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A B S T R A C T   

Thermal runaway is the most serious issue for high energy density lithium-ion batteries. Adding flame retardants 
to electrolytes is a general way to improve safety of lithium-ion batteries. However, the addition of flame re-
tardants will give rise to adverse effects on the electrochemical performance of batteries, especially phosphate 
ester flame retardants decompose on the surface of the negative electrode. This research innovatively outlines a 
heat-triggered addition method of flame retardants using the polypropylene film (PP film) package. Only under 
abusive circumstances can the flame retardants be released and have a profound effect. The feasibility of this 
addition method is verified by the battery thermal safety testing. This ingenious addition method not only avoids 
the negative effects of flame retardants on battery performance, but also provides a new way to prevent thermal 
runaway of batteries.   

1. Introduction 

Lithium-ion batteries have the advantages of low cost, high energy 
density, weak self-discharge effect, and long service life, which makes 
them the mainstream of power batteries for electric vehicles (EVs) 
[1–3]. Meanwhile, it is a promising representative of energy storage 
devices in portable electronic devices and energy storage system. 
However, the lithium-ion batteries are facing great challenges in various 
applications because of the safety anxiety [4]. 

The safety of lithium-ion batteries effectively limits the application 
range of lithium-ion batteries. Under the storage or operation condition 
advised by the manufacturer, the chance of lithium-ion battery thermal 
runaway is only one in 40 million. However, with the development of 
high energy density batteries, it dramatically arises the possibility of 
battery thermal runaway. Moreover, some unforeseen abuse circum-
stances (thermal abuse, electrical abuse, mechanical abuse) during 
battery transportation and use further increases the likelihood of battery 
thermal runaway [5,6]. The battery temperature will increase and result 
in the degradation of battery materials under high temperature when the 
thermal runaway occurred. Thermal runaway occurred in the lithium 
ion battery, including solid electrolyte interphase (SEI) decomposition, 
active material decomposition and electrolyte deposition, result in the 

temperature increasing and even injury to personnel [5–10]. 
To avoid the thermal runaway of the lithium-ion battery, the safety 

design of the cell mainly starts with the material. For positive active 
materials, coating and doping is an effective method to improve the 
thermal stability of the material [11–13]. For negative active material, 
functional protective interface and high specific capacity electrode 
materials enhance the stability of SEI and negative electrode [14–18]. 
For the electrolyte, the use of a solid electrolyte can enhance the safety 
of the cell [19–21]. For separator, ceramic coating is verified a promised 
method to by our group [22–27]. In addition, there are many ways to 
improve battery safety, such as the innovative and optimized electrolyte 
systems (e.g.,ionic-liquids (ILs), polymer electrolytes, and solid elec-
trolytes) [8,28–40]. 

In general, the method above can’t perfectly resolve the anxiety of 
high energy density battery from the technology view. Because the 
chemical modification of most materials will directly affect the elec-
trochemical performance of the battery, the balance between the ther-
mal safety performance and the electrochemical performance of the 
material needs to be considered [41–43]. Meanwhile, this technology is 
too expensive and complicated to implement for manufactory. More-
over, the new materials which have higher stability and performance 
simultaneously do not emerge overnight. With the degeneration of 
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battery capacity during cycle life, the occurrence of side reactions 
cannot be avoided, which means that thermal runaway is inevitable to 
some extent. Therefore, effective and inexpensive technique is urgently 
needed to ensure the safety of the battery. 

In this study, a novel method based on thermal trigger mechanism 
for high energy density lithium-ion battery safety is reported, which can 
significantly reduce damage of thermal runaway. Unlike traditional 
methods, the flame retardant is wrapped on both sides of the battery 
using PP film and only play important role under the abuse condition. 
Trimethyl phosphate (TMP) is selected as an additive from the differ-
ential scanning calorimetry (DSC) test. The proportion of TMP in the 
electrolyte is determined by the combustion self-extinguishing time 
(SET) experiment. Based on the above results, spike test and accelerating 
rate calorimetry (ARC) experiments are performed on the battery and 
module to verify the validity of the design. The result shows that our 
method can ensure the safety of the battery within low cost and simple 
operation. Furthermore, this method is expected to be widely deploy. 

2. Result & discussion 

2.1. Optimization of packaging 

PP film is a thermoplastic resin that has been polymerized from 
propylene. It is appropriate for the inner layer material of aluminium- 
plastic film used in lithium-ion battery outer packaging because of its 
high toughness, tensile strength, and resistance to electrolyte and flame 
retardant corrosion. 

