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Fire safety and prevention of combustible materials are of paramount importance in modern society but have
been a global challenge. Frequent fire disasters cause massive casualties and irreparable property losses and
negatively impact the global environment. A recent increasing concern is to develop smart fire warning materials
and sensors that combine traditional passive flame retardant strategies and active fire alarm response. However,
there still lacks an incisive and comparative overview of such fire warning systems. This review comprehensively
discusses passive flame retardant materials, traditional active fire warning sensors, and next-generation smart
fire warning materials and sensors, in addition to the flammability of combustible materials. The conceptual
design, synthesis, characterizations, and fabrication strategies of smart warning materials are systematically
reviewed. Subsequently, the performance and applications of different fire warning sensor systems, including
resistance-type, phase/shape change, thermoelectric responsive and colour-change observation, were reviewed
and compared to understand their features and working mechanisms better. Finally, some key challenges
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associated with fire warning materials/sensors are highlighted, following which future perspectives and op
portunities are proposed.

1. Introduction

(>100000 casualties), the Great Fire of London in 1666, the Copenhagen
fire in 1728, the Chicago Fire in 1871. With the rapid development of the
synthesized polymer, they are ubiquitous in modern society for appli
cations in various fields, such as electronics, building, automobiles,
textile and aerospace. Unfortunately, most of them are flammable and
show rapid flame spread features due to their chemical structures and
organic compositions, which induces more frequent fire accidents
because of the significantly increased industrial combustion (Fig. 1a)
[1]. The global scope of fire revealed by satellite shows a strong

1.1. Significance and necessity of fire safety and prevention
Fire, as one of the earliest chemical reactions used by human-beings,
is of great significance in the history of human civilization and is the first
practice understanding and use of nature. However, fire is a “doubleedged sword”. Once the fire is out of control, serious disaster was also
closely associated with it, for instance, the Great Meireki Fire in 1657

Fig. 1. (a) Qualitative schematic of global fire activity through time based on pre-Quaternary distribution of charcoal, Quaternary and Holocene charcoal records,
and modern satellite observations; and (b) annual average number of fires observed by satellite. (c) Distribution of serious fire sites in various fire accidents and (d)
typical building and forest fire accidents during the past several years, which have induced great disasters to human beings, detrimental environment impacts,
irreparable property and priceless artifacts loss from the earth.
Reproduced from [1] with permission.
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coexist to initiate and sustain the combustion process [9]. Specifically,
upon exposure of a heat source (flame, cigarette, glow wire, etc.), the
endothermic pyrolysis of the combustible molecules in the air atmo
sphere induces the bond or chain scissions. It thus generates volatile
fragments and vaporization of decomposed products (e.g., CO and
smoke production) [10]. These decomposed products diffuse into the air
and generate a combustible gaseous mixture. These mixtures, therefore,
act as potential fuel to initiate fire when exposed to the intensive energy
of the external heat source at a specific temperature (i.e., the ignition
temperature of combustible materials) [11]. As a result, the combustible
materials burn themselves and release a constant mass flux of volatiles to
feed the exothermic reaction, thus inducing a rapid temperature rise in
the flame zone. If the combustion energy as an effective heat flux is
sufficient to maintain the thermal decomposition rate of the materials,
self-sustaining combustion is established. Consequently, the combustion
process does not extinguish until the materials completely burn out
without external interruption.
Based on the multi-stage combustion reaction, the burning feature

association between high fire activity and areas of intermediate primary
production (Fig. 1b) [2]. Especially, the high-rise building has become
one of the most critical fire sites with massive casualties due to its high
residential density (Fig. 1c). The most representative accident case is the
London’s Grenfell Tower Fire in 2017; and this tragic accident led to 71
casualties. Besides, other fire disasters that occurred in various sites, e.
g., Brazil’s National Museum Fire in 2018, the Paris’s Notre Dame Fire in
2019, the California and South Australia’s Forest Fire in 2020 (Fig. 1d),
have not only induced irreparable loss of ancient historical monument
and countless priceless artifacts but brought severe environmental
damage to global ecosystem [3–6]. It is clear that the capacity to manage
fire remains imperfect and may become more difficult in the future as
climate warming alters fire regimes [7,8]. Therefore, fire safety and
prevention of combustible materials are paramount in modern society
but are still a global challenge.
It is well established that the combustion process of flammable ma
terials involves complicated chemical and physical reactions. Generally,
a fire triangle of three necessary factors, i.e., heat, fuel and oxygen,

Fig. 2. Comparison of observations and the output of the numerical simulation of fire propagation over the east face-third phase of propagation (01:23–01:29 AM),
showing fast fire spread feature.
Reproduced from [13] with permission.
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and process of the combustible materials are crucial. Therefore, they
should be well understood before controlling their fire safety and pre
vention. Typically, in the London’s Grenfell Tower Fire, the observation
and the output of the numerical simulation of fire propagation over the
east face-third phase of propagation disclosed that the fire quickly
spread from the whole building (~50 m height) in only about six mi
nutes (Fig. 2) [12,13]. Most combustible plastic, textile and packing
materials have low ignition temperatures of 300–500 oC (Table 1) [14],
and they can be easily ignited once they encounter a flame source. More
importantly, these combustible materials show a rapid flame spread.
The corrugated cardboard sample, for example, can easily be ignited
once exposed to a flame source. The flame spreads the whole sample
(~20 cm height) in only ~17 s due to its low pyrolysis temperature
(Figs. 3a and 3b) [15]. The large-scale UL experiments further demon
strated that the flame height reached about 8 m for < 80 s combustion
(Fig. 3c). Consequently, the low ignition temperature and rapid flame
propagation have induced many blade fire disasters every year. There
fore, it is imperative but challenging to achieve excellent fire resistance
and obtain an efficient early-warning signal to monitor the combustible
materials’ critical fire risk.

