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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The thermal runaway mechanism of 
NFPP/HC pouch battery was revealed.

• Multi-level analysis methods are used to 
uncover the thermal runaway path.

• The serious deterioration of battery 
safety caused by sodium plating is 
emphasized.

• Ceramic coated separators are used to 
prevented the thermal runaway of 
battery.
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A B S T R A C T

Sodium-ion batteries (SIBs) are considered a promising technology for large-scale energy storage systems (LSESS) 
because of their rich resources and outstanding electrochemical performance. However, the safety of SIBs is 
rarely discussed, and the thermal stability is critical to the application of the battery, especially for LSESS. In this 
study, the thermal runaway mechanism of Na3Fe2(PO4)(P2O7)||hard carbon (NFPP/HC) pouch batteries domi-
nated by heat generation from the sodiated anode has been uncovered. The heat generation analysis based on 
battery and material levels shows that the exothermic reaction between HC and the electrolyte begins to occur at 
100 ◦C (the exothermic reaction between NFPP and the electrolyte is near 230 ◦C), and the reaction between the 
anode and electrolyte releases a large amount of heat, while NFPP materials exhibit less and milder exothermic 
behavior. Meanwhile, the melting temperature of the separator is extremely close to the triggering temperature 
of thermal runaway. Therefore, the exothermic reaction between HC and the electrolyte can cause the separator 
to melt, thus triggering thermal runaway of the SIBs. More seriously, when sodium plating occurs, the safety of 
the battery will further deteriorate. Considering the characteristic of great heat generation in the early stage of 
thermal runaway of SIBs, the ceramic-coated separators with higher thermal stability and higher wettability are 
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applied to SIBs, which significantly improve battery safety. This study reveals the mechanism of thermal 
runaway in SIBs (NFPP/HC), which is expected to provide guidance for the research of safer SIBs.

1. Introduction

Large-scale energy storage systems (LSESS) are important technol-
ogy to promote the widespread collection and efficient utilization of 
renewable energy [1–3]. Battery lifetime, energy storage cost, and 
environmental adaptability are factors that must be considered for large- 
scale energy storage systems applications [4,5]. Rechargeable batteries 
based on host-guest chemistry, which provide highly reversible elec-
trochemical energy conversion processes and thus achieve ultra-long 
battery cycles, should be one of the best choices for LSESS. However, 
lithium-ion batteries (LIBs) might not be suitable for large-scale energy 
storage due to their relatively scarce lithium resource and high prices 
[6–8]. Instead, sodium-ion batteries (SIBs) have been recognized as ideal 
energy storage technologies due to their abundant resources, excellent 
electrochemical performance and wide operating temperature range 
[9,10].

In recent years, the cathode materials, anode materials, and elec-
trolyte of SIBs have been extensively studied, and some companies have 
also launched their SIB energy storage products [11]. For cathode ma-
terials, polyanions, layer-structured transition metal oxides, and Prus-
sian blue analogs have achieved commercial performance after long- 
term research [12–14]. Iron-based polyanionic cathode materials have 
received much more attention in technical applications due to their 
characteristics of low cost and stable structure. Na3Fe2(PO4)(P2O7) 
(NFPP) synthesized by Xia et al. [15] exhibited a reversible specific 
capacity of 110.2 mAh g− 1 at 0.1C and the capacity retention rate of 
89.7 % after 6400 cycles at 20C. For the anode, hard carbon (HC) has an 
absolute advantage due to its large reversible sodium storage capacity 
and low working potential. HC has also been extensively studied in 
terms of synthesis methods [16–18], sodium storage mechanisms 
[19,20], and SEI formation [21,22]. Therefore, SIBs composed of poly-
anion cathode and HC anode have become the most popular technolo-
gies in the research and industrial application of energy storage systems 
[23,24]. The multi-faceted performance of three types of energy storage 
batteries has also been compared, and NFPP/HC batteries have advan-
tages in all aspects except energy density, which once again proves the 
application prospects of NFPP/HC (Scheme 1).

Although the electrochemical performance of SIBs materials has 
been widely studied, systematic results and discussion on the thermal 
stability and heat generation behavior at the material and battery levels 
are still lacking. Safety and thermal runaway research are essential as-
pects of new energy storage technologies, especially for large-scale en-
ergy storage systems applications [25–27]. As far as we know, except for 

a report from Hu’s team evaluating the thermal runaway of SIBs with 
layered cathode, almost no work has focused on the safety characteris-
tics of SIBs. [28] The flammability of the electrolyte, the structural 
stability of the cathode material, the thermal stability of the sodiated 
anode, the crosstalk effect inside the battery, and the internal gas pro-
duction will be safety hazards for the application of SIBs [29–32]. 
Therefore, during the application of SIBs, it is urgent to conduct 
comprehensive safety testing and gain insight into their sources of heat 
release in order to clarify the direction of subsequent research.