The traditional structure of the pouch battery is: the middle layer is 
the pole pieces and the separator, which are packaged with aluminium- 
plastic film, and it is filled with a certain amount of electrolyte at the 
same time. The PP film is bonded to the innermost PP film of the 

aluminium-plastic film, and the flame retardant is placed in the finished 
bag, as shown in Fig. 1(a). The battery is then encapsulated with the 
modified aluminium-plastic film, and the PP film separates the flame 
retardant from the electrolyte. The schematic cross-section of the battery 
is shown in Fig. 1(b). During the regular use of the battery, the PP film 
separates the flame retardant from the battery reaction system without 
direct contact with each other, and the flame retardant will not affect the 
battery. When a battery has a safety problem, such as the internal short 
circuit, the temperature of the battery rises dramatically. When the 
temperature reaches the melting point of the PP film, the film is 
ruptured, the flame retardant is released, and the flame is extinguished. 

The reason why we choose PP film is that on the one hand, it has a 
good bonding effect with the innermost PP film of the original 
aluminium-plastic film. And on the other hand, it has high tensile 
strength and corrosion resistance. In addition, its melting point is close 
to the boiling point of the chosen flame retardant, which will be 
mentioned in the following discussion. 

There are many types of commonly used flame retardants, including 
phosphorus flame retardants, nitrogen-containing flame retardants, 
halogen flame retardants, composite flame retardants, etc. Among many 
flame retardants, phosphate ester flame retardants have the advantages 
of good flame retardancy, low cost, and wide application. Therefore, 
liquid trimethyl phosphate (TMP) and solid triphenyl phosphate (TPP) 
are initially selected. 

The DSC test results of TMP and TPP are shown in Fig. 1(c). The 
boiling point of TMP is about 150 ◦C, and the melting point and boiling 
point of TPP are 50 ◦C and 320 ◦C. The DSC test results of PP film are 
shown in Fig. 1(d). At about 160 ◦C, there is an endothermic peak, which 
is presumed to be the melting point of PP, and there is an exothermic 
peak at 230 ◦C, which is exothermic from the decomposition of PP. 

For the combustion of lithium-ion batteries, carbonate-based 

Fig. 1. (a) Physical picture of flame retardant added (b) Schematic diagram of battery assembly cross-section (c) DSC of flame retardant (d) DSC of PP film.  

W. Ji et al.                                                                                                                                                                                                                                       



Journal of Energy Storage 64 (2023) 107231

3

electrolytes are usually burned. 
Among them the combustion equation [42,44]:  

1. The gaseous carbonate solvent decomposes in the flame to produce 
hydrogen radicals. 

RH→R⋅ + H⋅    

2. Hydrogen radicals react with oxygen to generate oxygen radicals and 
hydroxyl radicals. Oxygen may be produced by the thermal decom-
position of cathode materials or electrolyte components. 

H⋅ + O2→HO⋅ + O⋅    

3. Oxygen radicals and hydroxide radicals react with hydrogen to 
produce more hydrogen radicals. Hydrogen may be produced by the 
reduction and decomposition of electrolyte and water impurities. 

HO⋅ + H2→H⋅ + H2O   

O⋅ + H2→HO⋅ + H⋅ 

At present, the flame-retardant mechanism of phosphate ester flame 
retardants in lithium-ion batteries is mainly the gas-phase flame-retar-
dant mechanism. 

Taking TMP flame retardant as an example, the flame retardant 
usually plays the following roles: 

1. The flame retardant is heated to produce free radicals that can cap-
ture the growth of the combustion reaction chain;  

2. The flame retardant is heated to generate fine particles that can 
promote the combination of free radicals;  

3. When the flame retardant is heated and decomposed, it can release a 
large amount of inert gas that dilutes the combustible gas and re-
duces the temperature of the combustible gas;  

4. The flame retardant is heated to release high-density steam that can 
cover the combustible gas. 

Take TMP flame retardant as an example. The mechanism of action is 
[42]: 

An external heat source heats the TMP solvent to evaporate and 
reach the flame in a gaseous form 

TMPliquid→TMPgas 

Gaseous TMP decomposes into phosphorous radicals in the flame 
[45] 

TMPgas→[P]⋅ 

Phosphorus-containing radicals scavenge hydrogen radicals, which 
is the main active agent in the branching reaction of the combustion 
chain [46] 

[P]⋅ + H⋅→[P]H 

Thus, the subsequent combustion split-bond reaction is effectively 
suppressed due to the lack of hydrogen radicals [47]. 

