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A B S T R A C T

Sodium-ion batteries assembled with NaNi1/3Fe1/3Mn1/3O2 (NFM) cathode and hard carbon (HC) anode, show 
great application prospect due to their relatively high energy density. However, the NFM cathode is accompanied 
by poor thermal stability detrimental to battery safety, hindering the real commercial application. Here, the 
detailed thermal runaway process of NFM/HC cell is systematically dissected from cell, electrode and material 
levels. On cell level, fully charged NFM/HC pouch cell exhibits thermal runaway hazards when abused, which is 
further proved in adiabatic conditions. On electrode level, heat during the thermal runaway process is collab-
oratively supplied by NFM and HC. The HC anode induces the initial heat generation, which roots in the anode- 
electrolyte interface decomposition as the initial chain reactions accumulating heat and mild temperature rise 
going to battery thermal runaway. The cathode generates huge heat (2–3 times that of anode) at a higher 
temperature, providing the majority of heat for the whole thermal runaway process. On this basis, the ther-
mochemical crosstalk between electrodes is uncovered, as reductive gases attacking the NFM cathode at an 
earlier stage around 120 ℃ and electrolyte thermally corroding the cathode at higher temperature. On material 
level, the NFM cathode loses its layered structure and is corroded into smooth particles due to the different 
internal crosstalk with temperature. The strategies on how to improve the safety from such three levels were also 
discussed. These findings shed light on the journey of designing safer commercial sodium-ion batteries through a 
systematic analysis at multiple scales, including batteries, electrodes, and materials.

1. Introduction

It is widely believed that sodium-ion batteries (SIBs) have broad 
prospects in the energy storage market for its widely distributed rich 
resources, low cost, excellent electrochemical performance and 
compatibility with the existing manufacturing technology [1–5]. How-
ever, SIBs as a typical chemical energy storage device with considerable 
energy density should also have safety hazards [6–9], especially in large- 
scale energy storage applications. These safety hazards usually show an 

uncontrollable thermal runaway process and could seriously hinder the 
large-scale application of SIBs. Therefore, establishing a clear insight 
into its thermal runaway mechanism will provide foundation on how to 
further research and develop SIBs and improve their safety, which is 
undoubtedly necessary and urgent for the smooth commercial applica-
tions of SIBs.

Among anode materials of SIBs, hard carbon (HC) has become the 
most potential candidate because of its low voltage plateau, high specific 
capacity and wide range of raw materials [10–16]. For cathode 
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materials, layered transition metal oxide materials (NaxTMO2, TM =
transition metal) characterizing advantages as high capacity, high 
voltage and easy production process, has become one of the most 
competitive choices [17–20]. NaNi1/3Fe1/3Mn1/3O2 (NFM) has become 
a basic and mature cathode material after long-term research [21–27], 
and this Na-rich NFM shows a higher capacity. Thus, the SIBs composed 
of NFM cathode and HC anode has high capacity and high voltage, 
catering to the pursuit of high energy density. However, relevant 
research on its thermal runaway process and detailed mechanism of 
NFM/HC batteries has been lacking. Though there have been a minority 
of similar studies so far, their conclusions are mostly scattered, not a 
systematic framework [28–30]. What’s more, the igniter fuse and heat 
source of NFM/HC battery thermal runaway and the thermal failure 
mechanism of the NFM cathode are still in a blank, stuck in character-
izing the thermal runaway phenomenon without looking into the rea-
sons behind it [31]. Additionally, most of the work is limited to focusing 
on the thermal stability of battery components at the material level 
[22,30], and there are still few material-electrode-cell multi-dimen-
sional studies to gain the whole map into the thermal runaway 
mechanism.

