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Abstract
Fire incidents have surged in frequency in recent years, causing considerable harm to human life and the ecological environment. Consequently, researchers

are focused on developing a variety of fire-warning materials. Intelligent fire-warning sensor materials demonstrate the capability to detect early signs of

combustion, including characteristics such as temperature and smoke. These materials facilitate proactive alarm systems, thereby enhancing safety in fire

prevention  and  management.  Compared  to  traditional  fire-alarm  systems,  these  detectors  demonstrate  rapid  and  sensitive  responses  to  fire,  notably

enhancing warning efficiency.  This  review elucidates the warning mechanisms of  various fire-warning sensor  materials,  such as  externally  powered fire-

warning materials based on electrical signal sensing, self-powered type, phase change/deformation, and color change observation, focusing on both self-

powered  and  externally  powered  mechanisms.  Furthermore,  this  study  provides  a  comprehensive  overview  of  the  research  and  applications  of  these

materials in fire-warning systems. Ultimately, we identified the primary challenges that this field faces and proposed potential solutions: a need existed to

explore  multifaceted  mechanisms  and  integrate  features  such  as  corrosion  resistance  and  self-healing  properties  to  achieve  multifunctionality  in  fire-

warning systems. In addition, coupling intelligent technologies to enhance fire-warning capabilities and enable extensive real-world applications ultimately

presents a forward-looking perspective on the future development of these fire-warning systems.
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Introduction

Fires  pose  significant  threats  to  human  life  and  property,  while
also inflicting substantial damage on ecosystems, resulting in severe
disasters[1]. Recently, a fire in the industrial sector of northwest Birm-
ingham,  UK,  incurred  economic  damages  totaling  hundreds  of
millions  of  pounds.  Presently,  managing  fire  risk  has  become  a
major global challenge, with fire safety receiving heightened atten-
tion. Each year, forest fires release around 1.5 billion tons of CO2 into
the  atmosphere,  significantly  intensifying  global  warming[2].  With
the  advancement  of  modernization,  diverse  polymeric  materials
have  found  widespread  applications  in  various  fields  such  as
aerospace,  construction,  and electronic  technologies.  Nevertheless,
the  inherent  flammability  of  polymers  poses  considerable  chal-
lenges  to  fire  prevention  and  control  measures[3−5].  Consequently,
there is  a  pressing necessity  to  establish effective and practical  fire
safety strategies to reduce the impact of fire-related disasters.

Fire  detection  and  alarm  systems  are  essential  and  effective
strategies  for  mitigating  fire  risks.  At  present,  conventional  fire-
warning  devices  primarily  comprise  temperature  sensors,  smoke
detectors,  and  infrared  sensors[6].  Nevertheless,  these  devices
exhibit  certain  limitations,  including  prolonged  alarm  response
times  (exceeding  100  s),  inaccurate  signal  detection,  and  degrada-
tion or destruction of material properties at elevated temperatures,
which prevent the issuance of alerts and hinder effective early warn-
ing capabilities[7].  Therefore,  there is  an urgent  need for  innovative
intelligent  fire-warning  sensing  systems  capable  of  sensitively
detecting  signals  and  rapidly  identifying  fire  incidents.  Such
advancements are essential for facilitating the prompt evacuation of
personnel and efficient fire rescue operations.

Increase in temperature is a typical characteristic of fire incidents.
Consequently,  temperature-sensitive  materials  are  utilized  to
develop sensors  for  application in fire-warning systems.  Wu et  al.[8]

developed  an  intelligent  fire-alarm  sensing  device  by  applying  a

graphene  oxide  (GO)/silicone  layered  coating  to  various
combustible  materials,  achieving  ultra-fast  warning  responses
(within 3 s).  Due to the exceptional thermal reduction properties at
elevated temperatures, as well as its unique surface structure, GO is
extensively employed in intelligent fire-warning systems. Wei et al.[9]

reported  the  development  of  a  GO/nitrocellulose  film  that  exhibits
outstanding  flame-retardant  properties,  rendering  it  suitable  for
applications  in  smart  home  fire-warning  devices,  including  paints
and wallpapers. Furthermore, Xue et al.[10] synthesized a composite
utilizing GO and ammonium polyphosphate as a flame retardant for
fabric surface coatings. The fabrics treated with this flame-retardant
coating demonstrate  a  high limiting oxygen index (LOI)  and stabil-
ity,  indicating  their  potential  suitability  for  intelligent  firefighting
uniforms. In addition, various novel fire-warning materials are devel-
oped and applied, including carbon nanotubes (CNTs), metal oxides,
MXenes,  biomass  materials,  thermochromic  materials,  shape
memory/phase  change  materials,  and  certain  self-powered  materi-
als. Most of these materials exhibit temperature sensitivity, enabling
a more responsive fire-warning detection.

In  recent  years,  the  rapid  advancements  in  3S  (Remote  Sensing,
Geographic  Information  System,  Global  Positioning  System)  tech-
nology and the Internet of Things (IoT) have resulted in the deploy-
ment of various intelligent fire alert systems. For instance, IoT-based
real-time  forest  fire  early  warning  systems[11],  and  smart  home  fire
detection  systems[12] were  effectively  implemented.  In  the  context
of  intelligent  systems,  it  is  particularly  important  to  achieve  multi-
functionality  to  adapt  to  complex  real-world  scenarios.  Concur-
rently,  attention is  given to the large-scale production and applica-
tion of materials to meet practical  demands.  This work investigates
the warning mechanisms of  various  fire-warning materials  by  cate-
gorizing  them  into  externally  powered  fire  detection  materials
based  on  electrical  signal  sensing,  self-powered  type,  phase
change/deformation, and color change observation. It elaborates on
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their  advantages  and  drawbacks  and  introduces  their  practical
applications in the field of fire-warning. 

Fire-warning sensing materials

Intelligent  fire  detection  sensing  materials  can  sense  external
environmental changes and convert these states into various signals
for  effective warning responses.  Currently,  a  crucial  method for  fire
detection is achieved via temperature monitoring[13]. In 2016, Dong
et al.[14] first reported the use of GO in fire detection. The GO-HCCP
flame-retardant paper shows increased conductivity at high temper-
atures, and upon exposure to fire, the micro-LED connected through
the circuit  is  lit  up and remains  functional  in  the flame.  This  flame-
retardant  graphene  paper  can  be  utilized  in  simple  alarm  devices,
establishing  a  solid  foundation  for  the  application  of  GO  in  fire
detection.  Following  this,  GO-based  fire  detectors  have  become  a
major  research  focus  in  firefighting,  with  several  other  materials
including externally powered fire detection materials based on elec-
trical  signal  sensing,  self-powered  fire-warning  sensing  materials,
thermochromic  materials,  and  shape-memory/phase-change  mate-
rials  being  reported[15].  Recently,  self-powered  warning  materials
such  as  thermoelectric  (TE)  and  triboelectric  nanogenerators
(TENGs) have attracted widespread interest[16], as depicted in Fig. 1. 

Externally powered fire-detection materials based on
electrical signal sensing

Presently,  research  on  fire  detection  materials  primarily  concen-
trates  on  identifying  and  responding  to  temperature  changes
during  a  fire,  translating  these  temperature  signals  into  transmit-
table  electrical  signals  to  alert  the  external  environment.
Researchers  have  widely  investigated  the  use  of  nanomaterials
(including  GO,  MXene,  CNTs),  metal  oxides,  and  biomass-based
materials in fire detection[7,26−29]. 