Comprehensive consideration, because the melting point of PP film 
at 160 ◦C is close to the boiling point of TMP at 150 ◦C, and the boiling 
point of TMP is slightly lower. When the temperature reaches 150 ◦C, 
the vaporization of TMP increases the air pressure in the PP package, 
which can promote the rupture of the PP film. At the same time, the 
temperature continues to rise to melt the TMP, which can ensure that the 
TMP is discharged in the gas phase form, and can better play its role. 
Therefore, TMP is chosen as the main research object. 

2.2. Flame retardant non-combustibility test 

In order to verify the flame retardant effect of TMP and determine 
the amount of TMP added, SET experiments are performed on the flame 
retardant and the electrolyte. The main component of glass fiber is SiO2, 
which cannot be ignited. Therefore, in the SET, it is mainly the com-
bustion of electrolyte rather than the combustion of glass fibers. More-
over, before and after the SET, there was almost no change or obvious 
burning trace in the glass fiber after the SET. Therefore, the glass fiber 
will not burn to generate CO2 to interfere with the experimental results. 

The electrolyte tested here is 1.0 M LiPF6 in EC/DMC (1:1, w/w), 
termed LB#301, extensively used in lithium-ion batteries. Add a quan-
titative amount of electrolyte to the glass fiber (Fig. 2(a)), as shown in 
Fig. 2(c) and Video S1, the #301 electrolyte is highly flammable. It ig-
nites easily and then burns ferociously. However, as demonstrated in 
Fig. 2(d) and Video S2, with a TMP concentration of 40 % (weight 
percent) in EC/DMC, the flame self-extinguished swiftly. The results are 
displayed in Fig. 2(b), the SET of #301 electrolyte can reach about 80 s/ 
g. When a particular amount of TMP is added, the SET reduces with the 
increase of TMP content. The decline is most noticeable when the con-
tent is 30 %. When the TMP content exceeds 50 %, the electrolyte can 
hardly be ignited. Considering that the PP package will increase the 
weight of the battery, 30 % of the TMP additive amount is determined to 
balance the weight of the battery and flame retardancy of electrolyte. 

Verify the performance of the tiny package of aluminium-plastic 
film, flame retardant, and PP film combination at different tempera-
tures. Fig. 3(a) (b) (c) are PP film at different temperature, and others 
are PP packages. Fig. 3(a) (d) (g) are at room temperature (25 ◦C). At 
130 ◦C, as shown in Fig. 3(b), the edge of the PP film shortened, while as 
shown in (e) (h), the TMP and air in the flame retardant packet are 
thermally expanded, so the package swells. At 160 ◦C, the edges of the 
PP film shrink significantly in Fig. 3(c). And in Fig. 3(f) (i), due to the 
effect of temperature increase and internal air pressure, holes appear in 
the PP film and TMP is vaporized and released. 

This simulates what happens to the PP package as the temperature 
rises owing to thermal runaway, illustrating that at 160 ◦C, the PP film 
ruptures and the TMP vaporizes and releases to extinguish the flame and 
prevent combustion. 

2.3. Electrochemical test 

Although TMP is helpful in lowering the flammability of the elec-
trolyte, the direct addition of TMP to the electrolyte can have a signif-
icant detrimental influence on ionic conductivity and battery 
performance. 

The ionic conductivity of the electrolyte reduces dramatically with 
increasing TMP content, possibly due to the increased viscosity. The 
TMP content in the #301 electrolyte needs to be at least 30 % to make 
the electrolyte non-flammable [42], which is also proved by our test 
results in SET. However, excessive addition of TMP will damage the 
electrochemical performance of the battery. The effect of TMP on the 
performance of the graphite anode (often used in commercial lithium- 
ion batteries) is evaluated in a pouch cell. A pouch cell with only one 
positive plate and one negative plate is built. The electrolyte was tested 
with pure #301 electrolyte and #301 electrolyte with TMP added (30 
%) to assess its electrochemical performance. The #301 electrolyte and 
#301 electrolyte with TMP added (30 %) are used as electrolytes for the 
two batteries, respectively. In Fig. 4(a), the design capacity is 150 mAh, 
the capacity of the #301 battery is roughly 140 mAh, and the capacity of 
the battery with TMP (30 %) is only 50 mAh. For the layered battery (7 
pieces of positive plate, 8 pieces of negative plate) containing 30 % TMP 
electrolyte, the battery creates gas and swells significantly during the 
charge/discharge processes, as illustrated in Fig. 4(b) (c). Since the 
bulging of the battery has affected the safety of the battery, making it 
impossible to use normally, there is no need to conduct safety experi-
ments. The reason is that during the charging process, TMP is reduced 
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and decomposed at the graphite negative electrode to produce gas, 
causing the battery to swell [42]. 