Herein, we systematically explored the detailed thermal failure of 5 
Ah SIBs with NFPP cathode and HC anode. The batteries have shown 
high stability in mechanical abuse, electrical abuse, and thermal abuse 
tests. Benefiting from accelerated rate calorimetry (ARC) and differen-
tial scanning calorimetry (DSC), the thermal runaway path and internal 
materials decomposition mechanism of SIBs have been discovered. The 
thermal analysis experiment about the battery and its internal materials 
combination found that the heat generated during thermal runaway 
mainly comes from the reaction between the sodiated anode and elec-
trolyte, while the reaction between the cathode and electrolyte is very 
weak (only 1/3 of the anode side). And the exothermic reaction on the 
HC begins to occur at 100 ◦C, while the exothermic reaction on the NFPP 
starts at 234 ◦C. X-ray diffraction (XRD) and scanning electron micro-
scopy (SEM) results certify that the cathode material still maintains 
structural stability at 400 ◦C without electrolyte. For the HC, the titra-
tion gas chromatography (TGC) proved that the heat release on the 
anode side mainly comes from the exothermic reaction between the 
electrolyte and sodium in HC materials. Subsequently, SIBs with sodium 
plating were used for thermal failure analysis, and it was found that 
sodium plating on the anode would significantly reduce the self- 
generated heat temperature and thermal runaway triggering tempera-
ture of the battery, while greatly improving the temperature rise rate 
during thermal runaway. Compared to LIBs, SIBs exhibit more signifi-
cant self-generated heat in the early stages. However, the thermal 
runaway is more alleviated due to the ultra-high thermal stability of the 
cathode and the lower energy density of SIBs. For the low thermal 
runaway trigger temperature of SIBs, ceramic-coated separators (PE- 
CCS) with higher thermal stability are used to replace polyethylene 
separators (PE), which significantly improves battery safety. Mean-
while, PE-CCS also effectively suppresses sodium plating caused by 
incomplete wetting. Our work reveals sodiated HC dominated thermal 
runaway mechanism of SIBs, which will shed new light on the way 
forward for developing SIBs with high safety performance.

Scheme 1. Performance comparison of three types energy storage batteries of (a) HC||NFPP, (b) HC||NaNi1/3Fe1/3Mn1/3O2 (HC||NFM) and (c) Graphite||LiFePO4 
(Gr||LFP).
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2. Results and discussion

Excellent electrochemical performance is a prerequisite for battery 
safety research. The 5 Ah NFPP/HC pouch battery with 1 M NaPF6 in 
EC/PC/DEC displayed a stable capacity retention rate of 95.9 % after 
200 cycles at 1C, the coulombic efficiency remained consistently above 
99.9 % (Fig. S1 (a, b)). In addition, the battery exhibits excellent rate 
performance (Fig. S1 (c)). Its mass energy density reaches 100.0 Wh/Kg 
(Table S2). The outstanding cycling performance indicates that the 
electrochemical performance of the battery is acceptable, and the safety 
analysis based on the battery is reasonable and convincing. For large- 
scale energy storage, evaluating the thermal runaway characteristics 
under abusive conditions is crucial for developing safe batteries. Here, 
the fully charged SIBs pouch batteries are used for abuse testing ac-
cording to international standards, including nail penetration test, 
overcharging test, and hot-box test. In the nail penetration test, the 
temperature of the battery slowly rises to 34.4 ◦C without any smoke or 
fire within 12 min (Fig. 1. (a)). In the hot-box test, the battery was 
heated at a rate of 5 ± 2 ◦C min− 1, and was maintained for 30 mins when 
the temperature reached 130 ◦C. During the testing process, the battery 
only experiences gas production without any smoke or fire, and the 
temperature of the battery does not experience any sudden changes 
(Fig. 1. (b)). In the overcharge test, the battery was charged to 1.5 times 
the upper limit voltage (3.9 V) by a current of 1C. During this process, 
the temperature of the battery reached a maximum of 57.7 ◦C, and then 
the temperature drops. Besides, the voltage of the battery fluctuated 
around 5.2 V (Fig. 1. (c)). After the battery was disassembled, there is 
severe sodium plating on the surface of HC and separator, and sodium 
dendrites penetrating the separator can be seen on the surface of NFPP 
(Fig. S2 (a-d)). The abuse test results following international standards 
indicate that fully charged batteries have sufficient reliability in the 
early stages of use, but there are also some phenomena such as tem-
perature rise and gas generation, which require further exploration of 
safety evolution under adiabatic conditions and in the later stages of use.