GO-based fire-warning sensing materials
GO  is  a  representative  fire  detection  material.  The  oxygen-

containing  functional  groups  like  hydroxyl,  carboxyl,  and  epoxy
groups  on  its  surface  disrupt  the  original  conjugated  network  of
graphene,  keeping  it  in  an  insulating  state  at  room  temperature
(Fig.  2c).  In  high-temperature  conditions,  GO  demonstrates  highly
sensitive  thermal  reduction  properties,  causing  the  removal  of
surface oxygen-containing functional groups, which lowers its resis-
tance and quickly  shifts  it  from an insulating to a  conductive state,
forming  a  fire-warning  pathway  to  enable  fire-alarm  functions[30].
Zhang et al.[17] developed nacre-mimetic structured tannic acid (TA)-
GO/  hexa  (N-hydroxymethyl-amino)  cyclotriphosphazene  (HHACP)
ternary  hybrid  paper  through  an  eco-friendly  water  evaporation-
induced  self-assembly  method.  The  synergistic  action  of  multiple
flame-retardant  mechanisms  in  both  condensed  and  gas  phases
impart the TA-GO/HHACP paper with exceptional high-temperature
stability and flame retardancy, showing stable and extended contin-
uous fire-alarm duration (over 1,600 s).  Due to the carbonization of
TA  molecules  and  the  radical  quenching  effect,  GO  exhibits  rapid
thermal  reduction  and  changes  in  electrical  resistance.  This  hybrid
paper  exhibits  a  fast  trigger  response  time  of  0.6  s  and  a  highly
sensitive early warning response to pre-fire abnormal high tempera-
tures,  responding in  1  s  at  250 °C  and 19  s  at  200 °C.  Furthermore,
the  multiple  interactions  between  TA/HHACP  molecules  and  GO
nanosheets  endow  the  resulting  TA-GO/HHACP  composite  paper
with  mechanical  flexibility,  offering  broad  prospects  in  areas  like
construction and textiles (Fig. 2a & b).

The  rich  oxygen-containing  groups  on  the  surface  of  GO  sheets
lay a solid foundation for their chemical modification, which in turn
can  effectively  facilitate  the  thermal  reduction  process  of  GO,  thus
improving  its  response  sensitivity  in  fire  detection.  Cao  et  al.[31]

incorporated the water-soluble polyamino molecule HCPA, creating
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a fireproof coating based on HCPA and GO, which was then applied
to  rigid  polyurethane  (PU)  foam.  The  inclusion  of  HCPA  facilitates
the  thermal  reduction  of  GO,  resulting  in  an  ultra-quick  fire  detec-
tion  response  time  of  about  0.6  s  for  the  fireproof  coating.  The
composite material exhibits a peak heat release rate (pHRR) reduced
by approximately 60% compared to PU foam, with an LOI of 36.5%,
indicating  its  superior  flame  retardancy.  Due  to  its  quick  response
time  and  fireproof  properties,  this  composite  foam  demonstrates
promising  application  prospects  in  fire  detection  (Fig.  2d & e).
Enhancing  the  stability  of  GO  through  molecular  modification  and
functionalization can confer sustained fire-alarm capabilities to GO-
based fire detection materials, which is crucial in practical urban fire
emergency  applications.  Zhang  et  al.[32] developed  an  eco-friendly
composite film material composed of polyvinyl alcohol (PVA), phytic

acid  (PA),  and  GO  (PGP  composite  film)  using  a  straightforward
evaporation  self-assembly  method,  as  illustrated  in Fig.  2f.  Under
sustained  high-temperature  heating,  the  rapid  dehydration  and
graphitization of the PGP composite material induce swift deforma-
tion  and  resistance  change,  allowing  for  a  sensitive  and  quick
response at  relatively  low temperatures  (150−400 °C),  as  illustrated
in Fig. 2g. Additionally, the hydrogen bonding interactions between
polyvinyl alcohol, phytic acid, and GO enhance the thermal stability
of  PGP,  thus  providing  the  composite  material  with  an  ultra-long
continuous  fire-alarm  capability  of  over  2,400  s.  Furthermore,  the
synergy  between  PA  and  GO  imparts  the  composite  material  with
outstanding  flame  retardancy  and  mechanical  strength.  The  PGP
composite  material  shows  essential  potential  for  applications  in
areas like construction and forest fire prevention.
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Nevertheless,  GO-based  fire  detection  materials  still  exhibit
several  limitations  in  practical  applications.  Firstly,  the  thermally
induced  resistance  change  in  GO  at  high  temperatures  is  irre-
versible,  rendering GO-based fire detection materials  non-reusable.
Secondly,  GO's  low  thermal  stability  makes  it  prone  to  decomposi-
tion  in  high-temperature  environments,  requiring  the  introduction
of other materials for modification, thereby further increasing practi-
cal application costs. Moreover, the high thermal reduction temper-
ature of GO hinders accurate temperature sensing at the early stage
of fire. 

MXene-based fire-warning sensing materials
MXene  is  a  new  type  of  two-dimensional  nanomaterial  that

features a unique layered structure, outstanding catalytic carboniza-
tion  properties,  and  strong  thermal  stability[18,33,34].  Under  high-
temperature  conditions,  MXene  undergoes  thermal  oxidation  to
form  TiO2 and  generate  electron  transitions,  leading  to  changes  in
the  material's  resistance.  This  change  in  conductivity  is  reversible
(Fig.  3a, b).  Consequently,  MXene-based  fire  detection  materials
possess the desirable function of repeated cyclic warnings. Zhang et
al.[32] developed  a  multifunctional  coating  with  a  heterogeneous
structure  by  electrostatically  assembling  silver  nanowires
(AgNW@BP) with MXene nanosheets and combining them with bio-
based sodium alginate. Upon exposure to flame, MXene nanosheets
thermally oxidize to form a TiO2 network, effecting a sensitive resis-
tance transition from an insulative to a  conductive state and creat-
ing  a  conductive  pathway.  This  imparts  the  cotton  fabric  with  the
capability to achieve ultra-fast fire detection within 2 s. Additionally,
this heterogeneous structure coating features a repeatable warning
function, indicating broad potential for practical applications in fire
warning.

The  TiO2 layer  produced  by  the  thermal  reduction  of  MXene
under high-temperature or flame conditions demonstrates catalytic
carbonization  properties.  The  dense  char  layer  formed  can  effec-
tively  impede  heat  transfer  and  isolate  oxygen,  simultaneously
reducing the release  of  flammable  gases[35].  Consequently,  MXene-
based  fire-warning  materials  typically  exhibit  high  flame-retardant
properties. Embedding MXene into polymers can markedly improve
the  flame-retardant  effectiveness  of  the  composite  materials.  Ma
et  al.[36] developed  a  sandwich-type  fire-alarm  wallpaper  (FAW)
composed of MXene, lignocellulosic nanofibers (LCNF),  and ammo-
nium  polyphosphate  (APP)  through  a  vacuum  alternating  self-
assembly method. This FAW demonstrates ultra-rapid fire response-
ability,  capable  of  issuing  a  fire  alarm  within  0.32  s  of  flame  expo-
sure  (Fig.  3c).  The  incorporation  of  APP  in  FAW  promotes  the
carbonization  capability  of  the  LCNF  layer  and  synergizes  with
MXene's  physical  barrier  and  catalytic  carbonization  effects  to
achieve  thermal  insulation  and  oxygen  blocking  in  both  gaseous
and  condensed  phases,  thereby  slowing  down  MXene's  thermal
oxidation  reaction  and  facilitating  a  sustained  alarm  function
(> 3,000 s). Additionally, the synergistic flame-retardant mechanism
between  APP  and  MXene  enables  FAW  to  retain  high  structural
integrity  during  a  fire.  Furthermore,  this  wallpaper  shows  excep-
tional  mechanical  flexibility  and  eco-friendly  properties,  thus  hold-
ing significant potential for application in residential decoration.

In  practical  use,  MXene  still  presents  some  limitations.  Firstly,
MXene  is  susceptible  to  oxidation  in  air,  potentially  impacting  its
fire-warning  response  performance.  Moreover,  MXene  often
requires  combination  with  other  materials  for  modification  or
pretreatment  in  applications  like  warning  sensors,  resulting  in  a
complex and costly preparation process, which restricts its potential
for large-scale application. In addition, the scalability of high-quality
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MXene  fabrication  technologies  remains  insufficiently  mature,  and
most  methods  can  only  achieve  fire-warning  capabilities  within
limited  areas.  Moreover,  some  related  synthesis  processes  involve
the  use  of  hazardous  reagents,  which  contradicts  the  principles  of
sustainable  development.  Furthermore,  the  reproducibility  and
stability of MXene processing require significant improvement. 

