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Abstract
This  study  investigates  the  effectiveness  of  different  wrapping  materials,  namely  aerogel  felt,  thermal  conductive  gel,  and  two  phase  change  materials

(PCMs)  in  mitigating  thermal  runaway  in  lithium-ion  batteries.  The  experimental  results  reveal  that  all  the  materials  tested  delay  the  onset  of  thermal

runaway and safety valve rupture compared to unwrapped batteries. Specifically, aerogel felt and thermal conductive gel offer substantial thermal runaway

inhibition, delaying the safety valve rupture time by 97 and 99 s, respectively. PCM-1 demonstrates a delay in safety valve rupture but has a limited impact

on the onset of thermal runaway. Among all materials, thermal conductive gel shows the most significant impact, postponing both safety valve rupture and

thermal  runaway  onset.  In  contrast,  the  PCMs  exhibit  relatively  weaker  effects.  Furthermore,  batteries  wrapped  in  aerogel  felt  produce  the  highest  CO

concentration during thermal runaway, reaching 3,658 ppm. The maximum mass loss rate of the batteries varies with the wrapping material, ranging from

20.1 to 68.5 g/s, with the unwrapped batteries exhibiting the highest loss rate. Overall, the results suggest that thermal conductive gels and phase change

materials improve the safety and emergency response of lithium-ion batteries under extreme conditions, with the thermal conductive gel showing the most

promising results in delaying both safety valve rupture and thermal runaway.
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Introduction

Lithium-ion batteries (LIBs) have become integral to modern tech-
nology,  powering  everything  from  portable  electronics  to  electric
vehicles,  due  to  their  high  energy  density  and  long  cycle  life[1].
However,  the  safety  of  LIBs  remains  a  significant  concern,  particu-
larly  in  the  event  of  thermal  runaway  (TR),  which  can  lead  to
hazardous  outcomes  such  as  fires  and  explosions[2].  TR  is  typically
triggered by factors such as internal short circuits,  overcharging, or
excessive  external  temperatures[3].  Once  initiated,  it  can  result  in  a
rapid  increase  in  temperature  and  the  release  of  flammable  gases,
presenting serious risks to both the battery and its surroundings. As
such,  mitigating  TR  is  crucial  to  improving  the  safety  of  LIBs  in
extreme conditions[4].

Research  on  TR  in  LIBs  has  made  significant  strides,  focusing  on
understanding  its  triggers,  advancing  thermal  management,  and
developing  safety-enhancing  materials[5,6].  TR,  a  self-sustaining
exothermic  reaction,  typically  results  from  factors  like  internal  short
circuits,  overcharging,  or  external  heating,  each  causing  rapid
temperature  escalation  that  can  lead  to  catastrophic  failure[7].
Researchers  have  utilized  tools  to  study  the  thermal  stability  of
battery  components  and  pinpoint  specific  reactions  that  accelerate
TR.  In  response,  researchers  have  focused  on  the  thermal  runaway
law  of  the  battery  under  different  environments  and  conditions[8,9],
and  flame-retardant  electrolytes  with  additives  like  phosphates  to
reduce flammability[10,11].  Additionally,  safer  cathode materials,  such
as lithium iron phosphate, have been investigated for their ability to
remain  stable  under  high  temperatures,  lowering  the  probability  of
TR  onset.  Together,  these  advancements  in  materials  strategies
contribute to reducing the likelihood of TR and enhancing the safety
of LIBs in practical applications. As the demand for LIBs continues to
grow  in  industries  such  as  electric  vehicles,  consumer  electronics,

and renewable energy storage,  ongoing research into these materi-
als  and their  integration into battery design will  be critical  in  ensur-
ing that the next generation of batteries remains both high-perform-
ing and safe under a wide range of operational conditions[12].  In the
realm of active TR suppression, researchers have employed methods
such as  liquid nitrogen,  aerogel  extinguishing agents,  perfluorohex-
ane,  and  fine  water  mist,  all  achieving  favorable  outcomes[13,14].  In
recent  years,  researchers  have  focused  on  enhancing  the  thermal
safety of LIBs by developing various thermal management materials
to prevent or delay TR, including high thermal conductivity compos-
ites  with  metal  or  ceramic  fillers,  which  disperse  heat  more  effec-
tively.  These  materials  are  designed  to  isolate  external  heat  sources
and  absorb  excess  internal  heat,  thereby  improving  the  thermal
stability of the battery[15]. Chavan et al. reviewed a variety of thermal
models  and  cooling  techniques,  such  as  air,  liquid,  phase  change
materials (PCMs), and hybrid cooling systems, which offer promising
solutions  for  mitigating  thermal  issues,  enhancing  battery  perfor-
mance,  and  extending  the  lifespan  of  LIBs  in  EVs[16].  Wu  et  al.
concluded  that  liquid  cold  plate  (LCP)  cooling  technology,  as  a  key
component of battery thermal management systems (BTMS), offered
effective  solutions  for  maintaining  the  performance,  safety,  and
longevity  of  LIBs  in  electric  vehicles,  but  highlighted  the  need  for  a
multi-objective  optimization  approach  that  considered  safety,  cost,
efficiency,  and  system  simplification  to  further  enhance  its  cooling
capacity  and  overall  system  performance[17].  Nasiri  &  Hadim
concluded  that  while  various  BTMS,  including  air,  liquid,  and  phase
change  material  cooling  methods,  have  been  explored  to  address
the temperature limitations of LIBs in electric vehicles and stationary
energy storage, significant challenges remain, highlighting the need
for  continued  research  to  improve  their  performance,  safety,  and
overall efficiency[18]. Among the materials studied, PCMs have shown
promise  in  delaying  TR  onset  and  mitigating  heat  accumulation
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within the battery[19−21]. Chen et al. argued that integrating suppres-
sion  strategies  into  existing  thermal  management  approaches  was
optimal,  such  as  employing  PCMs  in  thermal  management
systems[22].  Chen  et  al.  found  through  comparative  analysis  that
different materials and thermal management methods exhibit varied
effects  on TR and its  propagation,  indicating ample room for  explo-
ration  of  novel  suppression  materials  and  techniques[23].  PCMs
provide a dynamic temperature regulation mechanism by absorbing
and  releasing  heat  during  battery  overheating,  effectively  prevent-
ing  further  temperature  escalation.  Huang  et  al.  designed  a  novel
flame-retardant  flexible  composite  PCM,  which  had  shown  promis-
ing results in mitigating TR in LIBs[11]. Recent research has focused on
optimizing the integration of  PCMs into battery designs to enhance
their  cooling  capabilities.  Various  types  of  PCMs,  such  as  organic,
inorganic,  and  eutectic  blends,  have  been  evaluated  for  their  ther-
mal  performance.  However,  there  are  several  challenges  in  the
widespread application of PCMs in battery thermal management.