harm. For practical use, the active and passive fire protection strategies
perform fundamentally different tasks that are equally as important in
practical use. Fig. 4 summarizes the typical passive and active fire safety
techniques, also described in the following section.
1.2.1. Passive fire mitigation strategies: flame-retardant materials
The passive fire mitigation strategies refer to improve the fire resis
tance, thus preventing the spread of flame and resisting ignition in the
first place. The passive fire mitigation strategies typically rely on uti
lizing intrinsic flame-retardant materials (e.g., melamine foam) to
replace flammable materials. Moreover, the combustible materials can
be modified with flame-retardant P/N elements and compounds [19,
23–31], as well as the flame-retardant inorganic micro- or nano-fillers
(e.g. aluminium hydroxide, magnesium hydroxide, zinc borate,
MXene) [9,11,26,32–40].
A melamine foam is a typical example of intrinsic flame retardant
materials. While the complicated fabricating process and performance
still limit wide application in various fields. For example, it hardly re
places other polymer foam materials, such as polystyrene or poly
urethane (PU) foam materials that are very widespread in our daily life
(from exterior wall thermal insulation materials in building to pacing
materials in transportation) [41]. Recently, many novel flame-retardant
materials, such as nano-material foams and aerogels [42–50], have been
developed in the past several years. While most of these intrinsic flame
retardant materials still show limitations for large-scale production and
application due to their complexity, and high production cost. On the
other hand, an effective and common strategy to reduce the flamma
bility of combustible materials is to modify the polymer chains with
phosphorus/nitrogen compounds or incorporate flame retardants such
as clay and carbon nano-fillers via condensed-phase and gas-phase ac
tivities [11,40]. Typically, the former interferes with the combustion
reaction of polymeric volatile pyrolysis products, interrupting the
radical reactions involved in the combustion process and suppressing
the feed of combustible gases to the flame. While the later involves that
flame-retardant additive forms a protective char layer on the surface,
inhibiting flammable volatiles from diffusing to the flame and thus
effectively shielding the chains from heat and oxygen.
Additionally, constructing a flame-retardant coating onto the
combustible substrate has attracted considerable interest in research
fields [51–56], especially layer-by-layer (LBL) assembling multi-layered
coating onto the bulk wood, textile, or polymer foam skeleton [17,18,
57–59]. The introduction of flame-retardant coatings has been proven to
effectively inhibit the combustible materials’ endothermic pyrolysis and
exothermic reaction based on the condensed-phase mechanism. How
ever, the complicated repeated processing of the LBL coating is unde
sirable and not suitable for different combustible targets. Moreover, the
structural stability and flame-retardant reliability of these coatings are
not evident. Considerable work has been done on the above-discussed
area during the past decades. Many excellent reviews provide a thor
ough discussion of flame-retardant strategies for various combustible
materials. [9–11,32,60–68] that have not been discussed in this review.

1.2. Fire safety strategies
Passive and active fire mitigation strategies have been developed to
restrict the flammability of combustible materials or monitor their
critical fire risk to reduce and avoid blade fire disasters. Typically,
passive fire protection is achieved by preventing the spread of flame and
resisting the ignition of combustible materials by constructing effective
gas-phase or condensed-phase activity, which could either be achieved
by interrupting the radical reactions by using halogen or phosphorous/
nitrogen compounds or constructing flame retardant char to shield the
heat or oxygen [16–19]. Halogenated flame retardants are widely used
in carpets, textiles, and electronics; however they could leach into the
environment, with exceptionally high concentrations recorded in fish
and marine mammals and carcinogenic and endocrine-disrupting effects
in humans [20–22]. In comparison, active fire protection refers to sys
tems that involve a triggered response (action) to fire, such as smoke
alarm systems and temperature detectors. These active fire protection
systems respond or release a signal significantly, and they thus enhance
the chance of suppressing or extinguishing a fire before it causes serious
Table 1
Typical ignition temperature and thermal decomposition temperature values of
various combustible polymeric materials.
Type of Combustible
Materials

(ΔT/
Δt)c
(◦ C/
min)

(T∞)c
(◦ C)

(Td)c
(◦ C)

(Td)100◦ C/

(Td)20◦ C/

min
◦

min
◦

Wool
Kynol
Kermel
Arnel
Acrylic
Polypropylene
Rayon
Nylon 66
Cotton
Nomex
PBI
Polyester
Acetate
Vinylon

3379
2087
1709
1478
1284
933
806
802
780
734
522
419
412
383

590
575
625
463
520
494
403
507
425
600
700
480
379
465

357
455
525
340
408
410
320
430
338
545
644
427
331
400

245
450
460
320
355
405
280
405
305
445
645
395
280
345

220
400
425
300
315
375
260
370
285
405
600
385
260
325

( C)

( C)

1.2.2. Active fire mitigation strategies: fire alarm sensor and materials
Active fire mitigation strategies usually involve developing proactive
approaches or warning signals to extinguish or control the fire. The
flame initiates the active systems where the active response could be
manual such as utilizing hand-operated fire extinguisher or fire blanket
or using a sprinkler system as a programmed response. Besides the
above-described active fire mitigation strategies, the fire alarm sensors,
i.e. smoke alarms and thermal detectors are widely used in buildings to
provide a timely fire alarm signal for people evacuation [69–71].
Although these traditional fire detectors are usually effective for indoor
fire safety and prevention, they cannot meet the critical requirements for
complicated fire situations, especially in outdoor environments (e.g.,
heavy rain and oxidation conditions).
Moreover, due to their post-combustion activation feature in the

Notes: (ΔT/Δt)c: critical heating rate; (T∞)c: critical air temperature (the limiting
case for ignition under a specific set of physical conditions); (Td)c: critical
decomposition temperature; (Td)100◦ C/min: initial decomposition temperature
with heating rate of 100 ◦ C/min; (Td)20◦ C/min: initial decomposition temperature
with a heating rate of 20 ◦ C/min. Reproduced with permission [14]. Copyright
1983, John Wiley & Sons.
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Fig. 3. (a) Snapshots from a bench-scale test with a corrugated cardboard sample. (b) Values of the B-number (the driving force for mass transfer, “transfer number”)
for a range of fuels. (c) Observed in-rack flame heights from three large-scale UL experiments (points) are compared to the predicted flame heights (solid lines) using
three different heat flux models, which correspond to the following three heat fluxes: (i) 5.2 kW/m2 (convection only), (ii) 80 kW/m2 (radiation heat transfer co
efficient), and (iii) 27 kW/m2 (radiation flue correlation).
Reproduced form [15] with permission.