CNTs-based fire-warning sensing materials
CNTs  demonstrate  superior  electrical  conductivity  over  a  broad

range of temperatures[37]. Similar to the operational principles of the
previously  discussed  GO-based  fire-warning  sensing,  CNTs  exhibit
changes  in  resistance  when  exposed  to  high  temperatures  or
flames.  Additionally,  due  to  their  unique  hollow  linear  crystalline
network  structure,  CNTs  possess  exceptional  thermal  and electrical
conductivity.  These  characteristics  endow  CNTs  with  a  rapid
response  capability  to  temperature.  However,  such  excellent
conductivity might cause false alarms or insensitivity in fire-warning
applications.  Hence,  appropriate  pretreatment  to  moderately
increase  their  resistance  is  essential  for  developing  sensitive  and
reliable  CNTs-based  fire-warning  sensors.  Amino  group  modifica-
tion is a widely used and effective pretreatment method[38]. Wang et
al.[39] utilized  amino-functionalized  carbon  nanotubes  (A-CNT),
polyethylene glycol-modified wood (P@MW) flour composite phase
change  material,  and  calcium  alginate  (CA)  to  prepare  a  fire-warn-
ing aerogel (P@MW-A-CA) through the freeze-drying method. When
exposed to  flames,  the resistance of  P@MW-Ax-CA exhibits  a  sharp
decrease due to the rapid removal of amino groups from the A-CNT
surface,  which  results  in  the  formation  of  a  continuous  conductive

pathway within the aerogel. This aerogel achieved a quick fire-warn-
ing  response  of  2.03  s  at  a  low  temperature  (150  °C).  The  surface
dehydration  and  carbonization  of  P@MW-A-CA  confer  excellent
flame-retardant  properties.  By  encapsulating  phase  change  mate-
rial  polyethylene  glycol  (PEG)  within  the  aerogel,  the  material  can
absorb  heat  through  reversible  phase  transitions  at  high  tempera-
tures,  demonstrating  excellent  temperature  buffering  capabilities,
thereby holding great potential for applications in fire safety protec-
tion  (Fig.  4a).  The  introduction  of  polymers  can  also  achieve  effec-
tive  fire  warning[40].  Xia  et  al.[19] combined carbon black  nanoparti-
cle  cotton  fiber  with  CNTs  to  develop  an  intelligent  fire-warning
cotton fabric coating, as illustrated in Fig. 4b. This coating can form a
dense char layer and continuous conductive network when exposed
to  high  temperatures  or  flames,  enabling  a  rapid-fire  response
(around  4  s, Fig.  4c).  The  formation  of  a  dense  char  layer  on  the
surface  contributes  to  the  excellent  fire-resistant  properties  of  the
coating.  Under  high  temperatures  or  fire  conditions,  the  shell  of
multifunctional carbon black nanoparticles (CB@KF) decomposes to
produce  phosphoric  acid,  which  facilitates  the  carbonization  of
CB@KF and promotes  the formation of  additional  aromatic  carbon.
This  process  is  beneficial  for  establishing  a  continuous  conductive
network, thereby enabling the coating to achieve a rapid and sensi-
tive  fire-alarm  response.  Compared  to  conventional  fabrics,  the
composite fabric's LOI increases from 18% to 25%.

Fire-warning  materials  based  on  CNTs  exhibit  ultra-sensitive
warning capabilities following surface modifications. Consequently,
they become well-suited for  applications  in  fire-alarm sensors.  Due

 

Fire warning aerogel

Fire warnin Thermal insulation Flexibility Lightweight Hydrophobicity

Electric conduction

NH3 NH3

Thermal management
Wood-derived

thermal storage fibrils
P@MW-A-CA

a

b c

Binding energy (eV)
1,200 1,000 800 600 400 200 0

In
te

ns
ity

 (a
.u

.)

Fig. 4    (a) PEG-@ wood powder/carbon nanotubes/calcium alginate composite aerogel and its application in firefighting clothing[39]. (b) CB@KF-CF fire-
alarm mechanism and flame retardant mechanism scheme[19]. (c) XPS survey spectra of the residual chars of CF and CB@KF-CF after fire-warning test[19].

Fire warning materials and smart technology
 

Ma et al. Emergency Management Science and Technology 2025, 5: e005   Page 5 of 18



to the high conductivity of CNTs, they cannot be directly utilized in
fire-alarm  sensors.  Instead,  pre-surface  modification  and  oxidation
treatments  are  necessary  for  the  carbon  nanotubes.  This  require-
ment  complicates  the  processing  of  CNTs,  increases  production
costs,  and  impedes  their  practical  application  in  large-scale  manu-
facturing. Furthermore, despite the potential advantages of CNTs in
polymer composites, their dispersibility and interfacial adhesion are
often suboptimal. Consequently, enhancing flame-retardant perfor-
mance  frequently  compromises  the  mechanical  properties  of  the
polymer composites. 

Metal-oxide based fire-warning sensing materials
Semiconductor  materials  are  extensively  applied  in  the  sensor

field  owing to  their  excellent  sensitivity,  stability,  and reproducibil-
ity.  The number of charge carriers within a semiconductor varies at
elevated temperatures, resulting in a transition in its electrical resis-
tance. This reversible thermal conductivity characteristic of semicon-
ductor  materials  enables  their  application  in  fire-warning  sensors.
Recently,  the  research  and  development  of  novel  semiconductor
materials  have  been  aimed  at  improving  their  thermosensitive
properties  to  achieve  more  precise  temperature  detection  and  fire
monitoring[41,42].  During  this  process,  metal  oxides  have  found
extensive  applications  in  fire-warning  systems.  Some  transition
metal  oxides  possess  catalytic  carbonization  characteristics,  which
allow them to  form dense char  layers  under  flame exposure,  effec-
tively  blocking  heat  transfer,  suppressing  the  release  of  pyrolysis
products, and thereby endowing the materials with excellent flame-
retardant  properties.  Zhang  et  al.[43] developed  a  'sandwich'  struc-
tured  fire-warning  coating  composed  of  PEI/APP/Ti3O5 using  the
layer-by-layer  self-assembly  technique,  as  indicated  in Fig.  5a.  Due
to the temperature-induced phase transition behavior of Ti3O5,  this
coating  is  insulating  at  room  temperature  but  exhibits  a  resistive
response  with  increased  conductivity  under  high  temperatures,
achieving  a  relatively  low  thermal  response  temperature  (190  °C).
Under  exposure  to  an  alcohol  lamp  flame,  this  coating  exhibits  a
sensitive  alarm  time  (around  3.78  s)  and  a  prolonged  operational
duration  (16  min).  Additionally,  Ti3O5 catalyzes  the  formation  of  a
char layer at elevated temperatures, imparting excellent flame retar-
dancy  to  the  coating.  Furthermore,  given  the  reversibility  of  this
metal-insulator  phase  transition  behavior,  the  coating  can  achieve
outstanding  cyclic  warning  functionality,  demonstrating  wide

adaptability  for  fire-warning  applications  on  substrates  such  as
wood  and  fabrics  (Fig.  5b).  Metal  oxides  are  generally  deposited
onto  substrate  surfaces  to  form  coatings  for  fire-warning  applica-
tions. However, the low mechanical flexibility of metal oxides usually
makes it difficult for them to be used independently as coatings. As
a result, they are often combined with adhesives (such as resins and
colloids)  to  improve  the  adhesion  and  bonding  strength  between
the  coating  and  the  substrate.  Zhang  et  al.[20] developed  a  ther-
mosensitive fire-alarm fabric based on silver flakes/Fe3O4 nanowires
using  radiation  graft  polymerization  and  sol-gel  methods.  At  room
temperature,  this  fabric  remains  insulating,  but  it  shows  high
conductivity after heat treatment. It can achieve rapid (less than 2 s)
and  sustained  fire-warning  functionality  for  over  15  min  at  a  rela-
tively  low  response  temperature  (100  °C),  with  the  capability  for
repeated  use.  Furthermore,  Ag@Fe3O4-MS  displays  excellent
mechanical  flexibility  and  stability  (Fig.  5c),  offering  new  perspec-
tives for the development of wearable intelligent fireproof textiles.

Metal  oxide-based  fire-warning  materials  possess  outstanding
thermal  stability,  demonstrate  sensitive  fire  detection  responses,
and  can  deliver  prolonged  continuous  alarms.  However,  the  resis-
tance of most metal oxide semiconductors exhibit a non-linear rela-
tionship  with  temperature,  which  complicates  precise  temperature
detection.  Furthermore,  the high costs and intricate manufacturing
processes  of  certain  metal  oxide  materials  may  pose  limitations  to
their practical applications. 