While the BTMS plays a crucial role in controlling the temperature
and preventing the initial onset of TR, its ability to halt or slow down
the  propagation  of  TR  remains  limited.  The  BTMS  can  delay  the
occurrence  of  TR  by  maintaining  the  battery  temperature  within  a
safe range, but once TR initiates,  the system struggles to prevent it
from spreading to adjacent cells. As a result, additional strategies are
required  to  address  the  propagation  of  TR  in  high-risk  scenarios.
Zhang et  al.  concluded that  a  novel  hybrid  TR propagation mitiga-
tion  system,  combining  low  and  high  thermal  conductivity  PCM,
heat pipes,  and air-cooling,  successfully  reduced the risk of  TR pro-
pagation  in  LIB  packs  for  electric  vehicles[24].  The  aerogels,  due  to
their lightweight and efficient insulation properties, are regarded as
potential  enhancements  to  battery  thermal  management  systems.
Tang  et  al.  discovered  that  silica  aerogel  sheets  can  effectively
inhibit  the  propagation  of  TR  when  arranged  in  three  layers[25].
Yang  et  al.  found  that  the  addition  of  aerogel  insulation  materials
can delay the spread of TR, although they may not completely sever
the  propagation  process;  however,  the  combined  use  of  aerogels
and  liquid  cooling  plates  can  prevent  the  transmission  of  TR[26].
Wong  et  al.  concluded  that  nanofiber  aerogel  effectively  inhibited
TR  propagation  within  high-energy-density  LIB  modules,  with  the
thickness  of  the  aerogel  significantly  extending  the  time  interval
between  propagation  events  and  reducing  the  peak  temperature
difference,  providing  valuable  insights  for  designing  safer  battery
systems[27].  Yang  et  al.  studied  and  evaluated  the  performance  of
heat exchangers with three different configurations (liquid cooling,
insulation  materials,  and  PCMs),  and  proposed  their  respective
applicable  ranges[28].  Dai  et  al.  concluded  that  encapsulated  inor-
ganic  phase  change  material  enhanced  with  carbon  nanotubes
effectively  improved  both  battery  thermal  management  and  TR
mitigation,  demonstrating  a  significant  reduction  in  peak  battery
temperature  and  a  delay  in  the  propagation  of  TR[29].  Chen  et  al.
found that a 2 mm glass-fiber reinforced flame retardant polypropy-
lene thermal barrier effectively prevented TR propagation in LIBs by
providing thermal insulation, significantly delaying the propagation
time  and  suppressing  both  radiation  and  convection  heat  transfer
mechanisms[30].  Chen  et  al.  found  that  the  developed  multifunc-
tional  fire  shield,  composed  of  hydrogel,  aluminum  hydroxide,
ceramic  fiber,  and  ammonium  bicarbonate,  effectively  suppressed
thermal  propagation  and  diluted  combustible  gases  during  TR  in
large-capacity  lithium  iron  phosphate  batteries,  offering  significant
improvements  in  heat  conduction,  thermal  insulation,  and  gas
regulation for enhanced battery safety[31].  Shen et al. demonstrated
that  the  novel  sandwich-type  fire-resistant  flexible  composite  PCM
(PEE@EBF)  effectively  mitigated  overheating  and  TR  in  LIBs  by
reducing  peak  heat  release,  peak  smoke  production,  and  battery

temperatures,  while  delaying  TR  by  633  s,  making  it  an  ideal  solu-
tion for thermal management and fire protection in energy storage
systems[32].  The existing literature on the comparative performance
of  these  materials  is  limited,  particularly  regarding  their  effective-
ness  under  real-world  conditions  and  their  long-term  stability  in
commercial  applications[33].  At  the  same  time,  the  comprehensive
performance  and  long-term  stability  of  these  materials  in  practical
battery  systems  remain  insufficiently  studied.  Additionally,  the
effects  and  adaptability  of  certain  materials  concerning  TR  warrant
further research and validation.