confined indoor conditions they cannot release an early fire warning
signal before combustion [72]. In other word, they protractedly reflect
the fire behaviours of the combustible materials and show relatively
long flame alarm. Finally, another active fire mitigation strategy is
personnel patrol to observe the potential fire risk in a building or forest.
Such a method is random and not practical to follow as it cannot provide
a timely accidental fire risk warning, and delayed response may lead to
severe fire accidents.
Recently, novel complementary fire warning materials and sensors
have been developed for outdoor fire safety and prevention. Wu and
coworkers designed the hierarchical coatings produced by assembling a
multilayered graphene oxide (GO)/silicone structure on different
combustible substrates [73]. Due to the rapid and sensitive resistance
transition of the GO network under high temperature, the coating dis
played a ultrafast flame detection within 2–3 s and exhibit
temperature-responsive electrical response at 38 s at 300 oC. Owing to
rapid thermal reduction mechanism of GO sheets, various fire warning
materials, such as flame-retardant coating [74–79], free-standing paper
[80–86], smart fabric nanocomposites [39,87] and multifunctional
foam/aerogel materials [88–90], were developed. Recently, some novel
fire warning materials and sensors were also developed, for example,
thermoelectric responsive materials [91–94], phase/shape change ma
terials [95–97], and temperature-responsive colour change materials
[98,99]. Typically, these fire warning materials can provide sensitive

fire alarm signals in only < 10 s, which is much more sensitive than
traditional fire alarm systems. Especially, a fire early warning response
can be activated in the pre-combustion process (below the ignition
temperature of most combustible materials) [73,98], thus offering a
reliable and timely notification for people to deal with the high fire risk.
Moreover, some fire warning materials also display surface super
hydrophobicity and work efficiently under indoor and outdoor harsh
conditions (e.g., corrosive environment and heavy rain), showing
promising applications for fire safety and prevention. Despite the rapid
development of smart fire warning materials and sensors, there is still
scope for a comprehensive understanding of the smart fire warning
systems, possessing the traditional passive flame retardant strategies
and active fire alarm response. Therefore, this provides an opportunity
to achieve the incisive establishment of efficient fire warning strategies
and even avoid the critical fire risk.
This review comprehensively identifies and discusses the feature of
the combustion reaction, passive flame retardant materials, traditional
active fire warning sensors, and next-generation smart fire warning
materials/sensors. The conceptual design, characterization and fabri
cation strategies of smart warning materials/sensors are systematically
introduced and associated with the performance, applications and
working mechanisms of different fire warning systems. Finally, some
key challenges, future perspectives and opportunities for smart fire
warning materials/sensors are highlighted and proposed.
5
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Fig. 4. General fire safety strategies of flame-retardant materials (passive fire mitigation) and fire alarm detector (active fire mitigation) and the next-generation
smart fire-warning sensors combing the active fire warning response and passive flame retardance.

2. Fire-warning sensors

some building or forest scenarios, these smoke alarm detectors are not
efficient in providing with a timely and reliable alarm response to a
critical fire risk. In other words, these detectors are commonly used
indoors with closed surroundings thus are less effective for monitoring
the high fire risk outdoor, especially for complicated environmental
conditions (e.g., heavy rain and corrosion environments in the coastal
cities).
Another critical aspect of a fire alarm system is its response time for
unexpected fire accidents. Due to the longer response time, smoke
alarms and heat detectors are considered ineffective in monitoring
outdoor fire risk. Studies of the response of smoke alarms and heat de
tectors to fire-driven flows under unconfined ceilings have been con
ducted since the early 1970 s [114]. The response times of commercially
available laser and smoke detectors and photoelectric detectors in
side-by-side fire tests conducted in a UL 268-type fire room showed a
relatively long response time of > 100 s, especially for a smouldering
smoke [115]. In 2017, the “Which?” investigation collected 15 com
mercial smoke alarms for four types of fire tests (smouldering wood,
solvent, plastic and cotton fires), and the results showed that the
response time values in the wood fire for all smoke alarms are more than
300 s [116]. As well known for most flammable materials a much rapid,
flame spread is usually seen once being ignited, for instance, > 8 m in
only ~80 s in a large-scale warehouse fire test, which can potentially
cause fatal burns within only 15 s [17], especially in oxygen-rich sur
roundings [117].
Based on the above analysis and discussion, although these widely
used fire alarm sensors are proven to be effective in monitoring the in
door critical fire risk, there are still associated with disadvantages and
shortages, such as extended fire alarm response time, no fire warning
response before combustion, no flame-retardant function and not
applicable use in complicated outdoor environments (Fig. 5). Therefore,
it is crucial to design and develop new and complementary smart firewarning materials and sensors with rapid flame detection, sensitive
fire warning response, and good outdoor reliability in fire safety science.

2.1. Traditional fire alarm sensors
To effectively monitor the high fire risk of combustible materials,
there are a wide variety of generalizable detecting methods and some
fire alarm sensors used in our daily life, based on different detecting
target signals, e.g., smoke, heat, gas, light, etc. [69,100–106]. Typically,
artificial ground patrol, unmanned aerial vehicle cruise monitoring,
observation by watchtower or satellite inspection have been widely
applied in building, forest and Wildland-Urban Interface zone [106,
107]. In addition, the thermocouple is one of the most frequently-used
temperature sensors (heat detectors), and it can release an alarm once
detecting an abnormally high temperature beyond the environmental
temperature [102]. While it still faced some problems. The radiation
error usually induces an unauthentic reading in a fire environment
[108–110]. The lack of popularity of high-end systems and the inaccu
racy of temperature measurement restrict fire monitoring and preven
tion. Apart from the challenges of precisely placing sensors in the
desirable sites, the ideal thermal sensors should be held at a dormant
state with features of limited or no power consumption to extend its
service life yet activated once the fire appears. Further, light detection
and ranging systems that detects the ultraviolet and infrared light
emitted by the flame or measure laser rays reflected from the smoke
particles which is used to monitor the high fire risk [106,111]; while it is
not easy to distinguish the flame radiation from the environmental ra
diation without using the invisible light band. Moreover, a gas fire alarm
detector is often used in the loading, unloading and storage places of
many dangerous gases [100,112,113], which can provide a timely
response for gas leakage before a fire accident.
Besides the above-mentioned detectors, the smoke alarm detector is
one of the most representative and effective fire alarm sensors, which
has been widely utilized indoors for fire monitoring and prevention. The
smoke alarm is usually installed on the ceiling to detect the smoke
generated in a confined room. It can only be activated at a specific
smoke concentration produced by flaming combustion of combustible
materials. There are still some limitations to fire safety and prevention of
the smoke detector. Many smoke detectors were installed indoors in
buildings and industrial fields, and they indeed play a crucial role in
monitoring the high fire risk. Unfortunately, for the outdoor fire risk in