The thermal runaway characteristics of SIBs pouch batteries were 
studied using the HWS (Heat-Wait-Search) mode of ARC, and adiabatic 

conditions were simulated by maintaining the experimental chamber 
temperature consistent with the battery temperature (the testing 
method is shown in the Fig. S3). During the ARC testing process, a series 
of key parameters were recorded, including the starting temperature of 
self-generation heat (T1), the triggering temperature of thermal runaway 
(T2, defined as dT dt− 1 = 1 ◦C min− 1), the maximum temperature of 
thermal runaway (T3), and the maximum rate of temperature rise during 
thermal runaway ((dT dt− 1)max). Self-generation heat is believed to be 
caused by the decomposition heat of SEI and the exothermic reaction 
between the metal plating on the anode surface and the electrolyte. T2 is 
the tipping point that separates the mild temperature increase from the 
sharp temperature increase [25], and the main influencing factors 
include the internal crosstalk reaction of batteries, separator contrac-
tion, etc.

In safety analysis, thermal runaway characteristics of NFPP/HC SIBs 
were compared with LiFePO4/Graphite (LFP/Gr) LIBs, because the LFP/ 
Gr LIBs being the main technological means of electrochemical energy 
storage at present. The selected LFP/Gr have excellent electrochemical 
performance, and their capacity and size are close to those of NFPP/HC 
(Fig. S4 (a, b), Table S3). The T1 of fully charged SIBs is located at 
85.5 ◦C, indicating that the exothermic reactions of SIBs begin at 85.5 ◦C 
(SEI decomposition), which is lower than the 95.8 ◦C of LFP/Gr (Fig. S4 
(c, d)). The following exothermic reactions drive the battery to contin-
uously heat up until thermal runaway. T2 of NFPP/HC and LFP/Gr are 
located at 146.1 ◦C and 182.3 ◦C respectively, which means that massive 
exothermic reactions occur inside the battery. The SEI decomposition 
heat release of SIBs will be higher than that of LIBs, because of the high 
activity of sodium metal (Fig. 5 (a)), which will result in a more drastic 
exothermic reaction in the early stages of thermal runaway, so that the 
T1 and T2 decrease. In addition, the characteristic temperatures of T1 
and T2 are closer, under extreme abuse conditions, it is highly likely to 
break through the two characteristic temperatures in a short period of 
time. Therefore, it is particularly important to clamp the heat generation 
of the SIBs in the early stage of thermal runaway.

After T2, the battery temperature exponentially increases until it 
explodes. The maximum temperature of thermal runaway (T3) is 

Fig. 1. Temperature profiles of the SIBs pouch battery under (a) nail penetration test and (b) thermal abuse test. (c) Temperature and voltage profiles of the SIBs 
under overcharge test. (d, e) The heat-wait-search curves of fully charged 5 Ah SIBs. (f) Comparison of thermal runaway characteristic temperatures. (Comparing 
batteries including NCM523/Gr [33], NCM811/Gr [34], LFP/Gr (this work), NFM/HC (our unpublished work) and NFPP/HC (this work)).
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251.1 ◦C, and the (dT dt− 1) max = 13.17 ◦C min− 1 (Fig. 1 (d, e)). In sharp 
contrast, the T3 and the (dT dt− 1)max of LFP/Gr reached 396.1 ◦C and 
187.8 ◦C min− 1 respectively (Fig. S4 (c, d)). In addition, the (dT dt− 1)max 
is positively correlated with the energy density of the battery [25]. As 
the energy density of SIBs is smaller than that of LIBs, both (dT dt− 1)max 
and T3 are significantly reduced (Fig. 1 (f)), the hazard level of SIBs is 
significantly reduced. For the discharged battery, it independently un-
derwent exothermic reactions at three temperature points: 110.1 ◦C, 
163.5 ◦C, and 201.3 ◦C in HWS mode (Fig. S5 (a, b)). After being heated 
to the upper limit of the test temperature, there is no thermal runaway 
detected in the battery, demonstrating extremely high safety. Overall, 
the hazard of thermal runaway of SIBs is significantly reduced compared 
to LIBs, but the heat generated in the early stage of thermal runaway is 
relatively large and develops rapidly. Therefore, it is necessary to find 
strategies and elements to restrain its development. Moreover, the 
exothermic reactions in the SIBs that lead to thermal runaway still need 
to be further studied at the materials level of the cathode, anode and 
electrolyte.