Therefore,  this  study's  novelty  lies  in  establishing  the  systematic
cross-comparison  of  four  distinct  material  classes  under  identical
abuse  conditions,  directly  quantifying  their  efficiency  in  suppress-
ing LIB TR through experimental validation. By utilizing these mate-
rials, the research aspires to offer a holistic framework for assessing
and  optimizing  battery  thermal  management  systems,  thereby
enhancing their safety and reliability under extreme conditions. 

Material preparation and experiments
 

Materials
In  this  experiment,  the  tested  battery  was  the  Panasonic  NCR

21700T  LIB,  with  a  cathode  material  represented  as  NCA  (Nickel-
Cobalt-Aluminum).  The  specific  parameters  of  the  battery  are
detailed in Table 1. Before the experiment, the battery was charged
to 100% state  of  charge (SOC),  corresponding to  a  charge capacity
of  4,800  mAh,  using  a  charge-discharge  cycling  instrument  from
Shenzhen Neware Electronics Co., Ltd., China. The battery was then
left  to  rest  for  24  h  before  conducting  the  TR  experiment.  The
purpose  of  this  resting  period  was  to  balance  the  internal  charge
distribution within the battery  and minimize its  self-discharge rate,
thereby  ensuring  greater  accuracy  and  reliability  in  the  experi-
mental results.

In this experiment, four types of wrapping materials were selected
to study their effects on the TR characteristics of LIBs. The materials
included aerogel blankets, thermal conductive gel, and two types of
PCM. The nano-silica aerogel blanket, with a thickness of 3 mm and
a  thermal  conductivity  of  0.021  W/m·K  at  room  temperature,  was
purchased  from  Langfang  Shengmai  Insulation  Materials  Co.,  Ltd.,
Hebei  (China).  The  thermal  conductive  gel  was  sourced  from
Guangzhou Boqiao Electronic Materials Co., Ltd (Guangzhou, China).
It  was  produced  by  physically  mixing  two  components,  HY-8018/A
and HY-8018/B,  in a 5:1 ratio,  resulting in a thermal conductivity of
1.0–1.1 W/m·K. The PCMs were prepared in the laboratory, with the
specific composition ratios detailed in Table 2. PCM-1 has a thermal
conductivity  of  1.9  W/m·K,  while  PCM-2 has  a  thermal  conductivity
of 2 W/m·K. Paraffin wax was purchased from Cangzhou Haoyu New
Energy Technology Co., Ltd., China, while expanded graphite with a
purity of 99% was sourced from Qingdao Tengshengda Carbon and
Graphite  Co.,  Ltd.,  China.  Single-layer  graphene,  with  a  specific
surface area of 50–200 m²/g, was obtained from Shenzhen Suiheng

 

Table 1.    Composition of 21700T lithium-ion battery.

Parameter Value

Battery Panasonic NCR 21700T

Capacity 4,800 mAh
Voltage 3.7 V (discharge cut-off voltage 3.0 V, maximum charge

voltage 4.2 V)
Dimensions Φ 18 × 65 mm
Anode Graphite
Cathode NCA
Electrolyte Solvents, salts, and additives
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Technology  Co.,  Ltd  (Shenzhen,  China).  Due to  the  inherently  poor
flame  retardancy  of  phase  change  materials,  DOPO,  a  novel  flame
retardant  intermediate,  was  incorporated to  enhance the  fire  resis-
tance of the phase change materials. Graphene was used to improve
the  thermal  conductivity  of  the  phase  change  materials.  The  aero-
gel  blanket,  thermal  conductive  gel,  PCM-1,  and  PCM-2  were  all
tightly wrapped around the battery, each with a thickness of 3 mm. 

Experimental setup
Figure 1 illustrates the schematic diagram of the overall setup for

the TR suppression experiment.  The apparatus primarily consists of
a  battery  module,  a  lift  platform,  an  electronic  scale,  a  flue  gas
analyzer,  and  a  temperature  recording  module.  The  entire  setup  is
housed within an experimental  chamber measuring 2.5  m × 2 m ×
2 m (length × width × height).

The  battery  module  is  constructed  from  stainless  steel  metal
plates, heating rods, and the battery itself. The plates are employed
to secure the heating rods and the battery, preventing any displace-
ment  of  the  battery  from  the  lift  platform  during  TR.  In  this  study,
the  heating  rods  operate  at  a  power  of  300  W  and  are  positioned
closely adjacent to the battery to induce the overheating conditions
required  for  TR.  Once  TR  is  initiated,  the  heating  rods  are  deacti-
vated  to  prevent  further  external  heat  input.  While  this  method
effectively simulates TR initiation, it is important to consider that the
TR behavior of  the battery could be affected by factors such as the
heating rate, the duration of heating, and the heat distribution, all of
which  may  vary  depending  on  the  experimental  setup.  To  address
these  potential  influences,  further  studies  could  explore  different
heating methods, including distributed heat sources, to better repli-
cate actual TR scenarios in practical applications.

Temperature  measurement  points  are  located  on  the  battery's
side  surface  at  three  levels:  upper,  middle,  and  lower.  These

measurements are recorded using K-type thermocouples. The ther-
mocouples  are  connected  to  the  temperature  recording  module,
which  transmits  the  data  to  a  computer  for  temperature  data
logging.  The  K-type  thermocouples  have  a  temperature  measure-
ment  range  of  0–1,300  °C,  which  adequately  meets  the  maximum
temperature requirements during TR.