Therefore, the use of PP package method can avoid the harm caused 
by the direct addition of TMP. 

Then, in Fig. 4(d) (e), typical electrochemical tests (using pure #301 
electrolyte) are performed on the assembled batteries, and the electro-
chemical performance of the three batteries tested shows consistency, 
ensuring the uniformity of the batteries used in the following thermal 

safety experiments. We only used batteries with little difference in 
electrochemical performance. 

2.4. Overcharge test 

Overcharge test is an important test for battery safety testing. As 
shown in Fig. 5, according to the results of the 10A (5C) overcharge test, 
the temperature will continue to rise when the battery is overcharged. 
When the temperature reaches 150 ◦C, the PP film will start to melt and 
TMP will be released into the electrochemical system. By disassembling 
the battery, it is found that the pp. film has been ruptured, and TMP has 
also been released. But thermal runaway does not occur. 

The reason is that on the one hand, the release of TMP makes the 
electrochemical system of the battery non-flammable. On the other 
hand, thermal runaway cannot be observed during the overcharge due 
to the equipment’s limits (the maximum overcharge current is only 
10A). The reason is that the heat generation of the small-capacity bat-
tery during the overcharge process is less than the heat dissipation of the 
environment, so that the battery will be deactivated without thermal 
runaway. 

2.5. Thermal safety experiment 

Spike test is one of the easiest methods to trigger thermal runaway, 
and it is also one of the most challenging tests in the current safety test 
standards. That is， the battery is short-circuited by the puncture of the 
steel needle, resulting in thermal runaway. As demonstrated in the Video 
S3 and Fig. 6(a), the #301 battery burnt severely after being punctured 
by the steel needle, and the temperature also increases quickly to a high 
of 600 ◦C. However, the TMP battery is perforated by the steel needle, 
only the smoke is expelled but no fire. It can just smoke and no flames, 
and the highest temperature only reaches around 450 ◦C. It is obvious 
that the repeatability of the spike test is poor. On the one hand, due to 

Fig. 2. Test SET for different electrolytes (a) glass fiber (b) SET curve with different TMP content (c) combustion diagram of #301 electrolyte (d) combustion 
diagram of 301 electrolyte containing 50 % TMP. 

Fig. 3. The performance of PP film and the PP package in the oven at different 
temperatures (a) (d) (g) 25 ◦C (b) (e) (h) 130 ◦C (c) (f) (i) 160 ◦C, (a–c) PP film 
(d–i) PP package. 
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the fact that thermal runaway of batteries is a relatively complex pro-
cess, the types, strength, and sequences of reactions cannot be 
completely the same. On the other hand, phenomena such as explosion 
and combustion may occur during thermal runaway, resulting in the 
displacement of the thermocouple. But the trend of experimental results 
is relatively similar, as shown in the Fig. 6(a). Although the temperature 
changes in spike test for the same group of batteries are different, it is 
evident that the temperature of the TMP battery is relatively lower that 

of LB#301 battery. This demonstrates that the thermal safety perfor-
mance of the battery including the PP package is actually enhanced in 
the spike test, which can avoid combustion and lower the temperature 
increase of the battery. 

The ARC experiment is to heat the battery outside to make the bat-
tery self-heat, therefore inducing thermal runaway. The main working 
principle of the adiabatic calorimeter is to keep the sample temperature 
consistent with the temperature of the calorimetric chamber through the 

Fig. 4. (a) The electrochemical performance of #301 electrolyte and electrolyte containing 30 % TMP (b) (c) The swelling of the battery containing 30 % TMP after 
charging (d) (e) The electrochemical performance of batteries used in the experiment. 

Fig. 5. (a) Temperature of overcharge test (b) (c) Picture of overcharged battery.  
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control of the instrument, thereby providing an adiabatic environment. 
The ARC experiment is carried out on two sets of batteries, and the re-
sults are presented in Fig. 6(c) (d): The #301 battery opens circuit when 
the temperature is about 130 ◦C and the time is around 70,000 S, and the 
voltage decreased significantly. Then at around 80,000 s, thermal 
runaway occurs, the temperature increases fast to roughly 330 ◦C. The 
battery with TMP added does not open circuit at 130 ◦C, but at around 
93,000 s and 150 ◦C, the voltage decreases significantly. After a short 
time, when it is around 94,000 s, the battery opens circuit and thermal 
runaway occurs, and the maximum temperature is also lower than that 
of #301 battery. 