In this work, the thermal runaway (TR) pathway of NFM/HC full 
battery is analyzed from the cell level, electrode level, and material 
level. Through the abuse tests, the NFM/HC full battery was found to 
have the fire hazards of TR, so we further quantitatively analyzed the TR 
behavior of the battery in an adiabatic environment by accelerating rate 
calorimeter (ARC), and obtained the whole process of battery self- 
heating below 100 ◦C and triggering TR near 175 ◦C to combustion 
and explosion. The electrode level is taken as the next base point to 
explore the interaction between the inside battery components and their 
feedback on the thermal behaviors. And it is found that the cathode- 
electrolyte (Ca-Ely) and cathode–anode (Ca-An) thermodynamic sys-
tems have the much higher thermal runaway maximum temperature 
than that of anode-electrolyte (An-Ely). It is obtained that the NFM/HC 
battery TR is induced by HC anode probably due to SEI decomposition 
and contributed with the main heat by NFM cathode. Based on the 
material level, the thermal stability of internal components was 
analyzed to determine the respective contribution to full battery thermal 
runaway. The fully sodiated HC anode from pouch cells of several cycles 
has a lower temperature of thermal decomposition accompanied by heat 
release, and is the initiator of battery self-heating. Its heat flow is weak 
and the exothermic reactions distribute in a wide temperature range, 
which provides enough time to find and take actions to knock down the 
temperature increasing. However, the fully desodiated NFM cathode has 
a significantly stronger heat flow (11–12 times) and generates more 
abundant heat (2–3 times) than HC anode, threatening the battery safety 
largely. In short, the NFM cathode side supports the main heat for bat-
tery TR, causing combustion and explosion. It can be noticed that the 
cathode thermal failure plays an important role in NFM/HC battery 
safety, and thus it is correlated with the structure evolution for better 
analysis and guiding the design of more stable structure. At 200 ◦C, the 
cathode maintains a P3 + OP2 phase, almost the same as the initial 
charged to 4.0 V. While at 300 ◦C, the (003) lattice plane almost dis-
appears due to ion mixing, declaring the complete structure failure of 
NFM. Besides, the electrolyte will thermally corrode the surface layer of 
NFM, changing its morphology from rough surface of secondary parti-
cles to smooth surface and increasing its specific surface area. Unfor-
tunately, the cathode will have an earlier thermal failure at 120 ◦C due 
to the attacking of the reductive gases generated at the HC anode. These 
results provide a profound insight into the thermal failure process of 
layered transition metal oxide cathode, of great value for future design 
of high thermal stability of layered cathode, electrode-level interaction 
regulation and process development of safer batteries.

2. Experimental methods

2.1. Experimental materials

NFM has a tap density of 1.65 g/cm3 and a specific surface area of 
0.97 m2/g from Zhejiang Natrium Energy Co., Ltd. HC has a particle size 
of 5 μm, a true density of 1.47 g/cm3, and a specific surface area of 6 m2/ 
g from Kuraray Co., Ltd. The structure characterization and capacity 
measurements of NFM and HC are shown in Fig. S1.

2.2. Electrochemical performance test

Electrochemical tests were conducted using Neware battery tester. 
The design and fabrication parameters of NFM/HC cell were shown in 
Table S1. All batteries were activated at 0.1C current rate and cycled at 
1C current rate, with the voltage range of 1.0 ~ 4.0 V.

2.3. Safety tests

All the abuse tests were conducted to the international standards. 
The nail penetration test was vertically piercing into the middle of the 
fully charged NFM/HC cell by a steel needle with the diameter of 5 mm 
at a speed of 25 mm/s and kept still for the observation. The thermal 
abuse test was heating the cell to 130 ◦C at the rate of 5 ◦C/min and 
holding for 0.5 h in the high-temperature test chamber. The overcharge 
test was charging the cell to 6 V (1.5 times the charging cut-off voltage) 
at 1C current rate and observing for 1 h. And the ARC (H.E.L.) test was 
examining the battery thermal runaway behavior in a “heat-wait- 
search” mode (from 50 ◦C calibrated for 40 min, then 5 ◦C as a rise step 
which was settled for 20 min and searched for whether self-heating 
(temperature rate ≥ 0.02 ◦C/min) or not. If so, the ARC would syn-
chronize the ambient temperature of the battery with that of the battery 
for no heat exchange, giving the battery an adiabatic environment to 
trace its real thermal runaway process. If not, the ARC would continue to 
give the battery the “heat-wait-search” mode until the self-heating was 
detected or reaching the maximum detection temperature.

2.4. Partial cell Assembling

A 16-Ah fully charged NFM/HC cell was disassembled in an argon- 
filled glove box with ceramic scissors. The bare cell was rinsed with 
dimethyl carbonate solvent and dried fully to remove the residual 
electrolyte. For the An-Ely and Ca-Ely partial cells, the electrolyte was 
added by 5 g/Ah coefficient, and the capacity of electrodes kept the 
same. The Ca-An partial cell was extracted partly from the 16-Ah dried 
cell and its capacity was the same as that of An-Ely and Ca-Ely.

