly observed. To prevent a short circuit, the anode and
cathode electrode slices with active substances attached were separated carefully.
What was noticing was that short circuit should be prevented throughout the whole
disassembly process. The obtained completed slices were carefully washed with
dimethyl carbonate using the cotton swabs under the temperature condition of 25°C.
Conductive powers were then gingerly extracted from the processed electrode slices
using tool knife and dried in an oven (DHG-9070 A, Shanghai Jinghong Co. Ltd.) for
12 h at 80°C. Subsequently, active substances from the conductive pads were
successfully extracted for further microscopic analyses by a SEM (Hitachi S-3400N-II,
Japan) with an accelerating voltage of 20 kV.

The intact commercial battery Peel off the insulating film Tear off the steel shell

Anode and cathode material Electrode slices Winding configuration



Fig. 4 Disassembly procedures of NB and ODB
2.6.2 X-ray diffraction (XRD) analysis
The crystal structures of active substances extracted from the anode and cathode
electrodes slices were detected by a diffractometer (Rigaku D/max-2550) under
Cu-Ka radiation (0.154056 nm) in the 26 range of 10° —90° with a scanning speed

of 6° * min .

3. Results and discussion

3.1 Voltage platform and discharge capacity after over-discharging
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Fig. 5 Comparison of (a) discharge voltage platform and (b) capacity after over-discharging at

25°C
Table 2 Discharge times and capacities of NB and ODB at room temperature
Discharge time (s) Discharge capacity (Ah)
0.5C 1.0C 2.0C 0.5C 1.0C 2.0C
NB 6693 3301 1554 2.97 293 2.76
ODB 6336 3102 1441 2.82 2.76 2.56

Fig. 5 displays the fundamental electrochemical properties (discharge voltage
14



platform and capacity) of NB and ODB at different discharging currents under the
room temperature condition of 25°C. It is noticeable from Fig. 5(a) that the discharge
voltage and the rise of the voltage dropping rate declined with the increasing
discharge rate during over-discharging; thus, shortening the discharge time and
attenuating the discharge capacity (Fig. 5(b)). It is clear from Table 2 that the
discharge times of ODB were 6336 s, 3102 s, and 1441 s at 0.5C, 1.0C, and 2.0C
discharge rates, respectively, manifesting 5.63%, 6.42%, and 7.84% reductions as
compared to those of NB, respectively. Moreover, the discharge capacities of ODB
after over-discharging were 2.82 Ah, 2.76 Ah, and 2.56 Ah at 0.5C, 1.0C, and 2.0C
discharge rates and these values are similar to those obtained by the equation of

discharge capacity described in our previous work [35].
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Fig. 6 Comparison of (a) discharge voltage platform and (b) capacity after over-discharging at

55°C
Table 3 Discharge times and capacities of NB and ODB at 55°C
Discharge time (s) Discharge capacity (Ah)
0.5C 1.0C 2.0C 0.5C 1.0C 2.0C
NB 6596 3221 1542 2.93 2.86 2.74
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ODB 6286 3008 1407 2.79 2.67 2.50

To explore the influences of over-discharging on the electrochemical performance
of power batteries at high temperatures, CC discharge experiments of NB and ODB
were conducted at 55°C under 0.5C, 1.0C, and 2.0C discharge rates. The changes in
the voltage platform and discharge capacity of NB and ODB are displayed in Figs. 6(a)
and 6(b), respectively. It is clear that over-discharging caused a decrease of voltage
platform, discharge time, and capacity and further aggravated electrochemical
properties. It could be attributed to the ISC current caused by the movement of
electrons from the anode to the cathode through copper deposition, resulting in a
higher voltage-dropping rate. It is evident from Table 3 that the discharge capacities
of ODB were 2.79 Ah, 2.67 Ah, and 2.50 Ah at 0.5C, 1.0C, and 2.0C, respectively,
manifesting 5.02%, 7.12%, and 9.6% reductions as compared to those of NB,
respectively. Moreover, when the discharge rate increased to 2.0C, the discharge
capacity experienced a more severe decline due to the high-temperature condition.
Therefore, the energy storage capacity degradation of ODB was exacerbated after

over-discharging at the high temperature.