At 130 ◦C, the gas in the #301 battery expands due to the decom-
position of the electrolyte, causing the battery to swell. This will lead to 
the separation of the positive/negative electrodes and the separator 
inside the battery, resulting in an open circuit of the battery. Then, the 
temperature continued to rise, and when the separator melted, the 
positive/negative electrode contact cause a short circuit and release a lot 
of heat, and eventually thermal runaway occur. While the TMP battery 
fill most of the battery area due to the growth of PP package, which has 
been demonstrated in previous oven experiments. The PP package on 
both sides squeezed the positive/negative electrodes within the battery, 
so that the positive/negative electrodes and separators are not sepa-
rated, therefore circuit break does not happen and the voltage does not 
decrease significantly. As the temperature rises, the melting of the PP 
film resulted in the release of TMP, the battery voltage decrease signif-
icantly, the internal separator shrunk, and the battery is short-circuited, 
followed by thermal runaway. The highest temperature of thermal 
runaway is 260 ◦C, which is lower than that of the #301 battery. 

As illustrated in Fig. 6(c), the heating rate diagram during the ARC 
experiment shows that the heating rate of the #301 battery during 
thermal runaway is significantly higher than that of the TMP battery. At 
the same time, the TMP battery has a peak of decreasing heating rate 
during thermal runaway, demonstrating that TMP has a great flame 
retardant effect. 

In the safety test of the cell, the battery containing the PP package 
has shown an significant effect, which proves that the PP package does 
increase the safety of the cell. 

2.6. Battery module experiment 

Power batteries commonly form battery modules in series and par-
allel, therefore the battery module is created to further verify the 
feasibility of the method. 

The results of spike test on the battery module are displayed in Fig. 7. 
(the whole process shows in the Videos S5, S6) As Fig. 7(a) (b) shows, 
the highest temperature of the three batteries containing TMP is less 
than 400 ◦C, whereas the #301 battery even approaches 600 ◦C. At the 
same time, in terms of the heating rate, it can be seen that the heating 
slope of the #301 battery is much greater than that of the TMP battery. 
And, via the Videos S5, S6, the contrast between the two groups of 
batteries when they are spiked is more obvious. Moreover, the antithesis 
between cell and module is clear. The #301 battery burned violently 
after spike and continued to burn. But the battery containing TMP only 
burns for about 3 s, the flame is extinguished, and then thick smoke is 
emitted. Compared with burning and catching fire, batteries that emit 
only smoke are less diffuse and dangerous. 

Considering the safety performance of the battery pack, comparing 
the combustion performance and temperature performance, the safety 
of the battery pack containing TMP has been improved to a certain 
extent during spike test. 

3. Experimental procedures 

3.1. Battery parameters 

The positive material used the LiNi0.8Co0.1Mn0.1O2, the negative 
material used the natural graphite. The design capacity of the pouch 
lithium-ion battery is 2.1 Ah, which the specific capacity of the positive 
and negative is 220 mAh⋅g− 1 and 330 mAh⋅g− 1 respectively. The ca-
pacity of a single chip battery is 150 mAh. 

3.2. Electrochemical test 

The constant current (CC) stage current of the formation process is 
set to 0.1C (0.210A), and the cut-off current in the constant voltage (CV) 
stage is 0.01C (0.021A). In addition, the discharge current is set to a 
constant current of 0.1C (0.210A). After 3 cycles at the rate of 1C, the 
battery is used for spike experiments or ARC tests. The working voltage 
windows of all batteries is set to 2.75–4.2 V. 

3.3. Assembly method 

The PP film is sealed in the inner layer of the aluminium-plastic film 
to assemble the flame retardant package, and the flame retardant is 
added to the package. PP film acts as a barrier layer to prevent the flame 
retardant from directly contacting the electrochemical reaction of the 

Fig. 6. Thermal safety test of battery (a) Spike experiments (b) ARC experiment temperature (c) ARC experiment heating rate.  
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battery. The added amount of flame retardant is 3 g in each packet, 6 g in 
total. And the added amount of LB#301 electrolyte is 14 g. 

The battery design parameters were list in Table 1 and Tables S1, S2. 

3.4. Overcharge test 

The overcharge current is set to a constant current of 5C (10A). 
Temperature changes are recorded during battery charging. 

3.5. Thermal safety test 

First, the assembled flame retardant package is put into an oven to 
heat up to verify the effect of the flame retardant package when the 
temperature increased. 