Biomass-based fire-warning sensing materials
Within  the  context  of  green  and  sustainable  development,

biomass-based  materials  have  attracted  considerable  attention
owing to their low cost, ease of processing, and eco-friendly charac-
teristics,  especially  in  fire-warning  applications[33,44].  Zheng  et  al.[45]

developed  a  biomass-based  carbon  nanofiber  (CNF)  by  incorporat-
ing  lignin  molecules,  as  illustrated  in Fig.  6a.  At  low  temperatures,
CNFs act as insulating materials, but in the presence of flame or high
temperatures,  they  can  rapidly  undergo  thermal  reduction,  transi-
tioning  to  a  highly  conductive  state  (Fig.  6b).  Regarding  fire-warn-
ing,  CNF-based  sensors  demonstrate  a  low  thermal  response
temperature  (<  100  °C),  rapid  response  capability  (2  s),  and  can
provide continuous and stable alarm signals (> 5 min). Furthermore,
CNFs  exhibit  high  flame  retardancy  and  stability  (Fig.  6c & d).  The
incorporation  of  ionic  compounds  or  crosslinking  agents  into
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biomass-based  materials  can  impart  excellent  thermally-induced
resistive changes and flame retardancy to the composites,  enhanc-
ing their fire-warning sensing characteristics. Liu et al.[46] developed
a  silk  fibroin  (SF)/Ca2+ fire-warning  ionic  skin  utilizing  biomass  (SF)
and CaCl2. With increasing temperature, the migration rate of water
and ions in the ionic skin continuously increases, resulting in a rapid
decrease in resistance, exhibiting excellent thermally-induced resis-
tive  response  characteristics.  Additionally,  under  high-temperature
conditions,  the  chlorine  elements  in  the  ionic  skin  can  quench  the
chain  reactions  of  HO  radicals,  further  inhibiting  the  spread  of  fire.
Furthermore,  this  ionic  skin  demonstrates  excellent  biocompatibil-
ity and green degradability, aligning with sustainable development
goals and exhibiting great potential.

Although  considerable  advancements  have  been  made  in  the
field  of  biomass  fire-warning  sensing  materials,  several  challenges
persist.  Most  natural  biomass  materials  can  not  be  directly  applied
due to their inherent flammability; thus, they are typically subjected
to chemical modifications to achieve the desired performance char-
acteristics.  This  process  complicates  the  manufacturing  procedures
of  fire-warning  sensors.  Furthermore,  the  extraction  techniques  for
biomass derivatives require further  development and optimization.
To achieve integrated fire protection that encompasses early warn-
ing  and  flame  retardancy  in  the  later  stages,  significant  technical
challenges remain.  Additionally,  the stability of  bio-based materials
in  practical  application  scenarios  needs  enhancement,  as  this  can
lead to the unreliability of fire-warning signals. In a nutshell, current
research technologies pertaining to bio-based materials suitable for
fire-warning applications urgently require further enhancement and
improvement. 

Self-powered fire-warning sensing materials
Externally  powered  fire-warning  sensing  materials  typically

require  connection  to  an  external  power  source  in  applications.
Such devices, which rely on external power sources, may be affected
by poor battery contact or power interruptions in practical applica-
tions. Additionally, harsh outdoor environments may damage exter-
nal  circuits,  affecting  conductive  pathways  and  compromising  the
system's  fire  response  performance.  This  increases  the  system's
complexity and uncertainty. Therefore, researchers are dedicated to
developing self-powered fire-warning materials. 

TE materials
TE  materials  possess  the  capability  to  efficiently  convert  thermal

energy into electrical energy. Based on the Seebeck effect[47],  when
a  temperature  gradient  exists  within  the  system,  carriers  migrate
from  the  high-temperature  region  to  the  low-temperature  region,
thereby  generating  a  TE  voltage.  Furthermore,  the  voltage
produced  by  TE  materials  exhibits  a  good  linear  relationship  with
temperature increase, ensuring high accuracy in temperature detec-
tion[29].  Moreover,  leveraging  the  reversible  characteristics  of  TE
materials,  fire-warning  systems  based  on  these  materials  can
achieve repeatable  responses,  thereby providing sensitive  and effi-
cient fire-warning capabilities.

Under  a  temperature  gradient,  the  anions  and  cations  in  ionic
liquids  undergo  thermal  diffusion.  Ionic  liquids  with  high  Seebeck
coefficients  also  possess  high  output  voltages,  making  them  supe-
rior TE sensing materials  for  warning applications.  Wu et al.[48] used
the opposite TE behaviors of two different types of ionic liquids (Fig.
7a & b),  1-ethyl-3-methylimidazolium  acetate  ([EMIm][Ac],  p-type)
and 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide
([EMIm][TFSI],  n-type)  to  develop  a  self-powered  green  chip  for
forest fire-warning, as illustrated in Fig. 7c. This TE chip can generate
high  output  voltage  even  at  low  temperature  differences,  thereby
producing  sensitive  early  warning  signals  for  fires  and  demonstrat-
ing promising potential in the field of wireless fire detection.

MXene materials have also garnered significant attention for their
exceptional  electrical  conductivity  and  TE  properties[49].  Owing  to
the  reversible  TE  properties  of  MXene,  MXene-based  functional
fibers can be reused, demonstrating significant potential in the field
of smart wearable devices. Jiang et al.[50] developed a self-healing TE
fiber  (silk  sericin  (SS)/oxidized  sodium  alginate  (OSA)  @MXene)
using a coaxial wet spinning method, which is suitable for smart fire-
fighting  suits  (Fig.  7e & f).  Firefighting  suits  integrated  with  this  TE
fiber  can  achieve  sensitive  fire  responses  across  a  broad  tempera-
ture range of 200−400 °C. Under flame conditions, this material can
generate a TE voltage and issue a fire alarm within 1.17 s. Addition-
ally,  the  firefighting suit  is  reusable,  making it  suitable  for  continu-
ous  fire-warning  (Fig.  7g).  The  dynamic  covalent  bonds  between
OSA  and  SS  endow  the  TE  fiber  with  excellent  mechanical  proper-
ties and self-healing capabilities (Fig. 7h). This property significantly
enhances  the  durability  of  the  firefighting  suit,  advancing  the  field
of  fire  safety  (Fig.  7d).  Wang  et  al.[51] utilized  an  eco-friendly
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self-assembly  technique  to  combine  MXene  nanosheets  with
carboxymethyl  chitosan  (CCS),  successfully  creating  a  fireproof
cotton  fabric,  MXene/CCS@CF,  which  can  achieve  rapid  fire  res-
ponses under high-temperature or flame conditions (less than 10 s).
Additionally, the synergistic carbonization between MXene and CCS
provides  the fabric  with  outstanding flame retardancy,  with  an LOI
as high as 45.5% in vertical burning tests. Owing to the excellent TE
properties  of  MXene,  this  multifunctional  fabric  shows  an  approxi-
mately  positive  linear  relationship  between  output  voltage  and
temperature  during  heating,  allowing  for  precise  temperature  de-
tection.  Moreover,  the  adjustable  TE  properties  of  MXene/CCS@CF
make  it  well-suited  for  the  development  and  enhancement  of
portable heaters within the rapidly advancing IoT landscape.

Inspired by the structure of skin, Zeng et al.[52] developed a multi-
functional  flame-retardant  nanocoating  (MFNC)  with  sensitive
piezoresistive  sensing  characteristics.  This  intelligent  coating  inte-
grates  the  flame-retardant  effects  of  montmorillonite  (MMT)  and
MXene, showcasing excellent flame-retardant properties with a LOI
as  high  as  40.0%,  and  can  achieve  rapid  fire  response  within  4  s.
Most  coatings  degrade  over  time  due  to  environmental  factors  or
external  forces,  inevitably  leading  to  diminished  flame-retardant
performance.  However,  this  flame-retardant  coating  leverages
multiple  hydrogen  bond  interactions  between  2-ureido-4[1H]-
pyrimidinone  cellulose  (UPC)  and  MXene's  excellent  conductivity,
endowing it  with self-healing capabilities that allow it  to restore its
original  performance  within  24  h  after  damage.  The  self-healing
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innovation  of  MFNC  offers  extensive  application  prospects  in  fire-
fighting  and  smart  manufacturing.  MXene-based  functional  fibers
can also be incorporated into firefighting suits[53].

TE materials can achieve sensitive fire-warning responses without
external  power sources and can be reused,  making them ideal  fire-
warning  sensing  materials.  However,  current  fire-warning  systems
based on TE materials still face challenges such as high raw material
costs,  complex  structural  designs,  and  unstable  fire  responses,
necessitating further research and improvements[16]. 