2.5. DSC and TGA-MS measurements

The cathode and anode powder were scraping off from the rinsed and 
dried electrodes of the 16-Ah cell above. For DSC measurements (STA 
449 F3 Jupiter instrument type), the sample was placed into a hermetic 
steel crucible, purged by argon for half an hour at 35 ◦C, and heated to 
400 ◦C under the rate of 5 ◦C/min in argon. For the electrode–electrolyte 
mixtures, the powder and electrolyte (1 M NaPF6 in EC/PC/DEC with 
FEC) were added into a hermetic steel crucible in an equal ratio of 1.0 
mg to 1.0 μL. For TGA-MS measurements (SDT 650 + Discovery MS 
instrument type), the sample was placed into an alumina crucible with a 
hole, purged for half an hour at 25 ◦C (to reduce the electrolyte vola-
tilization), and heated to 500 ◦C under the rate of 5 ◦C/min in nitrogen. 
For the mixtures, NFM and HC powder were weighed to the N/P ratio in 
Table S1. For the NFM-HC-electrolyte mixture, 1.0 μL electrolyte was 
added in the ratio to 1.0 mg powder.
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2.6. Heat treatment

Fig. S13 is the flow chart of heat treatment to NFM. The cathode 
electrodes were cut into small pieces and divided into two batches, one 
of which was put into a ceramic boat with a lid and transferred from the 
glove box to tube furnace for heat treatment in argon atmosphere, the 
other of which soaked with the electrolyte was put into a sealing bottle 
with a sealing rubber ring, sealed again with aluminium tape, and put 
into a precision energy-saving electric furnace for heat treatment. After 
cooling naturally to room temperature, these heated NFM cathode 
electrodes were transferred to the argon glove box, waiting for further 
testing. Based on DSC results and ARC results of cathode, the heating 
temperatures were set to 200 ◦C and 300 ◦C, which are the non- 
occurrence and occurrence of the drastic exothermic reactions.

2.7. Morphology and structure measurements

The samples were prepared in an argon glove box, and transferred 
into the scanning electron microscope (Hitachi TM3030) quickly for the 
morphology observation with the voltage of 15 kV. For transmission 
electron microscope (TEM, JEOL JEM-2100plus) measurements, the 
sample was loaded on a 300-mesh copper screen and observed at the 
voltage of 200 kV for high-resolution lattice fringes. For XRD measure-
ments, the incident angle is increasing from 0◦ to 45◦ (2θ from 0◦ to 90◦) 
with copper target, costing 8 min.

3. Results and Discussion

3.1. Basic electrochemical Performances of NFM/HC battery

In this study, SIBs were designed and assembled to decipher the 
thermal failure mechanism, and the detailed battery design parameters 
are shown in Table S1. In the electrochemical performance testing, the 

cylindrical cell still remains 97.9 % capacity with tiny voltage plateau 
attenuation of 52.7 mV and 28.2 mV after 150 cycles, and the pouch cell 
exhibits an initial energy density of 140.2 Wh/kg and remains 92.5 % 
capacity after 150 cycles (Fig. S2-3). These results mean that the bat-
teries have considerable performance for ensuring the reliability of 
following results.

3.2. Fire hazards in NFM/HC full battery

Safety assessment and analysis are prerequisites for battery appli-
cations. Especially for SIBs that are expected to be applied to large-scale 
energy storage, a comprehensive and systematic safety analysis is even 
more important. In the electrode materials for SIBs, NFM and HC as the 
current mature active materials have higher specific capacity, so NFM/ 
HC battery relatively meets the pursuit of higher-energy–density SIBs. 
However, more energy density is accompanied with more fire risks.

Here, based on the prepared NFM/HC batteries above, the safety 
tests were performed at the full battery level (all batteries have experi-
enced several cycles and been fully charged). In the abuse tests around 
the machine-electric-thermal inducements under international stan-
dards, the NFM/HC batteries exhibit poor safety. In the nail penetration 
test (Fig. 1a and Fig. S4), with the puncture of the steel needle, the 
battery voltage suddenly drops to 0 V, and the temperature slowly rises 
to a short plateau of 127 ◦C and then sharply rises to the highest tem-
perature of 351.4 ◦C. To gather more information, a video was recorded 
during the whole process through a camera open in the front window of 
the nail penetration tester, as shown in Video S1. At about 88 ◦C, white 
smoke flashes out of the pressure relief valve of battery. When reaching 
the short plateau of 127 ◦C, smoke becomes more intense, and the 
voltage slightly rebounds to 1.1 V, which is in connection with the 
thermal reactions between the cathode and anode. In the overcharge test 
(Fig. 1b and Fig. S5), the discharged battery was charged at 1C to 6 V 
(1.5 times the charging cut-off voltage in normal operation), showing a 