To compare the flammability of electrolytes after adding TMP, the 
self-extinguishing time (SET) of electrolytes containing different con-
centrations of TMP was measured. SET is measured by using glass fibers 
to absorb a quantitative amount of electrolyte and recording the time 
from burning the glass fiber until it is extinguished. Five experiments are 
performed for each experimental sample, and the SET value is obtained 
according to the time required for continuous combustion of the elec-
trolyte per unit mass. 

In order to test the exothermic and endothermic heat generated 
during the heating process, the commonly used method is constant 
temperature scanning calorimetry, and the commonly used instrument 
is differential scanning calorimetry (DSC) [48–51]. TG and DSC 

experiments are carried out using a synchronous thermal analyser (STA 
449 F3 Jupiter). The test temperature of DSC is 35–500 ◦C, and the 
heating rate is 5 ◦C/min. The PP films used are also tested at tempera-
tures of 35–300 ◦C. 

The spike test is performed using a battery penetration machine 
(Beier Experimental Apparatus Co., Ltd.), which looks like a fire room 
with battery holding tools and stainless steel nails [52–56]. In addition, 
the diameter of the nails is chosen to be 3 mm. The same thermocouple 
was placed at a distance of 5 mm from the nail point. Two batteries are 
connected with one battery in parallel and series respectively to form a 
battery module. A spike experiment is performed on the battery module. 
The battery is fully charged (4.2 V) prior to the spike test. 

Heat production and self-generated heat production rate during 
thermal runaway are the most concerning issues in the study of thermal 
runaway mechanisms. Accelerated calorimetry (ARC) is one of the main 
experimental instruments for battery thermal runaway testing 
[51,57–60]. The battery is fully charged (4.2 V) prior to the ARC test. 
The same thermocouple was placed in the centre of the battery. The 
starting temperature is set to 40 ◦C, and the heating step is 5 ◦C. The 
detected self-heating rate is 0.02 ◦C/min, and the waiting time is 30 min. 

4. Conclusion 

An innovative method of flame retardants in power lithium-ion 
batteries is reported with abuse-triggered advantages. In order to pre-
vent the flame retardant from affecting the fundamental electrochemical 
performance of the battery, the flame retardant is packed in the PP film 
inside the aluminium-plastic to prevent it from directly contacting the 
electrochemical system. Furthermore, the flame retardant makes the 
difference only in the case of the abuse. 

The boiling point of the TMP is verified to be similar to the melting 
point of PP film, which contributes to the occurred of the vaporization of 
the TMP and the rupture of the PP film simultaneously. This design 
concept can ensure the flame retardant act in the abuse condition. The 
feasibility of the flame retardant releasing is further confirmed by the 

Fig. 7. (a) Temperature of #301 battery module (b) Temperature of TMP battery module (c) #301 battery module spike (d) TMP battery module spike. 
#1– 3 refers to three different batteries in the same battery module. 

Table 1 
Structural parameters of the battery.   

Positive Negative Electrolyte PP 
package 

TMP battery (test battery) NCM811 Graphite LB#301 Yes 
LB#301 battery (control 

battery) 
NCM811 Graphite LB#301 No  
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heating oven experiment of the PP package The flame retardancy of TMP 
is verified by the SET test, which also determines the amount of TMP 
added to the lithium-ion batteries. In addition, the results of spike and 
ARC proved that the new assembly method used in battery suppressed 
the battery fire, reduced the maximum thermal runaway temperature of 
the battery, and improved the safety. Especially in the spike test of 
battery modules, the battery safety is significantly improved. 

In conclusion, without affecting the electrochemical performance of 
the battery, this novel addition method can effectively enhance battery 
safety at a lower cost. This approach could provide a creative idea for 
improving battery safety in the future. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2023.107231. 

CRediT authorship contribution statement 

Weijie Ji: Conceptualization, Methodology, Investigation, Writing – 
original draft. Hang Li: Investigation, Validation, Writing – review & 
editing. Wei Li: Validation, Data curation. Zheng He: Formal analysis, 
Data curation. Jinbao Zhao: Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

We gratefully acknowledge the financial support of National Natural 
Science Foundation of China (21875195), the Key Project of Science and 
Technology of Xiamen (3502Z20201013), the Fundamental Research 
Funds for the Central Universities (20720190040). 

References 

[1] J. Arai, T. Yamaki, S. Yamauchi, T. Yuasa, T. Maeshima, T. Sakai, M. Koseki, 
T. Horiba, Development of a high power lithium secondary battery for hybrid 
electric vehicles, J. Power Sources 146 (2005) 788–792, https://doi.org/10.1016/ 
j.jpowsour.2005.03.087. 