The  flue  gas  measurement  point  is  positioned  25  cm  above  the
battery to capture the gases generated during TR while minimizing
interference  from  the  immediate  vicinity  of  the  battery  surface.
This  height  allows  for  a  more  accurate  representation  of  the  gas
dispersion  in  the  surrounding  environment.  The  Testo  330  gas
analyzer,  manufactured  in  Germany,  was  employed  to  simultane-
ously  measure  the  variations  in  CO  concentration  and  flue  gas
temperature. This setup ensures a comprehensive analysis of the TR
process  by  evaluating  both  the  heat  and  gas  emissions  at  a  safe
distance  from  the  battery.  Below  the  battery  module,  the  lift  plat-
form  and  electronic  scale  are  positioned.  The  lift  platform  protects
the  electronic  scale  from  thermal  hazards  associated  with  the
battery  during  TR,  while  the  electronic  scale  is  utilized  to  record
changes in the battery's mass throughout the TR process. 

Results and discussion
 

Changes in temperature and voltage behavior
The  variations  in  temperature  and  voltage  during  battery  TR  are

two  critically  important  parameters.  In  this  experiment,  the  inter-
mediate  temperature  on  the  side  surface  of  the  21,700  battery
were measured, and the voltage changes across the battery's termi-
nals  were  examined.  The  temperature  and  voltage  change  curves
are depicted in Fig. 2. The TR in this experiment can be categorized
into four distinct stages.

Stage  I  represents  the  temperature  rise  phase  before  the  safety
valve  ruptures.  During  this  stage,  the  battery's  temperature  gradu-
ally  increases,  while  the  voltage  remains  stable  in  the  early  part  of
this  phase.  For  batteries  wrapped  in  aerogel,  PCM-1,  and  PCM-2,  a
sharp  decline  in  voltage  is  observed  in  the  latter  part  of  Stage  I.
This  is  attributed  to  the  heating  of  the  battery,  where  the  internal
separator remains intact at lower temperatures, preventing internal
short  circuits  and  resulting  in  no  voltage  change.  When  the

 

Table 2.    Mass content of the components in the obtained CPCMs.

Sample
Mass content (wt%)

PA EG Graphene DOPO

PCM-1 93 7 0 0
PCM-2 85 5 8 2

 

Fig. 1    Schematic diagram of the battery experimental test platform.
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temperature approaches approximately 100 °C, the internal separa-
tor is compromised, leading to a sudden drop in voltage.

Stage  II  corresponds  to  the  gas  release  phase  following  the
rupture of the safety valve. In the early part of this stage, the battery
voltage increases before declining again, ultimately dropping to 0 V
as TR occurs in Stage III.  This increase is due to the release of inter-
nal  pressure  and  electrolyte  when  the  safety  valve  opens.  The
release  of  electrolyte  results  in  some  lithium  salt  being  expelled,
causing  a  decrease  in  the  concentration  of  lithium  salt  within  the
electrolyte.  Concurrently,  because  the  boiling  point  of  organic
solvents  is  higher  than  that  of  water,  some  electrolyte  evaporates,
leading to an increase in the concentration of organic solvents. The
increased  presence  of  organic  solvents  can  enhance  the  battery's
conductivity,  thus  increasing  the  output  current.  As  the  output
current  rises,  the  rate  of  internal  chemical  reactions  accelerates,
temporarily restoring the battery's voltage to a certain degree.

Stage  III  marks  the  TR  phase  of  the  battery.  At  the  onset  of  this
stage,  the  battery  experiences  TR,  causing  the  voltage  to  plummet
to 0 V. TR is defined in this study as a sustained temperature rise rate
of 1 °C/s or greater. During this phase, the battery temperature esca-
lates dramatically, accompanied by the ejection of sparks and gases,
and the release of substantial heat.

Stage IV represents the cooling phase, during which the tempera-
tures at the upper,  middle,  and lower sections of the battery begin
to  decline  after  reaching  their  peak.  Throughout  this  phase,  the
battery voltage remains constant at 0 V.

Additionally,  as  illustrated  in  the Fig.  2,  except  for  the  battery
wrapped in thermal conductive gel,  all  other batteries exhibited an
increase in maximum TR temperature. As shown in Fig. 3, the maxi-
mum temperature rise rate during TR exhibits significant variations
under  different  wrapping  materials.  Experimental  data  reveals  that
Aerogel felt,  PCM1, and PCM2 demonstrate maximum temperature
rise rates of 37.9, 82.8, and 129.6 °C/s respectively. Compared to the
control  group  without  wrapping  material  (25.3  °C/s),  these  values
represent  increases  of  49.8%,  227.3%,  and  412.3%  respectively.
In striking contrast, the thermal conductive gel shows superior ther-
mal  suppression  performance  with  a  maximum  temperature  rise
rate of only 2.9 °C/s, corresponding to an 88.5% reduction compared
to  the  control  group.  This  phenomenon  is  attributable  to  the
extended heating duration of the battery itself;  although the initia-
tion  of  TR  is  delayed,  the  temperature  escalates  rapidly  during
the  event,  releasing  considerable  heat.  The  materials  themselves
accumulate  significant  thermal  energy,  which  cannot  be  efficiently
dissipated  to  the  surroundings,  resulting  in  further  heat
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accumulation  and  elevated  battery  temperatures.  Conversely,  the
battery wrapped in thermal conductive gel experiences more exten-
sive  ejection  of  multi-layer  separators  and  electrolytes  into  the
external environment during TR, thereby reducing the internal heat
sources  and  resulting  in  a  lower  maximum  temperature.  Further-
more, the opening of the safety valve causes high-temperature elec-
trolyte to be ejected upward, leading to the lowest temperatures at
the bottom of the battery during the TR process.