Fig. 1. Safety hazards of NFM/HC batteries (only several cycles). (a-c) Voltage and temperature plots of 1.5-Ah fully charged NFM/HC cell by nail penetration, 
overcharge and thermal abuse tests respectively. (d) Typical thermal runaway sequence plot of alkali-metal-ion batteries (1: The battery hardly self-generates heat 
and is relatively safe; 2: The mild temperature rise due to battery self-heating starting with SEI decomposition; 3: The sharp temperature rise and thermal runaway 
(uncontrollable) due to the violent exothermic reactions usually involving electrolyte or cathode; 4: Termination of thermal runaway, natural cooling down to room 
temperature. Δt: The reaction time left for salvage precautions when the battery self-heating is detected, which is defined as the time for the mild temperature rise). 
(e-f) Thermal runaway of 1.5-Ah fully charged NFM/HC cell measured by ARC.
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temperature plot of a small peak plus a large peak. The first temperature 
rise is from the sharp voltage rise, and later the temperature decrease is 
from the unchanged voltage with the time which the interfacial parasitic 
reactions temporarily slow down compared with the voltage rise[32]. 
The first temperature rise and decrease correspond to the temperature 
peak of 36.7 ◦C when charged to 4.0 V. The maximum voltage the 
battery can withstand is 4.7 V, where continuing the voltage will sud-
denly rise to 8.8 V with the temperature reaching the highest point 
(52.8 ◦C), and then drop to 0 V due to an internal short circuit (ISC) with 
Na metal across the separator from HC anode in the battery[33,34]. In 
the whole process, the battery does not smoke, fire or explode. In the hot 
chamber test (Fig. 1c and Fig. S6), as the temperature rises at a rate of 
5 ◦C/min to 130 ◦C, the battery does not catch fire or explosion. How-
ever, its open circuit voltage has dropped from close to 4.0 V to 2.0 V 
around. Specially, 130 ◦C is the battery surface temperature rather than 
the battery internal temperature, so the separator temperature does not 
reach 130 ◦C indeed and there is no large-area melting leading to ISC
[35]. Thus, the battery voltage will remain at a certain value instead of 
dropping to 0 V. On the whole, the abuse tests indicate the hazards in 
NFM/HC battery, which requires further detailed exploration of the TR 
process.

Therefore, the multi-dimensional safety quantification tests from the 
overall battery level to the internal electrode level are necessary to 
analyze the heat source and pathway of NFM/HC battery thermal 
runaway. ARC, as an important tool to quantify battery safety, can 
output the characteristic temperatures of battery thermal runaway to 
suppose the reactions happening inside the battery. These characteristic 
temperatures are usually expressed as T1, T2 and T3 (Fig. 1d) 
[33,36–38]. T1 is the onset temperature of battery self-heating when the 
temperature rate reaches 0.02 ◦C/min, most of which is attributed to the 
SEI decomposition for LIBs in previous work. T2 is the TR triggering 
point when the temperature rate reaches 1 ◦C/min. T3 is the maximum 
temperature during the whole TR process. Between T1 and T2, it is a mild 
temperature rise accompanied by some reactions with minor heat before 
the significant threatening exothermic reaction, also the critical time to 
take salvage precautions and knock down the temperature successfully 
(Δt). Starting from T2, there is a sharp temperature rise because the fatal 
chain reactions are triggered, as the uncontrollable and irretrievable fire 
hazard. Based on the ARC, the TR process of NFM/HC full batteries was 
further traced and analyzed in an adiabatic environment (Fig. S7). And 
the measured cell temperature was its surface temperature with the 
thermocouple attached on the surface. The discharged full cell has no 
fire or explosion but the melting insulating ring after ARC test (Fig. S8), 
indicating that there is no thermal runaway in the discharged state. On 
the contrary, the fully charged NFM/HC cell (109.8 Wh/kg, Fig. S9) has 
experienced thermal runaway, in particular to multiple T1 of 70.5 ◦C, 
110.7 ◦C and 142.1 ◦C, T2 = 175.1 ◦C, T3 = 375.4 ◦C and (dT/dt)max =

145.3 ◦C/min (the maximum temperature rate of thermal runaway) 
(Fig. 1e-f). The multistage self-heating processes may be attributed to 
the thermal decomposition of the SEI and the sodium metal deposited on 
the HC anode, as well as the exothermic reaction of the electrolyte with 
the exposed sodiated HC after the SEI decomposition[33,34,39,40]. 
These reactions lead to the battery discontinuous self-heating behavior. 
The fully charged NFM/HC cell has fire and explosion as the pressure 
relief valve punched open and charred electrodes can be seen in the 
optical image of Fig. S10.

These results prove that NFM/HC battery is not entirely safe, with 
potential fire and explosion. Therefore, there must be a further under-
standing of the thermal behaviors of each specific component inside the 
battery.