TEC materials
The  operational  principle  of  thermal  batteries  is  based  on  the

temperature  dependence  of  electrochemical  oxidation-reduction
potentials,  which  enables  efficient  thermal-to-electrical  conversion.
This unique characteristic holds significant promise for applications
in  fire-alarm  systems.  In  their  study,  Yu  et  al.[54] developed  a  con-
centration  gradient  thermal  battery,  known  as  a  thermocell  (TCC),
utilizing  a  K3Fe(CN)6/K4Fe(CN)6 aqueous  electrolyte.  The  introduc-
tion  of  a  concentration  gradient  significantly  enhances  the  open-
circuit  voltage  (Voc)  of  individual  cells,  increasing  it  from  an  initial
value  of  less  than  140  mV  to  over  500  mV,  thereby  achieving  a
substantial output Voc.

To  address  the  issue  of  concentration  gradient  reduction  result-
ing  from  battery  discharge  and  spontaneous  diffusion,  the  authors
incorporated  a  heat-triggered  membrane  (HTM)  based  on  hydro-
phobic phase change materials.  This membrane acted as a 'switch',
regulating  the  ionic  concentration  gradient  and  mitigating  prob-
lems associated with an unstable power supply. The resulting heat-
triggered TCC remains in a dormant state under normal conditions.
When exposed to high temperatures or flames, the HTM undergoes
a phase transition, activating the 'switch' and generating a high Voc,

which effectively triggers fire-alarm responses.
Additionally,  the  authors  integrated  a  forest  fire  early  warning

system with wireless sensors and Bluetooth technology,  leveraging
the  heat  generated  by  the  fire  itself  to  facilitate  timely  alert

responses.  When  a  fire  occurrs,  alarm  signals  can  be  rapidly  trans-
mitted to mobile devices. This automated and remote self-powered
warning  system  provides  a  promising  approach  to  achieving  early
fire detection and prevention. 

TENG-based fire-warning materials
The  operating  principle  of  TENGs  is  predicated  on  the  coupling

effect  of  contact  electrification  and  electrostatic  induction.  When
two  dissimilar  materials  come  into  contact,  charges  are  generated
on  their  surfaces[55].  According  to  the  triboelectric  effect,  these
charges  transfer  between  different  polarities,  forming  a  potential
difference.  When  a  TENG  is  connected  to  an  external  circuit,  elec-
trons flow between the two electrodes to achieve potential equilib-
rium,  thereby  generating  an  output  electrical  signal[56].  Conse-
quently,  TENGs  can  harvest  mechanical  energy  from  the  external
environment and convert it into sustainable electrical energy. In the
external environment of a fire incident, various forms of mechanical
energy  exist,  such  as  wind  energy,  object  movement,  and  human
activity.  Therefore,  TENGs  show  tremendous  potential  in  fire-warn-
ing applications.

Leveraging their exceptional energy harvesting capability, TENGs
can  utilize  the  mechanical  energy  generated  during  human  move-
ment for fire sensing and warning, exhibiting significant application
potential  in  portable  and  wearable  electronic  devices.  He  et  al.[57]

employed  traditional  wet  spinning  technology  to  combine  Fe3O4

nanoparticles (Fe3O4NPs), AgNWs, and CA, successfully fabricating a
thermally induced ultra-light conductive aerogel fiber, as illustrated
in Fig.  8a.  Utilizing TENG as a  power source,  they developed a self-
powered  fire- alarm  electronic  textile  (SFA  e-textile)  based  on  this
aerogel fiber (Fig. 8b). This textile can be integrated into firefighting
suits to achieve temperature sensing across a wide range of 100 to
400  °C  and  can  issue  timely  warning  signals  before  a  fire  occurs.
Furthermore,  the  textile  exhibits  repeatable  fire-alarm  capabilities.
TENG-based  self-powered  fire-warning  sensors  can  be  used  to
monitor  firefighters'  movements  at  fire  scenes,  facilitating  motion
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monitoring and early  warning,  thereby  enhancing their  safety.  Sun
et al.[26] designed two types of TENG sensors capable of monitoring
firefighters'  movements  through  the  simple  assembly  of  patterned
MXene  ink  electrodes  (MiEs)  and  fire-resistant  high-temperature
triboelectric  materials,  as  depicted  in Fig.  8c.  Among  them,  the  E-
TENG can identify basic gestures by detecting the bending state of
the arm, while the G-TENG can sense and identify various gaits, both
with  high  recognition  accuracy.  These  TENG  sensors  possess  the
capability to monitor motion states and exhibit considerable poten-
tial  for  enhancing  emergency  evacuation  and  rescue  operations
during high-temperature fire incidents.

Furthermore, TENGs can directly capture various forms of energy
from  the  natural  environment,  such  as  vibrations,  wind,  and  air
convection,  and  convert  these  energies  into  electricity  to  facilitate
fire-alarm responses. Pang et al.[58] reported a novel multilayer cylin-
drical  TENG  (MC-TENG)  that  collects  kinetic  energy  generated  by
wind-induced  branch  movements  to  power  fire  response  systems
(Fig.  8d,e).  Gao  et  al.[59] developed  a  turbine  disk-type  TENG  (TD-
TENG)  designed  to  capture  wind  energy,  enabling  sensitive  fire-
warnings  (Fig.  8e).  This  turbine  disk  structure  effectively  reduces
wear  between  materials  during  high-speed  rotation,  significantly
improving the durability of forest fire-warning systems and extend-
ing  the  practical  application  potential  of  TENG-based  distributed
energy harvesters, as presented in Fig. 8f.

Currently,  the  primary  challenge  faced  by  TENG-based  fire-
warning  devices  is  the  wear  of  materials  due  to  contact  friction,
resulting  in  insufficient  mechanical  durability  of  fire-warning
systems.  Moreover,  most  TENGs  struggle  to  operate  effectively  at
high  temperatures.  Therefore,  future  research  should  focus  on
developing fireproof coatings suitable for TENGs. 

Phase change/deformation fire-warning sensing
materials

Fire  incidents  are  usually  accompanied  by  significant  tempera-
ture  changes  or  exothermic  phenomena.  Phase  change  materials
(PCMs)  change  their  mechanical  state  in  response  to  temperature
variations,  making  them  widely  applicable  in  fire-warning  systems.

For  example,  highly  crystalline  polymers  transition to  a  liquid  state
when  heated  above  their  melting  point.  These  solid-liquid  phase
change  materials  are  suitable  for  fire-warning  systems  due  to  their
excellent  stiffness  variation  properties.  Currently,  phase  change
materials  are  typically  integrated  with  alarm  lights  and  power
sources to form fire-warning sensing systems[60].

PEG  is  a  commonly  used  phase  change  material.  Zhao  et  al.[22]

prepared a high-temperature warning phase change gel by forming
a  polyacrylic  acid  (PAA)  cross-linked  network  within  the  phase
change PEG melt via in situ polymerization (Fig. 9a). Owing to PEG's
exceptional  thermal  responsiveness  and its  reversible  phase  transi-
tion from crystalline to molten state at high temperatures (and vice
versa  at  low  temperatures),  the  gel  achieves  thermally  sensitive
resistance  changes,  effectively  enabling fire  warning (Fig.  9b−d, g).
Meanwhile,  the  cross-linked  PAA  network  serves  as  a  supporting
framework, preventing PEG leakage (Fig. 9e). Therefore, even under
high  temperatures  exceeding  PEG's  melting  point,  the  phase
change gel retains its  flexibility while maintaining its  original  struc-
ture (Fig. 9f). Additionally, PCMs possess the ability to actively store
heat  through  latent  heat  and  release  this  energy  upon  reaching  a
specific  critical  phase  transition  temperature.  These  materials  have
become important components for energy storage and release due
to  their  efficient  heat  absorption  and  release  during  phase  transi-
tions,  particularly showing exceptional  application prospects in the
fields of energy saving and environmental protection.