The  times  for  safety  valve  rupture  (SV)  and  the  onset  of  TR  are
summarized  in Table  3.  It  is  evident  that,  compared  to  the
unwrapped battery, the batteries wrapped in aerogel blankets, ther-
mal conductive gel, and phase change materials experienced delays
in both safety valve rupture time and TR onset time. Specifically, the
onset  of  TR  was  delayed  by  97  s  for  the  aerogel-wrapped  battery,
99 s for the thermal conductive gel-wrapped battery, and 9 s for the
PCM-2-wrapped battery. Although the safety valve rupture time for

the  PCM-1  was  also  delayed,  its  TR  onset  time  was  comparable  to
that of the unwrapped battery.

Before  the  occurrence  of  TR,  the  insulating  and  heat-absorbing
properties  of  the wrapping materials  positively  influenced the trig-
gering  of  TR  in  LIBs,  effectively  suppressing  its  occurrence.  Among
the materials, the thermal conductive gel exhibited the most signifi-
cant impact on both safety valve rupture and the onset of TR, while
the phase change materials  provided only a slight reduction in the
corresponding times. 

Flue gas characteristics
During TR following the rupture of the safety valve, LIBs release a

significant amount of flue gas, often accompanied by the ejection of
sparks. Figure 4 illustrates the changes in CO concentration, flue gas
temperature,  and  ambient  temperature  at  a  distance  of  25  cm
above the 21,700 battery. Compared to unwrapped batteries, those
wrapped  in  materials  exhibited  higher  CO  concentrations,  with  a
maximum  concentration  of  3,658  ppm  recorded  for  the  aerogel-
wrapped battery.  The  wrapped battery  exhibits  higher  CO concen-
tration during TR,  indicating that  the  wrapping material  delays  the
onset of TR and may also change the nature of the TR. This property
is related to combustion efficiency. A higher CO concentration may
indicate a decrease in combustion efficiency.

Before  TR  occurs,  various  wrapping  materials  can  mitigate  some
of  the  heat  transfer  from  the  heating  rod  while  facilitating  a  more
rapid dissipation of internal heat to the environment. This results in

 

500 550 600 650 700 750 800

−25

0

25

50

75

100

125

150

Te
m

pe
ra

tu
re

 ri
se

 ra
te

 (℃
/s

)

Time (s)

 None
 Aerogel felt
 Thermal conductive gel
 PCM-1
 PCM-2

25.3 ℃/s

129.6 ℃/s

37.9 ℃/s

2.9 ℃/s

82.8 ℃/s

Fig. 3    Temperature rise rate during thermal runaway.

 

Table 3.    Starting time of safety valve rupture and thermal runaway.

Protective material Safety valve
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occurs time (s)
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Thermal conductive gel 607 689
PCM-1 475 583
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a more stable release of flue gas, reducing the risk of excessive ejec-
tion  of  electrolytes  and  sparks  due  to  heat  accumulation,  thereby
lowering  CO  concentration.  In  comparison  to  the  unwrapped
battery,  CO concentrations for  the aerogel  and thermal  conductive
gel-wrapped batteries increased by 118.3% and 42.1%, respectively.
Conversely,  batteries  wrapped  in  PCM-1  and  PCM-2  generated
higher CO concentrations during TR,  potentially  due to incomplete
combustion of the phase change materials, resulting in the produc-
tion of additional CO.

The thermal conductive gel demonstrated the lowest CO concen-
tration  increase  and  the  highest  flue  gas  temperature.  This  can  be
attributed  to  its  high  thermal  conductivity,  which  facilitates  rapid
heat  dissipation  from  localized  hot  spots.  By  homogenizing  the
temperature  distribution  within  the  battery,  it  reduces  localized
overheating  that  drives  incomplete  combustion  (a  primary  source
of  CO).  However,  its  viscoelastic  nature  allows  partial  retention  of
internal  pressure,  leading  to  delayed  electrolyte  ejection  and
prolonged  high-temperature  reactions,  thereby  increasing  flue  gas
temperature.

Aerogel  felt,  despite  its  ultra-low  thermal  conductivity  (0.021
W/m·K),  paradoxically  produced  the  highest  CO  concentration
(3,658  ppm).  We  propose  two  mechanisms:  (1)  Thermal  Insulation
Effect:  The  aerogel's  insulating  properties  prolong  the  battery's
internal  heat  retention,  delaying  venting  and  extending  the  dura-
tion  of  incomplete  organic  solvent  decomposition  (e.g.,  EC/DMC
electrolytes),  which  preferentially  generates  CO  over  CO2 under
oxygen-limited  conditions.  (2)  Structural  Degradation:  Post-TR
imaging reveals porous channels, which may trap combustion inter-
mediates and promote CO formation through heterogeneous reac-
tions.

Interestingly, an increase in CO concentration does not necessar-
ily  correlate  with  a  rise  in  flue  gas  temperature.  Except  the  battery
wrapped  in  thermal  conductive  gel,  other  batteries  exhibited  a
decrease  in  flue  gas  temperature  during  TR.  The  elevated  CO
concentration  indicates  a  more  stable  release  of  flue  gas,  which
correlates  with  fewer  ejections  of  high-temperature  sparks.  Such
spark ejections typically elevate the overall flue gas temperature. In
contrast,  the  battery  wrapped  in  thermal  conductive  gel  experi-
enced more vigorous ejection of internal separators and electrolyte,
resulting  in  a  decrease  in  CO  concentration  but  an  increase  in  flue
gas temperature. Moreover, after the conclusion of TR, the ambient
temperature was generally higher than it had been before the sharp
increase in flue gas temperature. 