3.3. TR contribution of partial cells

To analyze the contribution of internal components to battery TR, 
partial cells of anode-electrolyte (An-Ely), cathode-electrolyte (Ca-Ely), 
and cathode–anode (Ca-An) thermodynamic systems, were assembled as 

shown in Fig. S11 and tested by ARC [41]. The sodiated anode layer has 
bright white sodium attached to the surface due to the accidental 
introduction of impurities during cell fabrication process and local gas 
production during cycling, and the desodiated cathode appears yellow, 
more mechanically brittle and easily broken than the sodiated NFM 
cathode (Fig. S12-13). All partial cells have the same electrode layers to 
guarantee the same capacity.

The An-Ely partial cell initiates self-heating at 119.6 ◦C and triggers 
TR at 122.8 ◦C, going to the maximum temperature of 312.2 ◦C (Fig. 2a). 
The Ca-Ely partial cell initiates self-heating at 200.9 ◦C and triggers TR 
at 238.7 ◦C, higher than the An-Ely and Ca-An partial cells (Fig. 2b). 
However, when it initiates self-heating, violent reactions will happen 
inside the partial cell and generate a surprisingly high number of calo-
ries, taking the partial cell to the maximum temperature higher than 
450.6 ◦C (Fig. S14). Vast gases and impact energy are generated that the 
aluminum-plastic film shell is completely tore open (Fig. S15), causing 
that the thermocouple cannot be fixed tight to the partial cell as the 
temperature turning point in Fig. S14. The Ca-An partial cell initiates 
self-heating at 121.3 ◦C and triggers TR at 129.1 ◦C, going to the 
maximum temperature of 407.8 ◦C (Fig. 2c and Fig. S16). It indicates 
that SEI decomposition brings heat as the beginning of self-heating. 
When the temperature rises from 121.3 ◦C to 129.1 ◦C, the adopted 
PE separator in accordance with commercial standards begins to melt, 
causing the anode to directly touch the cathode (Fig. S17). Thus, large 
joule heat due to the ISC will be generated and bring the partial cell to 
TR, indicating the thermal runaway trigger mechanism for this battery 
systems manufactured in accordance with the business model. It can be 
seen that the maximum temperatures of Ca-Ely and Ca-An partial cells 
are significantly higher than that of An-Ely partial cell, proving that the 
cathode is the dominant heat source in the whole thermal runaway 
process of full battery (Fig. 2d-e).

In conclusion, though the HC anode initiates battery self-heating 
which is presumably due to SEI decomposition referring to the work 
of LIBs[33,39,42], the heat generated at the NFM cathode is much larger 
and more rapid, becoming the more menacing master of battery thermal 
runaway.

3.4. Thermal behaviors of battery components

To deeply analyze the detailed contributions of internal components 
to battery TR, DSC and thermogravimetric analysis-mass spectrometry 
(TGA-MS) measurements were conducted to quantitatively evaluate the 
characteristic thermal behaviors of battery components, including some 
important node temperatures and heat release.

The charge capacity of NFM and HC from fully charged full cell at 1C 
is labelled as 113.5 mAh/g and 254.4 mAh/g respectively, related to the 
active Na content in them. The DSC heat-flow profiles of electrodes are 
shown in Fig. 3a. For individual materials, sodiated HC has a former 
exothermic peak at 130.6 ◦C and the heat flow of 0.36 W/g, which is 
correlated with SEI decomposition. With the electrolyte added, the 
former exothermic peak goes ahead to 120.7 ◦C and the heat flow has 
little change as 0.32 W/g. The desodiated NFM has a split peak at 
285.5 ◦C and 290.8 ◦C with heat flow of 1.74 W/g and 1.56 W/g 
respectively, which is correlated with phase evolution. With the elec-
trolyte added, the exothermic peak goes ahead to 281.3 ◦C and the heat 
flow increases to 2.97 W/g due to the exothermic reactions between the 
electrolyte and the highly-oxidizing-reactive desodiated NFM. It can be 
seen that the heat flow of cathode is much stronger than the anode. The 
exothermic reactions of HC anode distribute at such a wide temperature 
range that there is enough time to intercept. The initial exothermic peak 
temperature of each component and corresponding heat flow are drawn 
into a map to indicate the heat source in battery thermal runaway route 
(Fig. S18). Through integral calculation of the heat flow versus time 
curves, the heat released by the cathode side is larger than that of the 
anode side (more than twice, Fig. 3b). The electrolyte has the first 
exothermic peak at 190.5 ◦C and the other exothermic peak at 307.6 ◦C, 

S. Lin et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 506 (2025) 160202 

4 



lower than the other two electrolytes, but its heat flow and heat gen-
eration are the lowest (Fig. S19-20 and Table S2). Overall, the anode 
induces the battery self-heating due to its sluggish exothermic reactions 
at the lower temperature, and the cathode releases the most heat for 
battery TR due to its abrupt and fierce exothermic reactions at the higher 
temperature.