2.2. Next-generation smart fire-warning materials and sensors
Based on the flammability feature of most combustible materials, the
next-generation smart fire-warning sensors should overcome the above
shortage of these traditional fire alarm systems and must comply with
6
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Fig. 5. Typical convention fire detection and monitoring systems (smoke alarm and heat detectors) and their limitations, and the emerging flame detecting and early
warning systems: (i) temperature-triggered sensitive resistance transition, (ii) thermally activated electric conversion/phase change and (iii) temperature-induced
colour change and signal transmission.

the following criteria [75]: (i) offer a rapid flame detection response and
even can release an early warning signal below the ignition temperature
of most combustible materials, (ii) be able to keep structural stability
during a flame attack and thus provide reliably real-time fire warning
signals, (iii) work efficiently under complicated outdoor environments
(e.g. corrosive and rainy environment and large mechanical deforma
tion), and (iv) be suitable for large scale production and can be easily
manipulated. During the past several years, various novel fire warning
materials and sensors were designed and constructed to meet the above
criteria. Fig. 5 presents the emerging flame detection/early warning
systems with different features and signal modes briefly introduced
below.

ceiling or wall), such resistance-type fire warning materials can be
prepared in different material types, such as composite nano-coating,
polymer sponge or free-standing papers with multiple functionalities
(e.g., surface super-hydrophobicity and excellent flame resistance)
[118], which make them have good designability and environmental
reliability. While the heat detectors that are usually composed of
metal-based materials show poor environmental reliability, especially
under corrosion environments. Furthermore, resistance transition
monitoring can directly reflect the accurate temperature of the burning
zone of combustible materials in a fire accident, which overcome the
unauthentic reading of heat detectors in a fire environment due to the
radiation error. The details of resistance transition monitoring sensors
will be introduced in Section 4.1.

2.2.1. Resistance transition monitoring
Among the emerging flame detection/early warning systems, the
efficient fire flame detection and early warning signal can be activated
by monitoring the temperature-induced resistance transition, the most
investigated fire warning system. Usually, an alarm lamp and a lowvoltage electrical source are directly connected with fire warning ma
terials to construct a device that can be used as sensitive flame detection
and early warning sensor [73]. It should be noted that such fire warning
materials are usually electrical insulating and flame retardant in a
normal state. Once encountering an abnormal temperature (e.g., flame,
cigarette, glow wire, etc.), the electrical resistance of the fire warning
materials shows dramatic change and even can generate a sensitive
transition of electrical resistance from the electrically insulating state
into a highly conductive state. As a result, the current flow goes through
the electrically conductive network to trigger a rapid-fire alarm signal or
ideal fire early warning response below the ignition temperature of the
combustible materials. Notably, different from existing heat detectors
with signal fire alarm function and specific installation location (e.g.,

2.2.2. Thermoelectric response
Thermoelectric material (TE) is another promising material for
constructing novel and smart fire warning materials and sensors. When
temperature change, the carriers in the TE would migrate along tem
perature gradients and generate the electrical signal, similar to nerve
impulses [119,120]. Therefore, the conductive network constructed by
TE in the sensor is expected to play a similar role to temperature sensory
nerves and thus endow it with sensitive thermo sensation [91]. Besides,
TE-based fire warning sensors generate electrical signal by converting
heat energy into electrical energy once encountering the abnormal
temperature [92]. Further, the thermal response of the TE-based sensor
is self-powered and repeatable, which is expected to overcome the de
fects of resistance-type fire warning materials and sensors and realize
sensitive and repeatable temperature sensing and efficient fire warning
response.
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2.2.3. Shape change/Phase change
Compared with resistance-responsive and thermoelectric materials,
phase/shape change materials are also used to construct fire warning
alarm systems. Considering the temperature change when igniting the
combustible materials [121], phase change materials (PCMs) can be
employed for designing high-temperature warning sensors. Specifically,
once the environmental temperature is above the phase changing point,
the mechanical state of the PCMs will transfer and thus lead to the
material switching from a soft gel state to a rigid solid state [122]. The
phase change triggered by environmental temperature can be used to set
up a temperature-controlled sensor system via the circuit composed of
face-to-face assembled micro-structured phase change gels with an
alarm lamp and power source. When the alarm device receives thermal
radiation, the gel begins to soften and contact area gradually increases,
and thus trigger the danger alarm signal [95]. Similarly, for shape
change material, especially for shape memory polymer, its
thermally-induced shape change mechanism is similar to that of the
PCMs [123]. Unlike PCMs which cannot recover its original shape when
environmental temperature backs to room temperature, the shape
memory polymer can be programmed to fix a temporary shape and
actively recover to its initial shape under external stimulation (usually
heating). Thus, when applied in fire alarm application, it can play the
role of fuse to trigger alarm signal [124]. The transition temperature can
be controlled by adjusting the crosslinking network, and the corre
sponding alarm line can therefore be precisely regulated. More impor
tantly, a reusable high-temperature alarm sensor can be achieved [97].

smoke pixels. Thereafter, the system releases the alarms until the fire
produce smoke, which cannot prevent the potential unburned fire
disaster for no effective pixels extracted in precombustion.
Phthalocyanines-precursor molecular sensor (PMS) was developed to
obtain precise fire detection in precombustion. These systems consist of
phthalonitriles, developed to produce noticeable colour conversion from
white to green below the ignition temperature of most combustible
materials, hence constructing a fire early warning component (EWC)
based on the PMS [98]. According to the real-time video fire detection
technology and the intelligent image recognition algorithm, the EWC
achieved a fire early warning function, released alarm signals, and
detected the open fire within several seconds. Combined the effective
signal transmission, the PMS system is promising for providing a reliable
real-time way to the early fire warning detection in pre-combustion and
post-combustion in public places (historical museums, high-rise build
ings, malls, aircraft, etc.) or complex industrial environments (power
station, nuclear power station, chemical plant, etc.).
Since the report of the fire warning sensor based on the silicone/GO
coating with passive flame resistance and active fire warning response
[73], considerable work has been done to develop novel and smart fire
warning materials (as introduced above). Especially, smart fire warning
materials with passive flame resistance and sensitive fire warning
response have attracted more and more interest. Fig. 6 represents the
road-map illustration of traditional fire detection, smart fire warning
materials, and sensors over several years [23,73–78,80–91,93,96,98,99,
118,124–155]. The materials, processing approach and flame respon
sive time were briefly summarized in Table 2, which will be discussed
later. Various nanomaterials, functional polymers and their composites
have been developed to construct the innovative sensor materials for fire
safety and prevention applications. It should be noted that these novel
smart fire warning sensors usually release much more rapid-fire warning
response time than those of traditional smoke and heat detectors
(Table 2), which is crucial for fire safety applications. A detailed