Comparison of mass changes and visual changes in
batteries and materials before and after thermal
runaway

Figure 5 illustrates the absolute mass changes of unwrapped and
various wrapped 21700 batteries  during the TR process.  Compared
to  the  mass  change  of  the  unwrapped  battery,  those  wrapped  in
aerogel  and thermal  conductive gel  exhibited a  lower  overall  mass
loss.  In  contrast,  batteries  wrapped  in  PCM-1  and  PCM-2  experi-
enced greater mass losses. The reduced ejection of electrolytes and
sparks from the aerogel, thermal conductive gel, and phase change
material-wrapped batteries resulted in lower mass loss compared to
the unwrapped battery.

Figure  6 presents  the  variation  in  mass  loss  rates  based  on  the
observed  mass  changes  of  the  different  wrapped  batteries.  The
maximum mass loss rates for the batteries under different wrapping
conditions  ranged  from  20.1  to  68.5  g/s,  with  the  sequence  being:
unwrapped  battery  >  thermal  conductive  gel  >  PCM-1  >  PCM-2  >
aerogel.  This  indicates that  the choice of  wrapping material  signifi-
cantly  influences  the  mass  loss  dynamics  during  TR,  with  aerogel

providing  the  most  effective  protection.  While  the  current  calcula-
tion focuses on battery mass loss, future studies will include control
experiments  with  wraps  alone  to  isolate  their  thermal  decomposi-
tion effects.

Figure  7 presents  the  visual  appearances  of  the  batteries  and
materials  before  and  after  TR.  The  images  indicate  that  significant
deformation occurred in the aerogel blanket after TR. This deforma-
tion  can  be  attributed  to  the  material's  low  melting  point  and  its
response  to  rapid  temperature  increases  during  TR.  Similarly,  both
PCM-1  and  PCM-2  also  exhibited  deformation  and  cracking.  This  is
primarily  due  to  the  phase  change  temperature  of  the  paraffin
component, which is 42 °C. As the TR generates substantial heat, the
material  absorbs  this  heat,  causing  the  paraffin  to  melt,  softening
the material and eventually leading to its deformation and cracking.
In  contrast,  the  thermal  conductive  gel  displayed minimal  changes
in  appearance  before  and  after  TR,  with  only  some  localized
charring observed. The gel's ability to maintain its physical integrity
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despite thermal stress can be attributed to its excellent flame-retar-
dant  properties,  as  well  as  its  good  hardness  and  high  thermal
conductivity. These characteristics enable the gel to effectively resist
deformation  and  maintain  its  structure  even  under  extreme  condi-
tions.  The images also show that,  following TR, the batteries'  safety
valves were expelled due to the release of internal electrolytes. This
phenomenon is  a  typical  result  of  internal  pressure  buildup during
TR,  which  forces  the  safety  valves  to  rupture,  leaving  behind
remnants of the damaged internal materials.

These  results  highlight  the  critical  role  of  wrapping  materials  in
mitigating the risks associated with TR in LIBs, especially in applica-
tions where battery safety is paramount, such as EVs and large-scale
energy  storage  systems.  The  materials  tested  in  this  study  demon-
strate  varying  degrees  of  effectiveness  in  delaying  the  onset  of  TR
and minimizing structural damage during the process. For practical
applications  in  battery  thermal  safety,  the  choice  of  material  is
highly  dependent  on  the  specific  needs  of  the  system.  Aerogels,
with  their  excellent  thermal  insulation  properties,  could  be  espe-
cially  useful  in  situations  where  rapid  heat  dissipation  needs  to  be
prevented.  However,  as  shown  in  the  results,  their  structural
integrity  can  be  compromised  during  the  high  heat  flux  of  TR,
suggesting  they  might  be  more  suitable  for  systems  where  the
primary  concern  is  delaying  heat  buildup  rather  than  managing  it
post-failure.  PCMs,  which absorb and store  heat,  could  be  ideal  for
applications  requiring  effective  heat  management  over  extended
periods.  Their  ability  to absorb excess heat and prevent immediate
TR  progression  could  make  them  an  important  safety  feature  in
large  battery  packs  where  the  risk  of  cascading  TR  events  must  be
minimized.  The  thermal  conductive  gel,  with  its  flame-retardant
properties  and  ability  to  withstand  high  temperatures  without
significant  deformation,  is  promising for  environments  where  both
fire  resistance  and  thermal  conductivity  are  essential.  Its  stability
under thermal stress, as shown in our study, makes it a strong candi-
date  for  practical  applications,  particularly  in  battery  packs  used  in
electric vehicles and other high-power storage systems. 

Comparative analysis and discussion of the influence
of wrapping materials on thermal runaway
characteristics

The  impact  of  different  wrapping  materials  on  the  TR  process  in
LIBs,  focusing  on  two  key  aspects:  (1)  the  effect  of  insulation  and
heat absorption properties before TR occurs, and (2) the influence of
wrapping materials on combustion efficiency during TR.

The  insulation  and  heat  absorption  capabilities  of  the  wrapping
materials  play  a  critical  role  in  delaying the onset  of  TR.  Before  the
TR  is  triggered,  materials  with  higher  heat  absorption  properties,
such as aerogel and PCMs, effectively suppress the rate of tempera-
ture  rise  within  the  battery.  This  delay  in  temperature  increase
directly  contributes  to  postponing  the  triggering  of  TR,  which  is
evident in the data shown previously. Specifically, the onset of TR is
significantly  delayed  in  batteries  wrapped  in  these  materials  com-
pared  to  unwrapped  batteries,  with  aerogel  and  thermal  conduc-
tive gel exhibiting the strongest effects in delaying both the onset of
TR and safety valve rupture times.