The temperature-resolved mass spectrums of NFM-HC mixture and 
NFM-HC-electrolyte mixture are conducted to understand what gases 
generate as one of the murderers that bring battery explosion. The NFM- 
HC mixture produces no O2, CO or hydrocarbon compounds (CHx) in the 
range from RT to 500 ◦C, while there are two weak and broad CO2 peaks 
from 200 ◦C to 400 ◦C and more CO2 released above 415 ◦C (Fig. 3c). 
From 200 ◦C to 400 ◦C, desodiated NFM releases oxygen, which is 
mainly reacted to Na in HC. Even if there is some oxygen reacting with 
HC, produced CO2 will be consumed by the sodium compounds. Above 
400 ◦C, the reactions of sodium and its compounds are becoming satu-
rated, so there is more oxygen reacting with HC and also less CO2 is 
consumed, resulting in the CO2 curve elevation. The NFM-HC- 
electrolyte mixture produces no O2 in the range from RT to 500 ◦C but 
CO2 and the species of m/z = 29.00 (gas-29) in the range from 100 ◦C to 
200 ◦C (Fig. 3d). The CO2 generation is speculated to be due to the 
oxidation of the reductive species such as the electrolyte by the hyper-
valent transition metal ions in desodiated NFM. While the gas-29 is 

attributed to CO and CHx generated at the anode side. It is obvious that 
the existence of electrolyte will aggravate the battery gas generation 
with more weight loss over 50 % in a low and narrow temperature range, 
while the NFM-HC mixture has a smaller weight loss less than 20 % in 
the full wide range.

From these results, the anode leads to the full cell self-heating, and 
the cathode is the main source of heat generation, which has a great 
contribution to battery thermal runaway. Thus, to gain an insight into 
the specific thermal failure modes of unsafe cathode is crucial for 
granted, and the concrete effects of the cathode with other battery 
components during TR need to be clarified.

3.5. Postmortem analysis of heat induced structural degradation of NFM 
cathode

As the cathode generates a largest quantity of heat, which supports 
most heat during battery thermal runaway, the structural evolution 
synchronizing with heat generation needs to specify.

To decipher the structural evolution of NFM cathode during TR, 
desodiated NFM cathode was heated at different temperatures 
(Fig. S21), and the structure and morphology changes were analyzed. At 
200 ◦C and 300 ◦C, the desodiated NFM particles have almost no sig-
nificant morphology changes compared with the initial particles 

Fig. 2. Thermal runaway processes of partial cells. (a) HC anode and electrolyte. (b) NFM cathode and electrolyte. (c) NFM cathode and HC anode. (d) Abridged 
general view of fully charged NFM/HC battery TR. (e) Critical TR temperatures comparison of three partial cells.
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(Fig. 4a, 4b, 4c, 4e and Fig. S22). However, in the presence of electro-
lyte, heated NFM particles transform into smaller particles with smooth 
surfaces (Fig. 4d, 4f and Fig. S23). As the temperature increases, the 
secondary particles become fewer, and smaller smooth spherical parti-
cles become more (Fig. 4f). It is speculated that the electrolyte will 
thermally corrode desodiated NFM cathode, causing the surface region 
consumed. Further, the thermal corrosion and particle cracking inten-
sification of the electrolyte to NFM cathode are semi quantitatively 
detected by BET measurements[43]. Compared with NFM heated alone, 
NFM heated with the electrolyte at 200 ◦C and 300 ◦C have more N2 
adsorption/desorption volume and much larger BET specific surface 
area (> 4 m2/g, Fig. 4g-h). This illustrates that the electrolyte will 
greatly change the shape and size of NFM cathode, which confirms that 
the electrolyte will thermal corrode the desodiated NFM and cause its 
more severe thermal failure. Besides, compared with NFM alone, NFM 
heated with the electrolyte at 300 ◦C has significant cracks through TEM 
measurements (Fig. S24). This points out that the electrolyte has 
dramatically degraded the surface structure of desodiated NFM cathode 
before the strong exothermic reactions. In the XRD patterns (Fig. 4i), 
when charged to 4.0 V, a transition from O3 phase to P3 + OP2 phase 
happens in the NFM structure, with the unit cell volume expands
[25,26]. The cathodes heated at 200 ◦C have almost the same XRD 
patterns as the initial, indicating its bulk structure stability at 200 ◦C, 
and further validating the DSC and ARC results of the cathode thermal 
stability below 200 ◦C. With the temperature rise, (003) peak of des-
odiated NFM significantly weakens and even disappears with the elec-
trolyte existing at 300 ◦C, marking the layered structural failure. From 
the critical parameters of (003) peaks at different states listed in 
Table S3, the I(003)/I(105) decreases when the temperature rises. From the 
high-resolution lattice fringe images by TEM (Fig. 4j), there is ion mixing 