2.2.4. Color change observation
With the continuous developments in digital camera technology,
real-time video fire detection is highly accurate and rapid in detecting
fire disasters, therefore showing the potential to replace the traditional
fire alarm techniques [99,103]. Typically, the basic idea of video fire
detection is to design the recognition system by extracting fire pixels and

Fig. 6. Road-map illustration of traditional fire detection, smart fire warning materials and sensors based on various material systems [23,73–78,80–91,93,96,98,99,
118,124–126,128–150].
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Table 2
Comparison of material information and fire alarm response of various material systems.
Composition of fire warning
materials

Fabrication method

Fire warning time
and temperature

Flame detection
response time
(s)

Cyclic fire
warning

Flame resistance and other functionality

Ref

GO/silicone coating

Dip coating in alcohol and water

<3

No

Excellent flame resistance (UL94-V0)
and outdoor stability (WCA of ~156o)

[73]

HN/GF-PGO paper

Drop-casting with water

3 s at 400 oC
38 s at 300 oC
87 s at 250 oC
415 s at 200 oC
180 s at 150 oC

2

No

[80]

Silane-GO paper

Silane assisted assembly in water

–

~1.6

No

GO/FC coated PP

Dip coating in water

–

3.2

No

GOWR coated MF sponge

Dip coating in water

2.1

No

APP/GO/TFTS coated PU
foam

Dip coating in water

~2

No

MPTS-GO paper

EISA with water

~1

No

Flame retardancy, mechanical
flexibility, and water repellency (WCA of
~95.3o)

[85]

GO-PTA paper

EISA with water

2.9 s at 450 oC
5.7 s at 400 oC
33.5 s at 300 oC
3.5 s at 400 oC
11.2 s at 300 oC
43.1 s at 250 oC
115.2 s at 200 oC
8 s at 400 oC
35 s at 300 oC
86 s at 250 oC
232 s at 200 oC
–

Flame retardancy and mechanical
flexibility
Flame retardancy, acid and alkali
resistance, and high-temperature
stability
Flame retardancy and self-healing
capacity
Flame retardancy, mechanical
compressibility, and water repellency
(WCA of ~142o)
Flame retardancy, mechanical
flexibility, and super-hydrophobicity
(WCA of ~158.4o)

~0.5

No

[84]

GO-PA paper

EISA with water

–

~0.5

No

RGOP-NaCl strip

EISA with water

–

~5.3

No

27 s at 300 C
45 s at 200 oC
60 s at 160 oC
–

~3

No

Mechanical flexibility and flame
retardancy
Mechanical flexibility and flame
retardancy
Mechanical flexibility and flame
retardancy
Self-powered monitoring and wireless
system

~1

No

7 s at 300 oC
32 s at 200 oC
175 s at 150 oC
–

~1

No

2.6

No

11 s at 400 oC
79 s at 300 oC
160 s at 250 oC
450 s at 200 oC
2.6 s at 500 oC
5.7 s at 400 oC
33.5 s at 300 oC
64.4 s at 250 oC
334.2 s at 200 oC
2.4 s at 500 oC
5.1 s at 400 oC
24.0 s at 300 oC
60.3 s at 250 oC
264.4 s at 200 oC
3.5 s at 500 oC
8.7 s at 400 oC
39.0 s at 300 oC
69.1 s at 250 oC
345.0 s at 200 oC
–

~2

No

~2.1

PGO/HAP@S-TENG

Drop-casting with water

PDDA-GO/ND paper
MPMS/LAA/GO paper

Vacuum-assisted self-assembly in
water
EISA with water

CNF-GO/APP aerogel

Freeze-drying with water

GONR/MMT/PEG paper

Dip coating in water

GOWR coated MF sponge

Dip coating in water

GONR coated MF sponge

Dip coating in water

GO coated MF sponge

Dip coating in water

Phosphorylated GO/BNNS
film
GOWR/silane hybrid
coated MF sponge

Vacuum-assisted self-assembly in
water
Dip coating in water and THF

GO/PDMAEMA/BN coated CF

Dip coating in water and UV
irradiation

GO/BP-NH2 film
GO/BP-MoS2 film

Vacuum filtration in ethanol and
water
Vacuum filtration in water

GO-BA paper
CNF-MMT-GO aerogel

EISA with water
Vacuum freeze-drying with water

o

[125]
[76]
[75]
[78]

[126]
[127]
[128]

Flame retardancy and mechanical
flexibility
Flame retardancy, mechanical
flexibility, and resistance to acid and
alkali
Flame retardancy and compressive
flexibility
Flame retardancy and compressive
flexibility

[81]

No

Flame retardancy, compressive
flexibility, and water repellency (WCA of
~130o)

[89]

~2.1

No

Flame retardancy, compressive
flexibility, and water repellency (WCA of
~130o)

~2.4

No

Flame retardancy, compressive
flexibility, and water repellency (WCA of
~130o)

<2

No

Flame retardancy

[131]

[86]
[129]
[130]

5 s at 400 oC
39 s at 300 oC
158 s at 250 oC
658 s at 200 oC
15 s at 219 oC

~3

No

Flame retardancy, mechanical stability,
weather-resistance, and superhydrophobicity (WCA of ~152.4o)

[88]

<3

No

[132]

–

<1

No

44 s at 300 oC
130 s at 150 oC
–
–

~1

No

0.8
6.2

No
No

Washable, bending-resistant, abrasionresistant, flame retardancy (LOI of ~
26.1%), and weather-resistance
Mechanical flexibility and flame
retardancy
Mechanical flexibility and flame
retardancy
Mechanically flexible
Pressure-proof and thermal insulation

[77]

[82]
[133]

(continued on next page)
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Table 2 (continued )
Composition of fire warning
materials

Fabrication method

Fire warning time
and temperature

Flame detection
response time
(s)

Cyclic fire
warning

Flame resistance and other functionality

Ref

PA@MXene/GO paper

Dip coating in water

GO/DCNT composite film

GO/TA/P-CNFs paper

Vacuum-assisted self-assembly in
water
Rod coating, spray coating and
brush-coating with water
EISA with water