Shape  memory  polymers  (SMPs)  have  been  utilized  in  fire-warn-
ing  systems.  When  exposed  to  flames  or  high  temperatures,  SMPs
can rapidly alter their shape. Similar to phase change material-based
fire  alarms,  SMP  fire-warning  devices  are  usually  composed  of  two
parts:  shape  memory  polymers  and  conductors.  Under  the  influ-
ence of flames, the polymer undergoes stretching, contraction, and
bending, causing the conductor to shift position, ultimately forming
a closed circuit to trigger the fire alarm[61].  Chen et al.[62] reported a
copolymer  containing  PEPN,  a  monomer  that  incorporates  both
aniline and phenylacetylene. Above the transition temperature, the
copolymer undergoes shape changes. When the temperature drops
below the transition temperature, the movement of the copolyester
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segments  is  frozen,  enabling  the  polymer  to  maintain  a  fixed
temporary  shape.  A  fire-alarm  circuit  can  be  constructed  based  on
this  shape-changing  copolymer.  The  copolymer's  excellent  shape
memory  properties  and  self-healing  ability  under  thermal  stimula-
tion enable it  to achieve rapid and sensitive fire-warning functions,
with response times of less than 5 s. Jia et al.[23] developed an intelli-
gent  polymer  conductor  capable  of  switching  between  non-
conductive  and  conductive  states  (OFF-to-ON)  using  thermosensi-
tive  SMPs  via  chemical  deposition  techniques.  As  the  temperature
changes,  the  shape  of  the  SMP  changes  accordingly,  leading  to
changes  in  its  conductivity,  thereby triggering fire-warning signals.
This  fire-warning  device  can  efficiently  provide  warnings  across  a
wide temperature range. Its manufacturing process and equipment
design are relatively simple, and it  utilizes biodegradable materials,
aligning  with  the  needs  of  sustainable  development  and  offering
high practical application value.

Besides electrical signal sensing materials, shape-changing mate-
rials  based  on  MXene  are  also  applicable  to  the  fabrication  of  fire-
warning sensors. Zhang et al.[63] developed a novel flame-retardant
SMPU/MXene deformation paper that can be designed into various
shapes  and  revert  to  its  initial  state  upon  heating,  thus  forming
conductive  pathways  to  issue  fire  alarms.  Additionally,  due  to  the
physical  barrier  properties  of  MXene,  this  SMPU/MXene  paper  can
effectively  prevent  self-extinguishing  drips.  By  adjusting  the  cross-
linked  network's  structure,  the  deformation  temperature  can  be
precisely controlled,  thereby setting a broad response temperature
range  suitable  for  different  applications  to  achieve  more  accurate
fire warnings.

Phase  change/shape-changing  materials  are  reversible  and  can
be  reprocessed,  providing  convenience  in  practical  applications.
Furthermore,  by  adjusting  the  polymer  network,  the  critical  phase
change/deformation  temperature  can  be  precisely  tuned,  thereby
achieving reliable and accurate fire warnings. 

Color change-based fire-warning sensing materials
With  the  rapid  advancement  of  IoT  digital  technology  and  the

ongoing updates of electronic devices, digital imaging technology is
also  evolving.  Therefore,  the  real-time  monitoring  capabilities  of
digital  cameras,  combined with intelligent  image recognition tech-
nology,  can  be  utilized  for  video  surveillance  to  achieve  remote,
visual,  and  highly  accurate  fire  warnings.  Currently,  real-time  fire
monitoring  primarily  relies  on  intelligent  surveillance  and  recogni-
tion systems that  achieve immediate alarm responses by detecting
fire  or  smoke  pixels,  outperforming  traditional  smoke/infrared
sensors[25].  Thermochromic  materials  undergo  internal  molecular
structural  changes  with  temperature  variations,  leading  to  color
changes.  Intelligent  image  recognition  systems  based  on  these
materials  can  obtain  intuitive  early  fire-warning  signals  when  the
temperature rises (early stages of fire),  enabling rapid-fire warnings
that facilitate the timely handling of fire hazards.

Inspired  by  the  chemical  structure  of  chlorophyll,  Fu  et  al.[24]

designed  and  synthesized  a  phthalocyanine  precursor  molecular
sensor  (PMS),  as  illustrated  in Fig.  10a.  Due  to  the  excellent  color-
changing  properties  and  thermal  stability  of  phthalocyanine
molecules,  early  fire  warning  devices  based  on  this  sensor  can
achieve  color  changes  under  high-temperature  conditions.  By
integrating  real-time  video  surveillance  systems  with  intelligent
image  recognition  technology,  such  fire-warning  devices  can
provide reliable  and rapid high-temperature  fire  alerts,  as  depicted
in Fig.  10b. The PMS system provides an effective solution for early
fire warning and detection,  with its  application scope extending to
various industrial  sectors such as chemical  and electrical  industries,
showing  broad  application  prospects.  By  combining  polyhedral

oligomeric silsesquioxane (POSS) with coordination ions, the prepa-
ration  of  thermochromic  materials  can  be  achieved.  Xu  et  al.[25]

prepared  a  POSS-metal  film  using  octa  (aminopropyl)  POSS  and
metal  salt  [Cr(NO3)3·9H2O]  through  solvent  evaporation  methods.
Based  on  ligand  field  theory[64],  this  film  undergoes  rapid  and
reversible  color  changes  under  high  temperatures  or  flames,  thus
achieving repeatable fire-warning functions.

Although sensors based on color-changing molecules can quickly
detect early fires with the help of intelligent image-monitoring tech-
nology, they still exhibit relatively low response temperatures. More-
over,  the  thermochromic  molecules  currently  applicable  to  fire
warnings  exhibit  poor  flame  retardancy.  To  address  these  two
issues,  combining  thermochromic  molecules  with  GO  can  more
effectively realize fire warnings. He et al.[28] reported an asymmetric
nanocomposite  paper  made  by  combining  poly  (pentacosadiynoic
acid)[poly  (PCDA)],  hydroxyapatite  (HAP),  and  3-aminopropyltri-
ethoxysilane  (APTES)-modified  GO.  The  top  layer  of  poly
(PCDA)/HAp  allows  for  thermally  induced  reversible  color  changes.
APTES  molecules  effectively  enhance  the  flame  retardancy  of  GO,
while  the  HAp  nanowire  framework  exhibits  excellent  fire  retar-
dancy, ensuring the structural integrity of the asymmetric nanocom-
posite  paper  under  flames.  This  nanocomposite  paper  can  achieve
rapid fire  response (approximately  1  s)  and sustained fire  warnings
at both low (55 °C) and high (159 °C) temperatures. 

Future development prospects of fire-warning
systems

This  review  summarizes  recent  advancements  in  fire-warning
sensing  materials,  categorizing  them  into  four  distinct  types  based
on their alarm mechanisms. Over the past decade, researchers have
implemented  a  diverse  array  of  strategies  to  develop  fire-warning
devices, which have been widely applied in the field of fire preven-
tion.  These  innovations  include  multifunctional  fire-alarm  papers/
membranes,  nanocoatings,  smart  fabrics,  and  aerogels.  Currently,
the majority of developed smart fire-warning materials exhibit rapid
flame-warning response time (Fig. 11). This advancement facilitates
the  issuance  of  timely  evacuation  signals,  thereby  enhancing  the
protection  of  lives  and  property.  Among  them,  multifunctional
materials based on temperature-triggered resistance transition have
attracted  increasing  attention  in  recent  years,  demonstrating
promising  applications  in  practical  scenarios.  These  fire-warning
materials  have  achieved  several  desirable  parameters,  including
rapid  flame  detection  time,  low  fire-warning  temperature,  high
sensitivity,  and  stable  cyclic  warning  performance.  However,  to
obtain optimal fire-alarm signals across various application contexts,
further  development  of  multifunctional  materials  that  concurrently
possess  these  desired  parameters  remains  essential.  Additionally,
the  aforementioned  materials  typically  necessitate  an  external
power source to generate electrical signals, complicating their prac-
tical  applications.  Most  currently  reported  self-powered  fire-warn-
ing  sensor  materials  still  encounter  challenges  such  as  low  voltage
and  low  output  power.  Consequently,  there  is  an  urgent  need  to
develop higher-performance self-powered materials to realize high-
output  power  self-sustaining warning systems.  Furthermore,  phase
change  and  deformation  fire-warning  materials  not  only  exhibit
excellent  reusability  but  also  enable  precise  control  of  response
temperatures  through  adjustments  in  phase  or  shape,  making
them  well-suited  for  applications  in  fire  safety.  Additionally,  the
thermochromic  properties  of  color-changing  materials  offer  more
intuitive  fire-warning  signals.  However,  both  types  of  fire-warning
sensing  materials  demonstrate  inadequate  weather-resistance,
which  limits  their  applicability  in  complex  environments  and
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necessitates further optimization to expand their application scenar-
ios. In summary, despite the significant progress made in smart fire-
warning  sensor  materials  over  the  past  few  years,  the  aforemen-
tioned  challenges  still  need  to  be  addressed.  In  this  section,  the
possible opportunities will be discussed. 