in NFM particles when heated at 300 ◦C, which well explains the XRD 
results. Thus, the complete failure of cathode at 300 ◦C is not only due to 
the oxygen release but also the harmful ion mixing. Through low- 
magnification morphology images by TEM (Fig. S24), there is new 
phase at 300 ◦C due to the ion mixing in NFM structure and it cannot 
fully return to the layered phase when cooling down to RT.

As a whole, the high temperature as 300 ◦C will cause the desodiated 
NFM structure failure for the exothermic reactions and ion mixing, and 
the existence of the electrolyte will thermally corrode its surface region 
to smaller smooth spherical particles and increase the heat release, 
confirming that the electrolyte instead of temperature is the dominant 
role to thermally degrading the surface structure of NFM particles.

3.6. Earlier thermal failure of NFM cathode for reductive gas attacking

Above 200 ◦C, NFM cathode will have exothermic reactions with the 
electrolyte, providing great heat for battery TR. During the temperature 
range of separator melting, the cathode will contact with the anode, 
generating generous joule heat to bring battery TR. These will cause 
thermal failure to NFM. To clarify whether the cathode will have earlier 
failure before the battery thermal runaway is triggered, the gases gen-
eration at the anode side and its impact on the cathode were analyzed.

According to the An-Ely thermodynamic system with the exothermic 
peak at 120.7 ◦C by DSC and the T1, T2 around 120 ◦C by ARC, HC-Ely 
partial cells were assembled and heated at 120 ◦C, 100 ◦C and 80 ◦C for 
the same time to produce reductive gases that will threaten battery 
safety. The An-Ely partial cells heated at 100 ◦C and 80 ◦C do not 
generate significant gas, indicating the relative thermal stability below 
100 ◦C (Fig. S25). While that heated at 120 ◦C generates significant gas, 
which is composed of most C3H6 and C2H4, and a little C2H6 and H2 by 

Fig. 3. Thermal behaviors of internal components of fully charged NFM/HC battery. (a-b) Heat flow and heat generation of NFM, HC and electrolyte by DSC 
measurements. (c) CO2 and other gas species release of NFM-HC mixture by TGA-MS measurements. (d) CO2 and other gas species release of NFM-HC-electrolyte 
mixture by TGA-MS measurements. Ely: electrolyte.
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GC measurements, named reductive gases (RG) (Fig. 5a). Injected with 
the RG, the cathode was heated at 120 ◦C too (NFM-RG). Through XRD 
measurements, the (003) peak of NFM-RG has almost disappeared 
compared with the initial (Fig. 5c). And more than 90 % of NFM-RG gas 
through postmortem measurements is CO2, demonstrating the thermal 
reactions between the cathode and reductive gases (Fig. 5b).[44] Be-
sides, the morphology of NFM has changed from quasi-spherical surface 
to flatter surface, with less-content and more unevenly distributed O 
(Fig. S26). To ensure the rigor, the cathode was also heated at 120 ◦C 
alone and with the electrolyte, both not generate significant gas 
(Fig. S25). And their XRD patterns are almost the same as the initial, 
with (003) peak existing (Fig. 5c).

Therefore, the reductive gases generated at the anode side will cause 

a severe persecution to NFM cathode, making the cathode thermal 
failure at an early age during battery TR. And the damage mechanism of 
RG to NFM is shown in Fig. 5d.

To enhance the safety of NFM/HC batteries manufactured to com-
mercial standards based on the TR mechanism and pathway above, 
corresponding strategies based on battery-electrode-material levels are 
recommended (Fig. 6).