2 s at 250 oC
~20 s at 200 oC
~100 s at 150 oC
–

–

No

Flame retardancy

[83]

1

No

Flame retardancy

[134]

–

<8

No

Flame retardancy (LOI of ~58.0%)

[135]

3 s at 350 oC
10 s at 300 oC
27 s at 250 oC
45 s at 200 oC
180 s at 150 oC
1 s at 350 oC
3 s at 300 oC
18 s at 250 oC
58 s at 200 oC
154 s at 150 oC
–
–

<1

No

Flame retardancy and mechanically
robust

[136]

GO/HCPA paper

EISA with water

0.6

No

Mechanical flexibility and hightemperature resistance

[135]

SA-HAP-GO aerogel
SF/Ca2+ i-skin

Freeze-drying with SA solution
Dialysis and film casting with
formic acid solution

< 1.5
< 50

<1
No

[155]
[137]

Electro-blown spinning with FA/
Ca2+ solvent
EISA with water

–

<2

No

–

~1

No

–

~2

Yes

18 s at 400 oC

~5

No

MWCNT nanofluid
fabric
CCS/MMT/A-CNT aerogel

Electrospun and vacuum drying
with acetone and DMAC
Layer-by-layer in ethanol and
acetic acid
Spray-coating with ethanol

–

21

No

Flame retardancy and thermal insulation
Stretchability, sustainability, selfhealing, and flame retardancy (LOI of ~
43%)
Stretchability, sustainability,
mechanically robust, and self-adhesive
Water-resistance (Surface WCA of
~92o), flexibility, and flame retardancy
Flame retardancy, mechanical flexibility
and water repellency (WCA of ~130o)
Flame retardancy and mechanical
flexibility
Mechanical flexibility

SF/graphene
nanoionotronic skin
SPI/MSF-g-COOH/CA/GN
film
PPI based carbon nanofibers

Freeze-drying with water

–

~0.25

No

[141]

FGO/CNTs coated PU sponge

Layer-by-layer in water

–

~1

No

CB@KF/CNT/PVA coated CF

Dip coating in water and HCl
solution
Tri-axial electrospinning system
EISA with isopropanol and water

8 s at 350 oC

4

No

Flame retardancy (LOI of ~29.5%),
mechanical resilience, and anti-fatigue
Piezoresistive, flame retardancy (LOI of
~29.2%)
Flame retardancy (LOI of ~25%)

–
–

~5
~1.8

No
Yes

Unidirectional freeze
casting and freeze-drying with
water
Dip coating in water

–

~1

No

–

<5

Yes

SnO2 @ZnO nanofiber

Impregnation-calcination with
water

–

No

Ag sheets/Fe3O4 NWs coated
fabric

Radiation-induced polymerization
and in suit coprecipitation in
ammonia solution
Dip coating in ethanol and water

60 s at 200 oC
90 s at 170 oC
120 s at 150 oC
180 s at 130 oC
240 s at 110 oC
–

~2

Yes

<3

No

0.83

No

~5

No

Mechanical flexibility

[149]

0.4

Yes

[150]

1.6 s at 400 C
11.6 s at 300 oC
43.5 s at 200 oC
6 s at 200 oC

5.8

No

Flame resistance and mechanical
flexibility
Mechanical flexibility and flame
retardancy

~5

No

Self-healing and mechanical flexibility

[23]

–

~4

No

Flame resistance and mechanical
flexibility

[96]

FRPU@GO/CNTs@BN foam

FGO/CNTs coated WPP

PAN/CNTs/APP fiber filters
Silane-f-MXene/PVP coating
PLCNF/gelatin/MXene
aerogel
PI@MXene aerogel

AgNW/FPVB-GO/FC-AgNW/
PVB sandwich-like
nanocoating

Spray-coating with n-butyl alcohol
and water

H-TEMs/SR-L-TEMs/SR-silver
powders/SR triple-layered
actuator
CS-NaCl film

Tape casting

< 3 s at > 400 oC
> 40 s at
< 300 oC
5.1 s at 600 oC
30.5 s at 500 oC
47.8 s at 400 oC
65.0 s at 300 oC
–

Solvent evaporation

< 1.0 s at 150 oC

PANI/Ag/AEGDP/PFOTS
fabric

Graphene/NC composite

Drop-casting with n-butyl acetate

PEPN/DMT/ethylene glycol
copolyester
SMPU/MXene paper

One-pot melt polycondensation
Vacuum filtration with water
solution

o

[138]
[139]
[153]
[74]
[140]

[90]
[142]

Flame retardancy
Super-hydrophobicity (Surface WCA of
~152o), flame retardancy, reusability
and weather-resistance
Flame retardancy (LOI of ~ 32%)

[154]
[118]

Mechanically robustness, flame
retardancy (LOI of ~47.5%), and
thermal insulation
Reproducibility and long-term stability

[144]

Sustained working time
(>15 min), durability, mechanical
flexibility and robustness
Super-hydrophobicity (WCA of ~158o),
and flexibility under anti-extreme
conditions
Flame retardancy, self-cleaning, and
super-hydrophobicity (WCA of ~152o)

[143]

[145]

[146]
[147]
[148]

[152]

(continued on next page)
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Table 2 (continued )
Composition of fire warning
materials

Fabrication method

Fire warning time
and temperature

Flame detection
response time
(s)

Cyclic fire
warning

Flame resistance and other functionality

Ref

LM/PDMS coated PU foam

Ultrasonic, oxygen plasma and
heating treatments

n- and p-type thermoelectric
paper chip
MXene/CCS coated fabric

Print and encapsulated by scotch
tapes
Layer-by-layer in water solution

~0.8 s at 90 oC
~1.5 s at 80 oC
~220 s at 50 oC
–

–

No

Shape recovery and mechanical
flexibility

[124]

~8

No

Self-powered

[93]

–

~3.8

Yes

[87]

1.8 s at 350 oC
2.7 s at 200oC
7.4 s at 100 oC
20 s at 275 oC
110 s at 250 oC
200 s at 225 oC
380 s at 200 oC
A few seconds
32 s at 55oC

2.0 ± 0.3

Yes

Flame retardancy (LOI of ~45.5%) and
weather-resistance
Flame retardancy (LOI of ~32.2%)

Ag2Se/AgNW/PVB- MMT/
CCS nanocoating

Spray-coating with acetic acid
solution

Phthalocyanines-PMS

Spray-coating with acrylic latex

<3

No

–

[98]