[2] M.A. Hannan, M.M. Hoque, A. Mohamed, A. Ayob, Review of energy storage 
systems for electric vehicle applications: issues and challenges, Renew. Sust. Energ. 
Rev. 69 (2017) 771–789, https://doi.org/10.1016/j.rser.2016.11.171. 

[3] H. Berg, M. Zackrisson, Perspectives on environmental and cost assessment of 
lithium metal negative electrodes in electric vehicle traction batteries, J. Power 
Sources 415 (2019) 83–90, https://doi.org/10.1016/j.jpowsour.2019.01.047. 

[4] P. Lyu, X. Liu, J. Qu, J. Zhao, Y. Huo, Z. Qu, Z. Rao, Recent advances of thermal 
safety of lithium ion battery for energy storage, Energy Storage Mater. 31 (2020) 
195–220, https://doi.org/10.1016/j.ensm.2020.06.042. 

[5] Q. Wang, P. Ping, X. Zhao, G. Chu, J. Sun, C. Chen, Thermal runaway caused fire 
and explosion of lithium ion battery, J. Power Sources 208 (2012) 210–224, 
https://doi.org/10.1016/j.jpowsour.2012.02.038. 

[6] H. Maleki, J.N. Howard, Internal short circuit in Li-ion cells, J. Power Sources 191 
(2009) 568–574, https://doi.org/10.1016/j.jpowsour.2009.02.070. 

[7] X. Feng, M. Ouyang, X. Liu, L. Lu, Y. Xia, X. He, Thermal runaway mechanism of 
lithium ion battery for electric vehicles: a review, Energy Storage Mater. 10 (2018) 
246–267, https://doi.org/10.1016/j.ensm.2017.05.013. 

[8] J. Wang, Y. Yamada, K. Sodeyama, E. Watanabe, K. Takada, Y. Tateyama, 
A. Yamada, Fire-extinguishing organic electrolytes for safe batteries, Nat. Energy 3 
(2018) 22–29, https://doi.org/10.1038/s41560-017-0033-8. 

[9] Z. Zeng, V. Murugesan, K.S. Han, X. Jiang, Y. Cao, L. Xiao, X. Ai, H. Yang, J.- 
G. Zhang, M.L. Sushko, J. Liu, Non-flammable electrolytes with high salt-to-solvent 
ratios for Li-ion and Li-metal batteries, Nat. Energy 3 (2018) 674–681, https://doi. 
org/10.1038/s41560-018-0196-y. 

[10] X. Liu, D. Ren, H. Hsu, X. Feng, G.-L. Xu, M. Zhuang, H. Gao, L. Lu, X. Han, Z. Chu, 
J. Li, X. He, K. Amine, M. Ouyang, Thermal runaway of lithium-ion batteries 
without internal short circuit, Joule 2 (2018) 2047–2064, https://doi.org/ 
10.1016/j.joule.2018.06.015. 

[11] C.T. Love, M.D. Johannes, K. Swider-Lyons, Thermal stability of delithiated Al- 
substituted Li(Ni1/3Co1/3Mn1/3)O2 cathodes, ECS Trans. 25 (2010) 231, https:// 
doi.org/10.1149/1.3393859. 

[12] F. Zhou, X. Zhao, J. Jiang, J.R. Dahn, Advantages of simultaneous substitution of 
Co in Li [Ni1∕3Mn1∕3Co1∕3] O2 by Ni and Al, Electrochem. Solid-State Lett. 12 
(2009) A81, https://doi.org/10.1149/1.3072759. 

[13] J. Li, Q. Zhang, C. Liu, X. He, ZrO2 coating of LiNi1/3Co1/3Mn1/3O2 cathode 
materials for Li-ion batteries, Ionics 15 (2009) 493–496, https://doi.org/10.1007/ 
s11581-008-0263-7. 

[14] C.K. Chan, H. Peng, G. Liu, K. McIlwrath, X.F. Zhang, R.A. Huggins, Y. Cui, High- 
performance lithium battery anodes using silicon nanowires, Nat. Nanotechnol. 3 
(2008) 31–35, https://doi.org/10.1038/nnano.2007.411. 

[15] X.L. Yao, S. Xie, C.H. Chen, Q.S. Wang, J.H. Sun, Y.L. Li, S.X. Lu, Comparisons of 
graphite and spinel Li1.33Ti1.67O4 as anode materials for rechargeable lithium- 
ion batteries, Electrochim. Acta 50 (2005) 4076–4081, https://doi.org/10.1016/j. 
electacta.2005.01.034. 