In order to decouple the exothermic reactions inside the fully 
charged SIBs and identify the major heat contributions to the thermal 
runaway process, partial batteries were assembled to explore the 

detailed reactions within the materials. Both cathode and anode mate-
rials were obtained from disassembled fully charged SIBs. Among the 
ARC tests of partial batteries, only the anode-electrolyte partial battery 
begins to generate heat at a lower temperature, and experiences 
continuous and significant heat generation, resulting in a sharp increase 
of battery temperature (Fig. 2 (a, b), Fig. S6). This partial battery begins 
to generate heat at 86.2 ◦C, which is close to that of the full battery. 
Subsequently, we noticed that the anode-electrolyte partial battery ex-
periences sharp increase of battery temperature, with T2 being 116.9 ◦C, 
which is 30 ◦C lower than that of the full battery. Moreover, the (dT 
dt− 1) max of the anode-electrolyte partial battery reaches 168.9 ◦C 
min− 1, which is more than 10 times higher than that of the full battery 
(Fig. 2 (c)). The comparison of ARC test results between full batteries 
and partial batteries indicates that the exothermic reaction of the anode- 
electrolyte is the main heat source for self-generated heat and thermal 
runaway of the battery, and the NFPP has high thermal stability. 
Moreover, the NFPP shares the heat generated from the anode and 
electrolyte, reducing the temperature rise rate during battery thermal 
runaway.

DSC was also used to accurately quantify the thermal contributions 
of electrode materials with and without electrolyte. The cathode and 

Fig. 2. (a, b) ARC test result of partial battery (anode and electrolyte). (c) Comparison of characteristic temperatures between partial battery (anode and electrolyte) 
and full battery. (d) DSC test result of fully charged NFPP and its mixtures with electrolyte. (e) DSC test result of fully charged HC anode and its mixtures with 
electrolyte. (f) Heat generation of the NFPP and HC of full charged SIBs. g) Exothermic reaction starting temperature of the NFPP and HC of full charged SIBs. (h) The 
heat release diagram of NFPP/HC (In this figure, An, Ca and Ele represent the HC, NFPP, and electrolyte, respectively).
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anode materials in DSC test were also disassembled from fully charged 
SIBs, and the detailed test settings are shown in Table S4. In the DSC 
testing, the desodiated NFPP showed extremely high thermal stability, 
with an exothermic peak only appearing at 310 ◦C. In the NFPP and 
electrolyte system, two mild exothermic peaks were observed at 234 ◦C 
and 263 ◦C (Fig. 2 (d)). The exothermic peak may be attributed to the 
reaction between the desodiated NFPP and the electrolyte, because the 
electrolyte itself does not undergo an exothermic reaction before 300 ◦C 
(Fig. S7). In summary, the NFPP-related exothermic reaction occurs a 
temperature higher than 230 ◦C, and the exothermic peak is relatively 
gentle. Conversely, both sodiated HC and sodiated HC-electrolyte 
mixture showed significant exothermic peaks around 176 ◦C and 
207 ◦C, and the mixture had more heat release (Fig. 2 (e)). TGC testing 
confirms that these two exothermic peaks were attributed to the reaction 
between the electrolyte and sodium in HC (Fig. S9). By comparing the 
heat release and the starting temperature of the exothermic reaction 
between the NFPP and the electrolyte, and between the HC and the 

electrolyte, it is found that the heat production of the HC-electrolyte 
system was three times that of the NFPP-electrolyte system, and the 
exothermic reaction was advanced by 130 ◦C. It is proved once again 
that the exothermic reaction of sodiated HC is the main heat source for 
the initiation of self-generation heat and thermal runaway of SIBs (Fig. 2
(f, g)). Moreover, it has been demonstrated in some studies that the 
reducing gas generated at the anode-electrolyte interface accelerates the 
thermal runaway of the battery. Consequently, we conducted further 
analysis on the gas composition [35]. HC and electrolyte are sealed in 
the aluminum-plastic film and heated at 100 ◦C for 1 h; a large amount 
of gas is generated (Fig. S10 (a)). Through GC analysis, it was found that 
the main components of the gas are flammable gases such as H2 and 
unsaturated hydrocarbons (Fig. S10 (b)). The TG-MS test results of the 
HC and electrolyte mixture also confirmed the occurrence of gas pro-
duction (Fig. S11). And the temperature of gas generation of the mixture 
and DSC exothermic peak basically coincides. The generation of 
combustible gases between sodiated HC and the electrolyte poses great 