Thermochromic PMFs
LM/PBSE

Solvent evaporation
Polymerization dispersion, and
cross-link

–
–

Yes
No

–
Thermal conductive, remarkable antiimpact, stretchable

[99]
[151]

[91]

Notes: GO: graphene oxide; HN: hydroxyapatite nanowire; GF: glass fiber; PGO: polydopamine-modified graphene oxide; FC: functional cellulose; PP: polypropylene;
MF: melamine-formaldehyde; GOWR: graphene oxide wide-ribbon; APP: ammonium polyphosphate; TFTS: tetrahydroperfluorodecyltrimethoxy silane; PU: poly
urethane; MPTS: 3-mercaptopropyltrimethoxysilane; PTA: phytic acid; PA: phosphoric acid; RGOP: reduced graphene oxide paper; HAP: hydroxyapatite; S-TENG:
spherical free-standing mode triboelectric nanogenerator; PDDA: poly (diallyldimethylammonium chloride); ND: nanodiamond; MPMS: 3-methacryloxypropyltrime
thoxysilane; LAA: L-ascorbic acid; CNF: cellulose nanofiber; GONR: graphene oxide nano-ribbon; MMT: montmorillonite; PEG: polyethylene glycol; BNNS: boron
nitride nanosheets; PDMAEMA: polydimethylaminoethyl methacrylate; BN: boron nitride; CF: cotton fabric; BP: black phosphorene; BA: boric acid; PA: phosphoric
acid; DCNT: dopamine-modified carboxylic multi-walled carbon nanotubes; FRPU: flame retardant polyurethane foam; CNT: carbon nanotube; TA: tannic acid; PCNFs: phosphorylated-cellulose nanofibrils; HCPA: Multi-amino modified hexachlorophosphazene; SA: sodium alginate; SF: silk fibroin; i-skin: ionotronic skin; SPI: soy
protein isolate; MSF-g-COOH: sisal cellulose microcrystals; CA: citric acid; GN: graphene nanosheets; PPI: phosphating treated and polyaniline modified lignin; FGO:
phenoxycyclophosphazene-functionalized graphene oxide; WPP: wood pulp paper; MWCNT: multiwall carbon nanotube; CCS: carboxymethyl chitosan; A-CNT: aminofunctionalized carbon nanotube; CB@KF: core-shell structured carbon black; PVA: poly (vinyl alcohol); PAN: polyacrylonitrile; PVP: polyvinyl pyrrolidone; PLCNF:
phosphated lignocellulose nanofibrils; PI: polyimide; NW: nanowire; PANI: polyaniline; AEGDP: ammonium salt of ethylene glycol diphosphoric acid; PFOTS:
1 H,1 H,2 H,2 H-perfluorooctyl trichlorosilane; AgNW: silver nanowire; FPVB: fluoride polyvinyl butyral; PVB: polyvinyl butyral; H-TEMs: high temperature
expandable microspheres; SR: silicone rubber; L-TEMs: low temperature expandable microspheres; CS: chitosan; NC: nitrocellulose; PEPN: a monomer simultaneously
equipped with phenylimide and phenylacetylene; DMT: dimethyl terephthalate; SMPU: shape memory thermoplastic polyurethane; LM: liquid metal; PDMS: poly
dimethylsiloxane; PMS: precursor molecular sensor; PMFs: POSS-Metal Films; LM/PBSE: liquid metal microdroplets/polyborosiloxane elastomer; EISA: evaporationinduced self-assembly; THF: tetrahydrofuran; UV: ultraviolet; FA: formic acid; DMAC: N, N-dimethylacetamide; WCA: water contact angle; LOI: limiting oxygen index.

discussion on smart fire warning materials and sensors, especially on
their design, fabrication, performance, and applications, has been pre
sented in the following section.

be grafted by organic molecules such as (3-aminopropyl) triethoxysilane
[140], carboxymethyl chitosan (CCS) [141], chitosan (CS) [74,90] and
dopamine [134] to obtain the initial insulating state. When encoun
tering a flame or high temperature, these modified molecules would
undergo thermal degradation and generate sensitive resistance, thus
constructing fire warning sensors. In some studies, GO sheets were
combined with modified CNTs to generate an additional conductive
network and strong structural stability through thermal reduction,
which contribute to faster fire detection/warning response time and
more durable fire detection/warning behaviour [74,90,134]. Further,
the research on the preparation of smart fire warning materials based on
the resistance transition of MXene was recently developed [118]. Such
novel MXene-based materials possess the capability of fire warning via
detecting the resistance transition from a conductive state to an insu
lating one owing to the thermal oxidation of the MXene sheets during
burning, which is different from the above GO or CNT-based fire
warning materials. On the other hand, it is observed the thermally
oxidized MXene network showed a cyclic resistance change, thus
obtaining a reusable fire warning (iii in Fig. 7a).
Besides the above resistance-type smart fire warning materials, other
strategies were also developed for the novel fire warning systems, as
mentioned in Section 2.2. High-temperature warning sensors rely on
thermally induced phase change or shape change as their structures are
sensitive to the high-temperature environment. Typically, the phase or
shape change materials can alter the crystallization structure and their
mechanical state or change their shape and size with the environmental
temperature. Consequently, the contact area of the two electrodes of the
phase-change electrically conductive materials gradually increases and
thus alters the current signal [95,97], thus triggering a sensitive
temperature-responsive fire warning signal (Fig. 7b). It should be noted