Multifunctional exploration
Although  significant  progress  has  been  made  in  fire-warning

materials  and intelligent  sensing over  the past  few years,  there  are
still  several  challenges that  need to be overcome.  At  present,  most
fire-warning  sensing  systems  focus  on  the  performance  research
and  application  of  single  materials  to  achieve  flame  retardant  or
warning abilities. However, complex environmental scenarios result
in many uncertainties in practical  applications,  requiring a compre-
hensive  consideration  of  the  various  performances  of  fire-warning
systems (Fig. 12). 

Multi-mechanism synergistic warning
The  reliance  on  a  singular  warning  mechanism  presented  inher-

ent  limitations.  The  integration  of  multiple  early  warning  systems
complemented  one  another,  thereby  significantly  enhancing  the
reliability  and  stability  of  the  overall  system.  This  approach  effec-
tively  addressed  the  shortcomings  associated  with  singular  fire-
alarm systems, such as higher false alarm rates and lower detection
accuracy.  By  flexibly  selecting  and  combining  warning  functions,
multi-mechanism  warning  systems  can  effectively  adapt  to  the
requirements of various environments and application scenarios.

Zou  et  al.[79] developed  an  intelligent  warning  cotton  fabric
through  in-situ  polymerization  of  polypyrrole  (PPy)  combined  with
MMT and APP. This fabric relies on the characteristics of PPy, featur-
ing  dual  warning  mechanisms  of  the  TE  effect,  and  thermally
induced  resistance  changes.  Under  the  TE  effect,  when  a  tempera-
ture  gradient  is  applied  to  the  fabric,  the  voltage  and  temperature
increase  show  a  good  linear  relationship,  enabling  the  fabric  to
exhibit  accurate  temperature  sensing  capabilities  and  multiple
warning functions  at  low temperatures  (below 100 °C).  Meanwhile,
the  thermally  induced  resistance  change  mechanism  allows  the
fabric  to  quickly  issue  alarms  under  high  temperature  or  flame
conditions.  This  composite  fabric  shows  excellent  performance  in
fire prevention, temperature sensing, and fire response, demonstrat-
ing  broad  application  potential  in  the  field  of  fire  protection  elec-
tronics,  such  as  clothing  equipped  with  fire  prevention  and  alarm
functions.

In recent years, although GO has been widely applied in the field
of fire warning due to its ultra-fast response capability and excellent
mechanical  properties,  the  high temperature  required for  GO ther-
mal  reduction  (over  400  °C)  leads  to  sluggish  reactions,  making  it
incapable  of  accurately  monitoring  the  heating  process  before
combustion.  Therefore,  developing  GO-based  fire-warning  devices
with  low  response  temperatures  (below  100  °C)  remains  challeng-
ing. He et al.[28] combined the advantages of fire warnings based on
resistance change and color change to develop a novel dual-mecha-
nism nanocomposite paper composed of poly PCDA, ultra-long HAp

 

Phthalocyanines structureChlorophyll A

b

PMS

Acrylic
latex

EWC

Real-time histogram

Potential fire (High temperature)

a

Phthalocyanines precursor

molecular sensor (PMS)

Potential fire

(High temperature)

APP Hot air gun Alarm
Warning signal Color change

The model
Detected area with EWC

Fig. 10    (a) Design principle for molecular sensors[24] . (b) Early fire-warning processes of PMS color change sensor and the remote monitoring alarm APP
designed by the image recognition algorithm[24] .

 
Fire warning materials and smart technology

Page 12 of 18   Ma et al. Emergency Management Science and Technology 2025, 5: e005



nanowires, GO, APTES, and HAp nanowires. The poly PCDA/Hap side
can  achieve  thermally  induced  responses  at  low  temperatures
(30−70  °C),  exhibiting  reversible  color  changes  from  purple  to  red,
thereby triggering a fire alarm. Meanwhile,  the GO/APTES/Hap side
utilizes GO's thermally induced resistance change mechanism, tran-
sitioning from insulative to conductive at high temperatures, with a
response  temperature  of  159  °C.  This  asymmetric  nanocomposite
paper  can  achieve  rapid  fire-warning  responses  under  both  high
and  low  temperature  conditions,  showing  great  potential  in  the
practical application of fire-warning systems. Liu et al.[75] proposed a
fire-warning system that combines an S-TENG and a polydopamine-
modified  GO  (P-GO)  thermosensitive  sensor.  Benefiting  from  the
impedance  matching  effect  between  S-TENG  and  P-GO,  this  self-
powered system can achieve rapid fire  responses in  both high and
low-temperature  environments,  providing  real-time  warnings
during  the  early  smoldering  and  flaming  stages  of  a  fire,  thereby
promoting advancements in forest fire detection technology. 

Self-healing capability
Current fire-alarm sensors often lack sufficient mechanical adapt-

ability  under  extreme conditions,  making them vulnerable to stret-
ching,  bending,  and  other  mechanical  deformations  in  practical
applications, leading to breakage. Such damage can disrupt conduc-
tive elements or pathways, thereby shortening the system's lifespan,
reducing  sensing  capabilities,  and  even  leading  to  system  failure,
severely  impacting  fire-warning  performance.  Therefore,  endowing
fire-warning systems with self-healing capabilities is crucial.

Jiang  et  al.[50] reported  a  novel  self-healing  TE  gel  fiber  con-
structed  from  SS  and  OSA.  Through  coaxial  wet  spinning  technol-
ogy, this fiber achieved a fire-retardant self-healing shell layer and a
highly  sensitive  temperature-sensing  core  layer.  Its  internal  strong
and reversible dynamic covalent bonds give it a self-healing rate of
up to 89.12%, along with reversible high-temperature warning capa-
bilities.  Additionally,  the  reversible  Schiff  base  reaction  between
OSA and SS allows the self-healed fiber to maintain excellent tensile
strength.  This  self-healing  fiber  demonstrates  broad  application
potential  in  the  field  of  wearable  self-powered  high-temperature
warning sensors. Jia et al.[76] successfully prepared a bio-based poly-
mer  by  introducing  dynamic  imine  covalent  bonds  and  hydrogen
bonds  into  the  cross-linked  network  of  vanillin  and  tung  oil.  The
presence of multiple hydrogen bonds within the polymer enhances
the density of the cross-linked network, thereby imparting excellent
mechanical properties to the polymer, enabling it to withstand high
tensile  strength.  Additionally,  the  high  structural  compatibility
between  the  covalent  bonds  and  flexible  aliphatic  hydrocarbon
chains within the polymer allows this vitrimer composite material to
exhibit  excellent  self-healing  properties.  At  120  °C,  the  bio-based
material  still  maintains  high  tensile  strength  after  mechanical
damage and subsequent repair. 

Corrosion resistance
In practical applications, factors such as oil stains, rainwater, acidic

and  alkaline  liquids,  and  organic  solvents  may  corrode  the  equip-
ment components or conductive pathways of fire-warning systems,
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thereby impacting their  fire-alarm performance.  Therefore,  improv-
ing the system's corrosion resistance is especially important.

Wang  et  al.[77] developed  a  fire-warning  fabric  using  ethylene
glycol  diphosphate,  polyaniline,  and  silver  nanoparticles  (AgNPs).
The  composite  fabric  has  a  water  contact  angle  of  approximately
158°  and  an  oil  contact  angle  of  around  153°,  exhibiting  superhy-
drophobic  and  superoleophobic  properties.  Its  surface  coating
exhibits  high  electrical  conductivity,  and  due  to  the  synergistic
flame retardant effect of silicon, phosphorus, and nitrogen, the coat-
ing  forms  a  dense  char  layer  at  high  temperatures,  effectively
protecting the conductive network composed of AgNPs and ensur-
ing  good  stability.  This  composite  fabric  demonstrates  excellent
electrical conductivity under various conditions such as moisture, oil
stains,  high  temperatures,  and  repeated  deformation,  showing
significant application potential in multifunctional wearable textiles.
Kong  et  al.[80] developed  a  novel  flame-retardant  fabric  based  on
aminotrimethylene phosphonic acid (ATMP) and allantoin (CF@AA).
They combined PDMS with multi-walled CNTs (MWCNT) and assem-
bled it onto CF@AA, followed by surface sealing treatment, to create
a  multifunctional  smart  textile  (CF@PM-AA).  After  surface  sealing
treatment  with  PDMS,  the  smart  textile  exhibits  a  superhydropho-
bic surface and maintains high flame retardancy in both acidic and
alkaline environments. Additionally, the TENG based on CF@PM-AA
can  be  effectively  applied  in  wearable  fire-warning  systems,
maintaining  its  original  warning  performance  under  harsh

conditions (such as rainy days), significantly enhancing the safety of
the warning system. 