On battery level, the nail-penetration abuse test difficult to pass hints 
the major safety risk that cannot be ignored in this type of batteries, 
mainly affecting T1 and T2 during battery thermal runaway as specified 
in an adiabatic environment for 70.5 ℃ and 175.1 ℃ by ARC. The 
relevant improvement strategies on this level are adjusting the N/P ratio 
to prevent the production of reductive gases on the anode, and using 

Fig. 4. Structural degradation of heated desodiated NFM cathode. (a-b) Surface and cross-sectional morphology of initial desodiated NFM cathode at RT. (c-d) Cross- 
sectional morphology of desodiated NFM cathode heated at 200 ◦C alone and with the electrolyte respectively. (e-f) Cross-sectional morphology of desodiated NFM 
cathode heated at 300 ◦C alone and with the electrolyte. (g) N2 adsorption/desorption isotherms and (h) BET specific area of heated desodiated NFM cathode by BET 
measurements. (i) XRD patterns of initial and heated NFM cathode with/without the electrolyte. (j) High-resolution lattice fringe images of desodiated NFM heated at 
300 ◦C alone (the first two) and with the electrolyte (the last two).
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optimized separator to suppress the contact between cathode and anode
[33]. On electrode level, the thermal runaway of NFM/HC batteries is 
induced by the heat release of HC anode presumably due to SEI 
decomposition, triggered by large joule heat due to PE separator 
shrinkage, and brought to the highest temperature by the major heat 
contribution of the NFM cathode. Meanwhile, the reductive gases 
generated at the HC anode mainly of alkane compounds will attack the 
NFM cathode causing its earlier failure at 120 ℃, and the electrolyte will 
thermally corrode the cathode at a higher temperature reflected by the 
stronger and narrower DSC peak. The relevant improvement strategies 
on this level are recommended as reasonably designing the electrode 
structure with increased porosity and surface area (for better infiltration 
and local heat dissipation), and optimizing the electrolyte (for better 
thermal-stable SEI to delay the thermal runaway process between T1 and 
T2 and reducing the interaction with NFM cathode to reduce the heat 
generation for TR)[45]. Finally, on material level, the morphology and 
structure of NFM cathode during thermal failure process caused by 
various factors are explored to better understand the large heat contri-
bution. The reductive gases generated at the HC anode and the high 
temperature to 300 ℃ will invalidate the layered structure of NFM 
cathode through aggravating the ion mixing, while the electrolyte will 
thermally corrode the NFM cathode making it smaller and smoother 
particles. The relevant improvement strategy on this level is enhancing 

the material stability, such as phosphate coating layer (which is stable 
and protective to isolate the attack on electrode level with no negative 
influence on material electrochemical performance) and monocrystal 
structure (which is more thermal-stable and less oxygen-release).

4. Conclusions

In this work, the thermal runaway mechanism of SIBs (NFM/HC) and 
the thermal failure mode of NFM cathode are analyzed from the battery, 
electrode and material dimensions. From the thermal runaway research, 
the anode-electrolyte thermodynamic system has a lower self-heating 
temperature (T1 = 119.6 ◦C), and the cathode side has a much higher 
thermal runaway maximum temperature (T3 > 400 ◦C), revealing the 
thermal runaway mechanism of the HC-electrolyte part generating heat 
and inducing the full battery thermal runaway, and subsequently the 
NFM-electrolyte part massively supplying heat to bring the full battery 
to higher temperature, combustion and explosion. For the poor thermal 
stability of NFM cathode, we further analyzed its thermal failure modes, 
containing the thermal corrosion effect of the electrolyte and the ther-
mal attack phenomenon of the reductive gases generated at the HC 
anode to the NFM cathode. Studies found that the electrolyte will 
thermally erode the desodiated NFM shell layer (changing the 
morphology of cathode from secondary-particle rough surfaces to 

Fig. 5. Reductive gases from HC anode attacking NFM cathode. Gas composition of (a) HC-Ely and (b) NFM-RG partial cells heated at 120 ◦C through GC mea-
surements. (c) Overall and local XRD patterns of initial and processed NFM. (d) The mechanism schematic diagram of RG to desodiated NFM. RG: reductive gases.
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smooth surfaces and enlarging the specific surface area to 2–4 times) 
increasing the released heat of cathode, and the reductive gases gener-
ated at the HC anode can cause the cathode to lose its layered structure 
only at 120 ◦C meaning an earlier thermal failure. To settle and improve, 
strategies are provided from the three levels respectively, adjusting the 
N/P ratio and adopting modified separator on the cell level, designing 
the electrode structure with more porosity and adjusting the interaction 
between electrodes (SEI construction and Ca-Ely redox reaction inhibi-
tion) on the electrode level, and enhancing the thermal stability of 
layered cathode on the material level. This work systematically explores 
the thermal runaway of SIBs, conducts the detailed thermal failure 
analysis to NFM from individual to the chemical crosstalk between 
battery components, and points out the direction of improvement, which 
has a clear instructive significance for the development of safer SIBs.
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