The  second  major  effect  of  the  wrapping  materials  is  their  influ-
ence  on  the  combustion  efficiency  once  TR  is  triggered.  Combus-
tion efficiency is  crucial  in determining the amount of  gas released
during TR, as well as the rate of mass loss and the generation of CO.
As shown in Fig. 4, the wrapping materials with better thermal insu-
lation and heat absorption properties, such as PCMs and aerogel, are
more effective in reducing the amount of CO generated. This results
in  a  lower  peak  CO  concentration  and  a  slower  rate  of  mass  loss
compared  to  unwrapped  batteries.  On  the  other  hand,  materials
with  higher  thermal  conductivity,  such  as  the  thermal  conductive
gel, tend to accelerate the combustion process, leading to a higher
CO  generation  and  more  intense  mass  loss,  as  observed  in Figs  5
and 6. These differences in combustion efficiency are closely linked
to  the  observed  changes  in  mass  loss  rate,  with  some  materials
showing a greater reduction in peak mass loss compared to others.

Understanding  heat  transfer  during  the  TR  of  LIBs  is  critical  for
improving  safety  and  designing  effective  thermal  management
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strategies. The TR process of a single battery involves several stages,
including  the  rupture  of  the  safety  valve,  gas  release,  TR,  and  the
ejection of sparks and flames. Before the onset of TR,  the battery is
heated  by  a  heating  rod  through  both  conduction  and  radiation.
The wrapping materials applied to the battery, such as aerogel, ther-
mal  conductive  gel,  and  PCMs,  play  a  key  role  in  modifying  heat
transfer during this process.

The aerogel blanket exhibits excellent thermal insulation proper-
ties.  It  significantly  reduces  the  heat  transfer  by  radiation  from  the
heating  rod,  thus  delaying  the  battery's  temperature  increase.  The
nanostructure of aerogel, with its numerous pores and high surface
area,  enhances  its  ability  to  absorb  and  diffuse  heat  from  the
surrounding  air.  This  absorption  and  diffusion  process  not  only
lowers  the  temperature  of  the  battery  but  also  extends  the  time
required for the battery to reach the critical  temperature necessary
for TR, effectively delaying its onset. In contrast, the thermal conduc-
tive  gel  has  high  thermal  conductivity,  which  allows  it  to  absorb
heat  from  both  the  heating  rod  and  the  battery.  The  gel  then  effi-
ciently  transfers  this  heat  to  the  surrounding  medium  or  environ-
ment.  Additionally,  it  serves  as  an  effective  insulator  against  heat
transfer through radiation. Batteries wrapped in thermal conductive
gel  exhibit  the  lowest  heat  absorption  before  TR,  resulting  in  the
longest delay time for the TR process.  This is  because the gel facili-
tates  rapid  heat  dissipation  to  the  environment,  reducing  the
temperature build-up within the battery. PCMs, known for their high
latent  heat  and  strong  thermal  conductivity,  absorb  significant
amounts  of  heat  transferred  from  the  heating  rod.  As  a  result,
batteries  wrapped  in  PCMs  accumulate  substantial  heat  before
reaching  TR.  Consequently,  the  timing  of  safety  valve  rupture  and
the  onset  of  TR  in  PCM-wrapped  batteries  is  closer  to  that  of
unwrapped  batteries.  While  PCMs  are  effective  at  absorbing  heat,
their slower heat dissipation capabilities make them less effective in
preventing TR compared to aerogel and thermal conductive gel.

Figure  8 provides  a  visual  representation  of  the  heat  transfer
dynamics during battery TR. When TR occurs, the flames and sparks
emitted from the battery transfer  heat  to the surrounding environ-
ment, referred to as Q1. Due to the poor thermal conductivity of air,
the  insulating  effect  of  the  wrapping  material  ensures  that  heat
generated  by  the  battery  is  effectively  contained  and  transferred.
The  battery  itself  transfers  heat  to  the  wrapping  material  through
conduction,  and  the  material  subsequently  radiates  some  of  this
heat to the environment, represented by Q2 and Q3, respectively.

From a systemic heat transfer perspective, we observe the follow-
ing dynamics:

Q1 (Heat  Emission):  The  order  of  heat  emission  during  TR  is  as
follows:  thermal  conductive  gel  >  aerogel  >  PCMs.  This  indicates

that batteries wrapped in thermal conductive gel are more likely to
emit intense flames and sparks.

Q2 (Heat  Absorption):  The  order  of  heat  absorption  is:  PCMs  >
aerogel  >  thermal  conductive  gel.  This  shows  that  PCMs  are  more
effective  at  absorbing  heat  from  the  battery,  thereby  delaying  the
propagation of TR by redistributing the thermal energy.

In  summary,  while  aerogel  and thermal  conductive  gel  materials
significantly delay the onset of TR by insulating and absorbing heat,
the  performance  of  phase  change  materials  is  less  effective  in
preventing TR, as they primarily serve to absorb heat without suffi-
cient heat dissipation. The ability of each material to influence heat
transfer is central to understanding the effectiveness of these mate-
rials in mitigating the risks associated with LIB TR. 