Fig. 3. (a) Test results of TG-MS: the oxygen release signal curve and weight loss curve of fully charged NFPP cathode. XRD patterns for (b) fully charged NFPP 
cathode (c) fully charged NFPP cathode mixtures with electrolyte. SEM images of fully charged NFPP processed under different conditions: (d) primitive, (e) 250 ◦C 
without electrolyte, (f) 400 ◦C without electrolyte, (g) 250 ◦C with electrolyte, (h) 400 ◦C with electrolyte.
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risks to the safety of batteries and will further exacerbate the severity of 
thermal runaway.

The post-mortem analysis of reaction products under high temper-
atures was performed to unveil the thermal failure mechanisms of NFPP 
and NFPP with electrolyte. TG-MS was used to study the decomposition 
of desodiated NFPP under high temperature conditions. The weight loss 
rate of NFPP within the testing range of 100–400 ◦C is only 6 %. It is 
speculated that this weight loss may be caused by the decomposition of 
trace amounts of residual electrolyte and conductive carbon on the 
surface. Besides, there was no release of oxygen during the testing 
process (Fig. 3 (a)). These test results preliminarily demonstrate the 
structural stability of desodiated NFPP at high temperatures. According 
to the DSC test results of the cathode materials and electrolyte, the re-
action products of the NFPP (with and without electrolyte) after heating 
at 25 ◦C, 250 ◦C and 400 ◦C were investigated in detail. As shown in XRD 
and SEM results (Fig. 3 (b-h)), in the absence of the electrolyte, there is 
no significant deterioration of the structure and surface morphology of 
NFPP materials when heated to 250 ◦C and 400 ◦C. However, in the 
mixture of the cathode and the electrolyte, the crystal structure of the 
NFPP has already been destroyed at 250 ◦C, and the morphology of the 
cathode materials has also changed. When the temperature reaches 
400 ◦C, the material is further damaged, and the boundary of the 
cathode particles becomes irregular. These results further prove that the 
heat generation at the the cathode-electrolyte interface is caused by the 
erosion of the electrolyte on the cathode material (The sample prepa-
ration and testing methods are shown in Fig. S8). In summary, des-
odiated NFPP materials maintain excellent stability, and the heat release 
is very weak even when mixed with the electrolyte.

The lithium plating of LIBs not only deteriorates battery perfor-
mance, but also poses a risk to the reliability of the battery, and even 
triggers thermal runaway [33,36]. Sodium metal has higher surface area 
and high activity, and the safety hazards brought by sodium plating 
cannot be ignored. In the thermal analysis of sodium plating, SIBs were 
cycled at 3C for 100 cycles to trigger sodium plating of HC. The HC 
potential of the pouch battery with reference electrode (RE) and optical 
image of HC after cycling indicate sodium plating on the anode of the 

SIBs when cycling at 3C for 100 cycles (Fig. S12 (a - d). Subsequently, 
the full-charge battery after fast charge was tested by ARC (Fig. 4 (a, c)). 
The experimental results indicate that the sodium plating significantly 
lowered the T1 (decreased from 85.5 ◦C to 70.5 ◦C) and T2 (decreased 
from 146.1 ◦C to 126.6 ◦C). This is because the sodium plating has a high 
specific surface area and high activity, and it induces the continuous 
formation of SEI, thus leading to lower T1. At the same time, the (dT/dt) 
max increased from 13.17 ◦C min− 1 to 86.5 ◦C min− 1. Sodium plating 
increases the heat generation at the interface of the anode-electrolyte, 
thermal runaway of the battery occurs more easily and more violently 
due to the accumulation of heat.