3.2 Internal resistance variation after over-discharging
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Fig. 7 Internal resistance variations of NB and ODB with different SOCs at 25°C and 55°C

The effects of over-discharging on ion/electron migration and electrolyte
diffusion/transfer capability were analyzed by examining the internal resistances of
NB and ODB and the Nyquist plots obtained from EIS tests. The internal resistance
variations of NB and ODB with different SOCs at 25°C and 55°C are displayed in Fig.
7. It is noticeable that the internal resistance of ODB increased significantly after
over-discharging at 25°C and 55°C. At the start (SOC = 100%) and end (SOC = 0%)
of the CC discharge process at 55°C, the internal resistance of ODB increased by

9.05% and 5.02%, respectively.

3.3 EIS analysis of NB and ODB
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Fig. 8 Nyquist plots of NB and ODB with SOC = 0%

It is known that the equivalent series and polarization/charge transfer resistances
(Ry/R¢) of an electrode can be calculated from the initial intersection of curves and
the semicircle diameter of a Nyquist plot, respectively. Fig. 8 compares the
alternating-current impedance spectra of NB and ODB with 0% SOC at room
temperature (25°C). In comparison to NB, ODB had much higher equivalent series
(97.4 versus 894 mQ) and Ry /R (24.6 versus 6 m€) resistances after
over-discharging. Therefore, the rise of electrical resistances aggravated the heat

generation behavior of ODB.

3.4 Heat generation mechanism during the rapid charging process
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Fig. 9 Comparison of heat generation mechanisms of NB and ODB at 1.5C: (a) 25°C and (b) 55°C

To analyze the heat generation mechanisms of NB and ODB during the charging
stage, charging experiments were conducted at 1.5C in CC/CV modes at 25°C and
55°C. The temperature changing curves of NB and ODB during the charging process
are exhibited in Fig. 9. It is noticeable from Fig. 9(a) that the temperatures of NB and
ODB gradually increased with the rise of the charging time before 1500 s during the
CC charging stage. The maximum temperature of ODB reached 55.56°C (5.12°C
higher than that of NB) with a steeper temperature rising slope at 25°C. In contrast, at
55°C, ODB achieved the maximum temperature of 85.67°C (6.44°C higher than that
of NB) at 1275 s (Fig. 9(b)). It is worth noting that ODB attained the peak
temperature earlier than NB with a higher temperature rising gradient at both 25°C
and 55°C. The aforementioned result can be attributed to the damaged reversibility of
active substances in positive and negative electrodes caused by overdischarge abuse.
Hence, fast charging directly affects the operation safety of power batteries, shortens
the service life, and makes the state of health (SOH) worse, and makes it more
possible to cause TR after over-discharging. However, the temperature dropped
slowly after reaching the peak value, and it could be attributed to the gradual decrease

of the CC during the subsequent CV charging stage.

3.5 Heat generation mechanism during the discharging stage
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Fig. 10 Comparison of (a) peak temperature variations and (b) peak temperature difference
changes of NB and ODB during the CC discharge process at 25°C

To further investigate the heat generation mechanisms of NB and ODB during
the discharging process, constant-current discharging experiments were conducted at
25°C and 55 °C under 0.5C, 1.0C, and 2.0C. Fig. 10 compares the changes of the
maximum temperature and temperature difference between NB and ODB during the
CC discharge process. It is observable from Fig. 10(a) that the maximum temperature
of ODB continued to rise with the increase of the discharge ratios and was always
higher than that of NB at room temperature. Especially at 2.0C discharge rate, the
maximum temperature of ODB reached 75.80°C, which was 15.3% higher than that
of NB. Moreover, the temperature consistency of ODB and NB after over-discharging
was aggravated continuously with the increase of the discharge ratio. It is clear from
Fig. 10(b) that the peak temperature differences of ODB were 3.26°C, 9.07°C, and
10.98°C at 0.5C, 1.0C, and 2.0C discharge rates, respectively, manifesting 1.56°C,

5.02°C, and 3.42°C increments as compared to those of NB.
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Fig. 11 Comparison of (a) peak temperature variations and (b) temperature consistency changes of
NB and ODB during the discharging process at 55°C

Moreover, NB manifested a similar temperature variation law at 55°C. When the
discharge ratio reached 2.0C, the peak temperature and maximum temperature
difference of ODB after over-discharging were 91.34°C (Fig. 11(a)) and 13.24°C (Fig.
11(b)), respectively, which were 6.96°C and 7.11°C higher than those of NB,
respectively. Therefore, the thermal behavior and temperature consistency of ODB
were aggravated after over-discharging, causing a severe decline of electrochemical
performance, the secondary destruction of the electrode material, which would make
the battery more prone to TR.