[16] X. Cao, Y. Li, X. Li, J. Zheng, J. Gao, Y. Gao, X. Wu, Y. Zhao, Y. Yang, Novel 
phosphamide additive to improve thermal stability of solid electrolyte interphase 
on graphite anode in lithium-ion batteries, ACS Appl. Mater. Interfaces 5 (2013) 
11494–11497, https://doi.org/10.1021/am4024884. 

[17] S.S. Zhang, A review on electrolyte additives for lithium-ion batteries, J. Power 
Sources 162 (2006) 1379–1394, https://doi.org/10.1016/j.jpowsour.2006.07.074. 

[18] Y.S. Jung, A.S. Cavanagh, L.A. Riley, S.-H. Kang, A.C. Dillon, M.D. Groner, S. 
M. George, S.-H. Lee, Ultrathin direct atomic layer deposition on composite 
electrodes for highly durable and safe Li-ion batteries, Adv. Mater. 22 (2010) 
2172–2176, https://doi.org/10.1002/adma.200903951. 

[19] Z. Zeng, B. Wu, L. Xiao, X. Jiang, Y. Chen, X. Ai, H. Yang, Y. Cao, Safer lithium ion 
batteries based on nonflammable electrolyte, J. Power Sources 279 (2015) 6–12, 
https://doi.org/10.1016/j.jpowsour.2014.12.150. 

[20] M. Wakihara, Y. Kadoma, N. Kumagai, H. Mita, R. Araki, K. Ozawa, Y. Ozawa, 
Development of nonflammable lithium ion battery using a new all-solid polymer 
electrolyte, J. Solid State Electrochem. 16 (2012) 847–855, https://doi.org/ 
10.1007/s10008-012-1643-5. 

[21] L. Xia, D. Wang, H. Yang, Y. Cao, X. Ai, An electrolyte additive for thermal 
shutdown protection of Li-ion batteries, Electrochem. Commun. 25 (2012) 98–100, 
https://doi.org/10.1016/j.elecom.2012.09.038. 

[22] L. Peng, X. Wang, J. Dai, X. Shen, B. Huang, P. Zhang, J. Zhao, A reinforced 
ceramic-coated separator by overall-covered modification of electron-insulated 
polypyrrole for the safe performance of lithium-ion batteries, Mater. Chem. Front. 
5 (2021) 1884–1894, https://doi.org/10.1039/D0QM00849D. 

[23] B. Huang, H. Hua, L. Peng, X. Wang, X. Shen, R. Li, P. Zhang, J. Zhao, The 
functional separator for lithium-ion batteries based on phosphonate modified 
nano-scale silica ceramic particles, J. Power Sources 498 (2021), 229908, https:// 
doi.org/10.1016/j.jpowsour.2021.229908. 

[24] C. Shi, P. Zhang, L. Chen, P. Yang, J. Zhao, Effect of a thin ceramic-coating layer on 
thermal and electrochemical properties of polyethylene separator for lithium-ion 
batteries, J. Power Sources 270 (2014) 547–553, https://doi.org/10.1016/j. 
jpowsour.2014.07.142. 

[25] J. Dai, C. Shi, C. Li, X. Shen, L. Peng, D. Wu, D. Sun, P. Zhang, J. Zhao, A rational 
design of separator with substantially enhanced thermal features for lithium-ion 
batteries by the polydopamine–ceramic composite modification of polyolefin 
membranes, Energy Environ. Sci. 9 (2016) 3252–3261, https://doi.org/10.1039/ 
C6EE01219A. 

[26] C. Shi, J. Dai, C. Li, X. Shen, L. Peng, P. Zhang, D. Wu, D. Sun, J. Zhao, A modified 
ceramic-coating separator with high-temperature stability for lithium-ion battery, 
Polymers 9 (2017) 159, https://doi.org/10.3390/polym9050159. 

[27] X. Shen, C. Li, C. Shi, C. Yang, L. Deng, W. Zhang, L. Peng, J. Dai, D. Wu, P. Zhang, 
J. Zhao, Core-shell structured ceramic nonwoven separators by atomic layer 
deposition for safe lithium-ion batteries, Appl. Surf. Sci. 441 (2018) 165–173, 
https://doi.org/10.1016/j.apsusc.2018.01.222. 

[28] M. Pigłowska, B. Kurc, M. Galiński, P. Fuć, M. Kamińska, N. Szymlet, 
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