Subsequently, fast-charged SIBs were used for abuse testing as shown 
in Fig. 4 (c - d) (test conditions are the same as Fig. 1 (a - c)). In the 
acupuncture test, the battery was slowly heated to 50.2 ◦C after being 
punctured, and there is no smoke and fire phenomenon. However, 
compared with conventional batteries, the temperature is increased by 
15.8 ◦C. In the heat abuse test, the SIBs after fast charging showed a 
rapid temperature increase at around 139 ◦C, with the highest temper-
ature reaching 208.5 ◦C. However, the battery only experienced gas 
expansion and shell breakage, without smoke and fire. In the over-
charging test, the battery voltage quickly reached 5.38 V, but due to 
internal side reactions, the voltage slightly decreased and eventually 
stabilized around 5.2 V. During overcharging, the battery temperature 
slowly rose to 64.1 ◦C, followed by a sudden increase to 76.0 ◦C. 
However, the battery only experience expansion and rupture of the 
aluminum-plastic film, without any occurrence of fire. Thus, the abuse 
testing further demonstrates the critical role of sodium plating during 
thermal runaway of the NFPP/HC battery. In addition, some studies 
have shown that sodium plating will lead to the generation of reducing 
gases such as hydrogen, which will also deteriorate the safety of SIBs 
[37,38]. To sum up, sodium plating will significantly reduce the reli-
ability of the battery and increase the severity of thermal runaway.

After the safety analysis of SIBs in their early life and sodium plating 
state, we found that the thermal runaway triggering temperature of SIBs 
was at a low temperature (120–150 ◦C). In addition, the heat source of 
the process was mainly the SEI decomposition heat production on the 

Fig. 4. (a, b) The heat-wait-search curves of fully charged 5 Ah SIBs with anode sodium plating. Abuse testing of the SIBs pouch battery with anode sodium plating: 
(c) Nail penetration test; (d) Thermal abuse test; (e) Overcharge test.
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HC (Fig. 5 (a)). Coincidentally, the temperature range was consistent 
with the melting temperature of the PE separator (Fig. 5 (b)). Therefore, 
we conclude the key mechanism of thermal runaway triggering: the 
decomposition reaction of SEI generates heat, raises the battery tem-
perature to the separator melting temperature, resulting in large-scale 
internal short circuit of the battery, and thermal runaway is triggered 
(Fig. 5 (c)). For this phenomenon, the PE-CCS separator with higher 
thermal stability is used to replace the ordinary PE separator. The sur-
face of the PE-CCS separator is coated with a layer of excellent heat- 
resistance Al2O3 inorganic ceramic particles, which greatly improves 
the shrinkage resistance of the separator (Fig. S13). In heat-shrinkage 
experiments of separator, PE-CCS separator showed excellent thermal 
stability, maintaining dimensional stability at 180 ◦C, while PE began to 
shrink near 140 ◦C (Fig. 5 (d)). Finally, the SIBs with PE-CCS separator 
demonstrated high safety in ARC testing without thermal runaway 
(Fig. 5 (e)). Meanwhile, the high wettability of PE-CCS towards elec-
trolytes has been demonstrated through contact angle testing. Typically, 
batteries that are not fully wetted may experience localized sodium 
plating due to residual gases and higher internal resistance [39–41]. 
Therefore, PE-CCS also effectively suppresses sodium plating caused by 
incomplete wetting. Herein, we present the key points of SIBs thermal 
runaway and significantly improve battery safety through a simple PE- 
CCS separator strategy.

3. Conclusion

In this work, the thermal runaway mechanism of 5 Ah SIBs (NFPP/ 
HC) has been successfully revealed. The battery exhibited excellent 
thermal stability and did not exhibit thermal runaway behavior during 
abuse testing in the early stages of use. Through thermal analysis of SIBs 
at the battery and material levels, we found that the heat generated 
during the thermal runaway process mainly came from the exothermic 
reaction between the sodiated HC and the electrolyte, which occurs 

around 100–150 ◦C. The heat provided by the exothermic reaction also 
caused the separator to melt, triggering internal short circuit and ther-
mal runaway. However, the desodiated NFPP exhibits excellent thermal 
stability, and its reaction heat release with the electrolyte is very weak 
(only 1/3 of the anode side). Therefore, sodiated HC was a key factor to 
induce heat production and to trigger thermal runaway. More seriously, 
after sodium plating on HC, the T1 and T2 of the battery were signifi-
cantly reduced, while the (dT/dt)max was greatly increased. In addition, 
SIBs with sodium plating also exhibited poor thermal stability during 
abuse testing. Finally, we significantly improved the safety of batteries 
with our simple ceramic separator technology. These findings uncovered 
the heat sources and triggering factors of SIBs’ thermal runaway, and 
will provide valuable recommendations for the design and development 
of safer SIBs and materials.
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