Overall, from the aforementioned analysis data, we could draw a conclusion that
the over-discharge, as the most common trigger for battery failure, inevitably led to
the destruction of the internal structure of electrode materials, further hindering the
normal embedding and extruding abilities of lithium ions, and eventually resulting in
the serious deterioration of electrochemical performance and aggravation of heat
generation behaviors. Hence, SEM and XRD micro-characterization tests of the

electrode materials were conducted to analyze the essential reasons for the fading
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performance.

3.6 XRD patterns of electrode materials
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Fig. 12 XRD patterns of anode and cathode materials: (a) cathodes of NB and ODB and (b)
anodes of NB and ODB

Fig. 12 displays the internal crystal structural changes of electrode materials for
NB and ODB. The characteristic peaks of the cathode (NB and ODB) were located at
20 = 18.67°, 36.95°, 38.60°, 44.57°, 48.68°, 58.54°, 64.09°, 65.53°, 68.60°, 82.59°
(Fig. 12(a)), and those of the Si/C anode were located at 26 = 26.67°, 44.77°, 54.63°,
65.53°, 77.66°, 83.81° (Fig. 12(b)). Moreover, no impurity peaks were detected during
the over-discharging process. The peak values of both positive and negative electrode
materials were greatly reduced due to over-discharging, indicating that the
crystallinity of electrode substances decreased and the electrochemical performance

of ODB and NB seriously deteriorated.

3.7 SEM images of active substances
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Fig. 13 Microstructures of electrode materials: (a) cathode of NB, (b) cathode of ODB, (c) anode
of NB, and (d) anode of ODB

Fig. 13 exhibits the microstructures of positive and negative electrode materials
of ODB and NB under normal and over-discharge conditions. A slight agglomeration
of cathode electrode materials was noticed in ODB after over-discharging (Fig. 13(b)),
whereas a dense arrangement of uniform particles accompanied by some interspaces
between conductive substances was observed in NB (Fig. 13(a)). Moreover, in
comparison to the smooth surface of conductive substances of NB anode slices (Fig.
13(c)), some loose gaps among anode materials and white silicon particles on the
rough surface of graphite were detected in ODB after over-discharging (Fig. 13(d)).
Therefore, the over-discharging of ODB destroyed the distribution of conductive

particles and reduced the storage capacity.

3.8 Section morphology of electrode slices
23



.

'IIII_iII.‘.IlhI!I'IIIII._"-IIIIIIIIIII
g7 ] 4

R .

50 pm
P

Fig. 14 SEM images of the cross-sections of electrode slices for NB and ODB: (a) cathode of NB,
(b) anode of NB, (c) cathode of ODB, and (d) anode of ODB

Fig. 14 exhibits the SEM images of the cross-sections of electrode slices for NB
and ODB. In comparison to a regular and compact distribution of active substances of
cathode slices in NB (Fig. 14(a)), active substances of cathode slices in ODB were
regularly distributed. Moreover, a serious peeling phenomenon on the cathode
electrode plate occurred in ODB (Fig. 14(c)). For anode active materials, the
above-mentioned phenomenon became worse. In comparison to the tight and neat
distribution of anode materials in NB (Fig. 14(b)), anode substances appeared
disorderly in ODB (Fig. 14(d)). Hence, the structure of active materials was seriously
damaged, slowing down the embedding of lithium ions and the diffusion of the
electrolyte. Consequently, the electrochemical performances of ODB seriously

deteriorated.

4. Conclusions
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The influences of over-discharging on the electrochemical properties and thermal
behavior of a ternary/Si-C power battery were investigated. Additionally, the
correlation between the performance deterioration and damaged internal structural
was evaluated. The main inferences are summarized below.

(1)The voltage platform of the overdischarged ternary/Si-C battery dropped sharply,
and this phenomenon got worse with the rise of the discharge rate. Moreover, the
discharge time and capacity of the ternary/Si-C power battery were seriously
attenuated at 55°C.

(2) The over-discharge of the ternary/Si-C power battery decreased the discharge time
and capacity and also increased the internal resistance and impedance, leading to
severely ascending heat generation and temperature inhomogeneity.

(3) The damage of the internal morphology and crystal structure of electrode materials
were the fundamental reasons for electrochemical performance degradation and heat
generation intensification, seriously hindering the normal electrochemical reaction
and reducing the energy storage ability of the ternary/Si-C battery.

This study provides a research basis for the degradation mechanism of
overdischarged ternary/Si-C cells. Moreover, the findings are beneficial to the
optimization of electrode materials and the designation of thermal management

systems.
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