Future applications
The  insights  from  this  study  open  transformative  pathways  for

next-generation  battery  safety  technologies.  For  electric  vehicles,
the thermal conductive gel's dual capability to delay TR onset by 97
s  while  maintaining  structural  integrity  could  be  integrated  into
battery  module  interconnects,  enabling  critical  time  buffers  for
onboard safety systems to isolate damaged cells. Conversely, PCMs,
with their superior heat absorption capacity, are particularly promis-
ing for stationary energy storage systems where gradual heat dissi-
pation  prioritizes  over  rapid  ejection  suppression.  The  observed
correlation between aerogel's insulation properties and elevated CO
emissions  necessitates  hybrid  solutions.  For  instance,  aerogel-PCM
laminates could be deployed in aviation battery packs where weight
minimization is paramount. Furthermore, the material-specific flame
intensity  profiles  (e.g.,  thermal  conductive  gel's  high-flame  emis-
sions vs PCMs' subdued reactions) could guide the development of
tiered emergency response protocols: battery enclosures using ther-
mal  conductive  gel  might  integrate  embedded  flame-retardant
microcapsules  triggered at  150 °C,  while  PCM-based systems could
leverage  their  stable  heat  release  to  power  self-actuating  cooling
circuits.  These  applications,  grounded  in  our  quantified  perfor-
mance  metrics,  highlight  the  potential  for  customized  thermal
management architectures across industries.

Thermal  safety  of  batteries  holds  paramount  significance  for  the
widespread adoption of new energy vehicles and renewable energy
storage systems, as TR remains a critical risk factor leading to catas-
trophic  failures,  fires,  or  explosions[34].  Advanced  thermal  safety
materials,  such  as  phase-change  composites,  flame-retardant  aero-
gels, and thermally conductive ceramics, play a dual role in mitigat-
ing  these  risks:  they  not  only  dissipate  heat  efficiently  to  maintain
optimal  operating  temperatures  but  also  physically  isolate  thermal
propagation  and  suppress  hazardous  chemical  reactions[35].  For
instance,  flexible  phase  change  materials  integrated  with  cooling
systems can homogenize temperature distribution in battery packs,
while  nanocomposites  like  zirconia-enhanced  aerogels  demon-
strate  exceptional  capabilities  in  blocking  heat  and  toxic  gas  diffu-
sion  during  TR  events.  However,  current  solutions  still  face  limita-
tions  in  dynamic  adaptability,  long-term  stability  under  extreme
conditions,  and  environmental  trade-offs,  such  as  nanoparticle
pollution or non-recyclable components.

Looking ahead,  the convergence of  artificial  intelligence (AI)  and
novel  materials  promises  transformative  breakthroughs.  AI-driven
thermal  management  systems,  leveraging  real-time  data  from
embedded  sensors  and  predictive  algorithms,  could  dynamically
adjust cooling strategies based on battery usage patterns,  ambient
conditions, and degradation states[36,37].  For example, fuzzy logic or
deep  learning  models  might  optimize  coolant  flow  rates,  activate
self-healing  thermal  barriers,  or  preemptively  shut  down  risky
modules  before  TR  initiates[38,39].  Simultaneously,  next-generation
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materials like stimuli-responsive polymers, bio-based phase-change
composites,  or  graphene-enhanced  thermal  interfaces  could
autonomously  adapt  their  properties,  such  as  switching  between
insulating  and  conductive  states,  to  address  transient  thermal
spikes.  Furthermore,  AI-powered  digital  twins  could  simulate
battery  behavior  across  lifecycle  stages,  identifying  failure  precur-
sors  and  guiding  material  redesigns  for  enhanced  safety  and
sustainability.  This  synergy  between  smart  materials  and  adaptive
intelligence will  not  only minimize energy consumption,  critical  for
reducing  carbon  footprints  but  also  enable  closed-loop  recycling
systems  to  recover  and  repurpose  thermal  safety  components.  By
bridging  material  innovation,  intelligent  control,  and  eco-design
principles,  the  future  of  battery  thermal  safety  will  prioritize  both
human  safety  and  planetary  health,  accelerating  the  global  transi-
tion to carbon-neutral energy systems. 

Conclusions

Through a comprehensive experimental analysis of the four wrap-
ping  materials,  this  study  explores  their  specific  roles  and  efficien-
cies  in  suppressing  TR  in  LIBs.  The  experimental  data  indicate  that
wrapping  with  aerogel,  thermal  conductive  gel,  and  phase  change
materials  significantly  delays  both  the  onset  of  TR  and  the  safety
valve rupture time. Notably, the thermal conductive gel and aerogel
exhibit the strongest suppression effects, with delays of 97 and 99 s
in  TR  onset,  respectively,  while  phase  change  material  PCM-1  only
influences the safety valve rupture time.

The experiments also revealed that batteries wrapped in aerogel
produced the highest CO concentration during TR, likely due to the
inherent properties of the material. The maximum mass loss rate of
batteries  under  different  materials  indicates  that  the  unwrapped
battery  experienced  the  highest  loss  rate,  while  those  wrapped  in
thermal  conductive  gel  tended  to  emit  more  intense  flames.  In
contrast, the phase change materials were more effective at absorb-
ing and transferring heat, thereby reducing the severity of TR.

In summary, thermal conductive gel and phase change materials
demonstrate  significant  potential  for  applications  in  LIB  thermal
management systems.  They can effectively  enhance the safety and
reliability  of  batteries  under  extreme  conditions,  providing  impor-
tant insights for the future development of battery technology. 
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