Integration with intelligent technologies
Traditional  fire monitoring systems mostly rely on wired connec-

tions and manual operations, and they struggle to achieve real-time
monitoring in the absence of network connectivity[81,82]. This limita-
tion  is  particularly  prominent  in  isolated  areas,  causing  significant
challenges  in  fire  emergency  response.  In  recent  years,  with  the
rapid  development  and  integration  of  3S  technologies,  the  use  of
wireless  communication  links  for  data  transmission  has  become
more  convenient  and  flexible,  making  it  a  smarter  and  more  effi-
cient warning method. Meanwhile, the continuous development of
IoT  systems  have  provided  a  robust  network  foundation  for  inter-
communication  among  various  devices.  This  advancement  has
significantly  enhanced  the  efficiency,  performance,  and  security  of
smart city construction, driving the development of a series of intel-
ligent fire-warning sensing systems.

Dampage et  al.[83] proposed a  forest  fire  detection system based
on  a  wireless  sensor  network,  capable  of  monitoring  multiple
parameters  such  as  temperature,  relative  humidity,  light  intensity,
and  carbon  monoxide  concentration.  In  the  analysis  phase,  the
system  employs  machine  learning  regression  models  to  enhance
detection  accuracy.  Once  a  fire  is  detected  in  a  specific  area,  the
system  sends  alert  messages  to  the  authorized  personnel's  mobile
phones, enabling them to quickly take fire prevention measures and
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effectively  mitigate  the  damage  caused  by  the  fire.  Zhang  et  al.[84]

developed  a  fire-warning  system  based  on  IoT  sensors,  employing
deep belief networks and recurrent long short-term memory neural
network  methods  to  predict  fires.  This  system  uses  an  Arduino
microcontroller unit to process detection data such as temperature,
flame,  and  smoke,  enabling  real-time  analysis  of  environmental
conditions.

Currently,  many  smart  fire-warning  controllers  exhibit  excellent
fire-alarm  signal  transmission  capabilities;  however,  in  practical
applications,  some  fire  detectors  are  prone  to  false  alarms.  False
alarms not only lead to unnecessary resource consumption but may
also  cause  public  confusion.  Therefore,  analyzing  and  predicting
monitoring data using machine learning algorithms, in conjunction
with existing fire models for evaluation, is crucial for enhancing the
alarm  accuracy  of  fire-warning  systems.  Sarwar  et  al.[85] designed  a
fuzzy  logic-based  fire  monitoring  and  warning  system.  The  system
uses multiple sensors to make decisions based on four parameters:
rate  of  temperature  change,  rate  of  humidity  change,  flame detec-
tion,  and  time,  and  it  was  experimentally  validated  in  a  MATLAB
environment.  This  system is  capable of  achieving high fire-warning
accuracy.  Additionally,  machine  learning  algorithms  enable  intelli-
gent  warning  responses,  overcoming  the  limitations  of  traditional
manual  prevention  and  control  while  enhancing  fire-warning  effi-
ciency  and  accuracy.  Based  on  an  IoT  architecture,  Alqourabah  et
al.[86] developed an intelligent fire  detection system equipped with
an  automatic  sprinkler  device,  capable  of  monitoring  data  such  as
gas,  temperature,  and  smoke.  The  system  connects  to  a  central
processor through a Wi-Fi module and uses the Ubidots platform for
data  processing.  When  the  monitored  parameters  reach  the  set
thresholds, the water pump activates,  triggering the sprinkler func-
tion.  Additionally,  the  system  integrates  machine  learning  technol-
ogy,  enabling  proactive  fire  prevention  and  control,  and  demon-
strates significant practical application potential. 

Large-scale practical applications
Currently,  the  research  and  preparation  of  fire-warning  sensor

materials are mainly conducted in laboratory settings, typically test-
ing  material  performance  through  small-scale  fire  scenario  simula-
tions.  However,  real-world  applications  often  involve  large-scale
forest fires or building fires. Therefore, in large-scale practical appli-
cations, many fire-warning materials often struggle to provide effec-
tive  safety  assurance.  Thus,  it  is  essential  to  develop  fire-warning
systems that can effectively adapt to large-scale applications,  facili-
tating the transition from laboratory research to practical use.

To achieve a fire-warning response, GO must undergo a rapid and
complete  thermal  reduction  process,  posing  challenges  for  the
effective  application  of  GO-based  fire-warning  coatings  on  large
substrates.  Khan  et  al.[87] prepared  a  composite  flame-retardant
coating  composed  of  GO,  polydimethyl  aminoethyl  methacrylate
(PDMAEMA),  and  hexagonal  boron  nitride  (BN),  and  applied  it  to
cotton fabric. The crosslinking synergistic effect between GO and BN
significantly  enhanced the coating's  durability,  allowing it  to  main-
tain  good  warning  performance  under  various  conditions  such  as
washing,  bending,  and  abrasion.  Additionally,  patterning  GO,
PDMAEMA, and BN with conductive ink allows the distance between
any  two  electrodes  to  be  maintained  at  the  micron  level,  enabling
rapid  response  in  large-scale  fire-warning  applications.  This  smart
coating  demonstrates  significant  practical  application  potential  in
areas  such  as  transportation,  housing,  and  appliances.  MXene  has
garnered widespread attention in the field of fire warning due to its
rapid fire response capability and repeatable warning performance.
However,  both  MXene  and  GO  surfaces  exhibit  a  deep  black  color,
affecting  their  appearance  and  limiting  their  application  in  the

decoration  industry.  Additionally,  MXene  processing  typically  re-
quires expensive nanomaterials and complex preparation processes,
resulting  in  high  costs  for  practical  applications,  which  is  unfavor-
able  for  large-scale  production.  Shen  et  al.[71] employed  a  low-cost
and  environmentally  friendly  method  to  prepare  a  water-based
three-dimensional  titanium  oxide/two-dimensional  montmoril-
lonite/one-dimensional cellulose nanofiber (TiO2/MMT/CNF) layered
composite material. The MMT filler in the nanomaterial significantly
enhances the flame-retardant performance of the coating, enabling
it  to  maintain  structural  integrity  for  an  extended  period  under
flame  exposure.  Benefiting  from  a  good  thermally  induced  resis-
tance change effect,  the composite material  can achieve rapid fire-
warning response (less than 3.5 s) under high temperature or flame
exposure.  Additionally,  adding  pigments  to  the  material  allows  for
easy  adjustment  of  the  coating's  color.  This  low-cost,  color-
adjustable  nanocoating  shows  significant  application  prospects  in
the field of fireproof decoration and has the potential for large-scale
practical applications. 

Conclusions

This article presents a thorough overview of the advancements in
fire-warning  sensing  materials  over  the  last  ten  years  and  classifies
them  into  four  categories  according  to  their  warning  mechanisms:
(1) Fire-warning materials that rely on electrical signal sensing with-
out  self-powering;  (2)  Phase  change/deformation;  (3)  Color  change
observation; (4) Self-powered type. The first category enables quick
and  sensitive  fire-warning  responses,  but  it  requires  an  external
power  supply.  The  other  types  generally  have  reusable  features;
however,  they  continue  to  confront  challenges  like  high  material
costs and complicated processing methods. Furthermore, fire-warn-
ing systems must be equipped with multiple functionalities, includ-
ing  multi-mechanism  synergistic  warning,  self-healing  capabilities,
and corrosion resistance,  to  effectively  cater  for  the practical  appli-
cation demands in complex environments; The integration of intelli-
gent  technology  with  fire-warning  materials  will  enable  the  devel-
oped  smart  warning  system  to  provide  more  efficient  and  secure
fire-warning capabilities.  In light of actual requirements, it  is crucial
to  create  fire-warning  systems  capable  of  effectively  accommodat-
ing large-scale applications to achieve the transformation from labo-
ratory studies to real-world applications. 
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