3. Design and fabrication of smart fire-warning materials and
sensors
3.1. Design and characterizations
3.1.1. Conceptual design
The conceptual design of the smart fire warning materials and sen
sors that combine passive and active fire mitigation strategies are
summarized and represented in Fig. 7. The smart fire warning systems
can be divided into different categories such as resistance-type, phase
change type, thermoelectric responsive materials, based on their
different working mechanisms.
Resistance-type smart fire warning sensors have been widely
explored during the past several years. The materials are based on the
temperature-responsive sensitive resistance transition of various nanofillers (e.g., GO, CNT, MXene) and biomass-based materials. Normally,
pristine GO networks are electrically insulating due to oxygencontaining functional groups in their structure [156–158]. However,
flame or high temperature may reduce oxygen groups on the insulating
GO network into electrically conductive rGO one [159–161]. The sen
sitive resistance transition generates the current flow throw the device
and thus activates a real-time timely alarm signal for monitoring the
critical fire risk (i in Fig. 7a).
Based on the above motivation, CNTs with a similar carbon structure
as graphene were also used to construct the fire warning materials and
sensor (ii in Fig. 7a). Typically, the electrically conductive CNTs should
11
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Fig. 7. Design and concept of smart fire warning sensors based on different material systems: (a) Resistance responsive sensor, (b) Phase change and (c) thermo
electric responsive sensor.
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that although the resistance signal was sometimes used to monitor the
fire risk for the above phase/shape change materials, the related
mechanisms of the above two systems are quite different from the above
resistance-type fire warning materials.
Further, thermoelectric materials (TEs) were recently used to pre
pare novel and smart fire warning sensors [93]. Typically, different
high-temperature values on one TE layer generate electrical signal from
the high temperature to low temperature owing to the effective con
verting of heat energy into electrical energy, producing the voltage
signal for fire warning (Fig. 7c). Moreover, the temperature-responsive
colour change of the polymer molecules combined with the video
fire-detection technique is also designed to construct a fire early warning
sensor [98], which will be introduced in Section 4.4.

to be met is usually satisfactory V-0 which means first-rank flame
retardancy to proceed with continuous flame detection response. The
combustion behaviour of smart fire warning materials was evaluated
employing a cone calorimetry test following ISO 5660–1 standard [165].
The heat release rate (HRR) is calculated by measuring the gas flow and
oxygen concentration. The value of the peak heat release rate (PHRR),
total heat released (THR), the time to ignition (TTI), time to flameout
(TOF), and effective heat of combustion (EHC) can also be obtained, and
the details were introduced in Ref. [66].
Furthermore, the limiting oxygen index (LOI) value can be examined
by ISO 4589–2 standard. The LOI value is typically defined as the
minimum volume fraction concentration of oxygen (vol%) required in a
flowing mixture of nitrogen-oxygen to either maintain the material
burning for 3 min or sample consumption with a length of 5 cm [166].
Higher LOI values indicate lower flammability and improved flame
retardance, and the contrary is handy to burn. Generally, it is deemed
that LOI value < 22% belongs to flammable material, LOI value between
22% and 27% regarded as combustible material, and LOI value > 27% is
classified as refractory material [167]. Moreover, the thermal stability of
polymeric composites has been evaluated by thermogravimetric analysis
(TGA). Typically, the specimen is raised from room temperature to the
set temperature under an inert gas or air atmosphere at a constant
heating rate, therefore, mass changes of the sample as a function of time
can be recorded. The first-order derivative of the TGA curve with respect
to temperature or time is the differential thermogravimetric (DTG)
curve that reveals the relationship between the rate of change in ma
terials mass loss and temperature or time [168,169]. As the temperature
of the experimental surroundings increases, the onset degradation

3.1.2. Characterizations
To characterize the performance of fire warning materials and sen
sors, the passive flame retardancy and active fire warning performance
as well as the environmental reliability, are the main parameters and
summarized in Fig. 8. The passive flame retardant characterizations
have been widely reported and should be first considered to ensure
active fire warning performance signal. Specifically, the UL-94 vertical
burning test is the most extensively used approach for preliminary
flammability evaluations since they are among the fastest and simplest
tests and require relatively small samples [162,163]. According to the
IEC 60695–11–10 standard, the burning rating was classified as V-0, V-1
or V-2 [9], according to the sum of self-extinguishing times after twice
flame tests, afterglow time, and the presence or absence of flaming
dripping particles [164]. As the smart fire warning materials, the rating

Fig. 8. Main parameters and characterization methods of next-generation smart fire warning materials and sensors.
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temperature (Tonset), T5% and T10% are defined as the temperatures
where the onset degradation, 5% mass loss, and 10% mass loss occur
individually, and Tmax corresponds to the peak value of the DTG curve.
Lastly, the residue weight can also be obtained when rising to a higher
temperature (500–800 ◦ C).
Except for passive flame retardant and thermal stability character
izations, the environmental reliability/stability is critical to be consid
ered. The reliability of flame resistance and fire warning response may
be influenced or altered in the harsh exterior surroundings such as acidic
or alkaline medium, exposure in corrosive outdoor environments, and
friction by external forces. Structure stability tests in which the spec
imen can be immersed into solutions of varying pH for one week are
usually carried out to observe whether the specimen remains structur
ally intact [73]. The superhydrophobic surface was usually created via
constructing hierarchical micro-/nano- rough structures and chemical
compounds with low surface-energy properties to broaden their appli
cations [170–172]. Normally, the superhydrophobic surfaces on which
the liquid droplets present contact angles (CAs) above 150◦ and slide
angles (SAs) less than 10◦ are characterized by measuring the water
contact angles (WCAs) [173].
Further, to ensure the adaptability of the fire warning materials in
complicated outdoor environments, a practical strategy is their direct
outdoor exposure for an extended period and subsequently to measure
the fire warning signal when it encounters a flame. Also, some simula
tion experiments were implemented, such as sprinkling water droplets
on the material surface to simulate a rainy day. Moreover, the smart fire
warning materials’ abrasion durability would also be considered. For
example, the abrasion test for the fabric can be conducted according to
the related standard (e.g., ISO 105-X12:2001). Typically, a friction head
with a diameter of ~16 mm was coated with pristine cotton fabric and
loaded with a force of 9 N [174]. It is possible to design various feasible
abrasion tests for different material systems. For the soft substrate,
sandpaper abrasion tests could be designed. The abrasion was investi
gated by placing sandpaper in contact with steel carrying a specific
weight and moving for a distance along the ruler [172]. Through several
abrasion cycles, the fire warning performance of the samples is
evaluated.
Besides the passive flame retardancy and environmental reliability/
stability of the next-generation fire warning sensors, their active fire
warning properties are crucial; however, their characterizations are still
not well established. According to the primary condition of a smart
sensor, the active fire early-warning parameters should include the
flame detection response time, sensitivity, fire warning response tem
perature/time, fire warning reliability and reusability [118]. First, the
most ordinary parameter is a response time to flame or high temperature
that can release a sensitive fire warning signal. For the fire warning
materials, a digital multimeter in the circuit was usually used to monitor
the generation of sensitive electrical resistance, current or voltage
transition, thus achieving the response behaviour when material en
counters a flame or high temperature.
For the GO-based resistance-type warning sensor, the alarm response
time is usually defined as the time that about four orders of magnitude
decrease in electrical resistance to trigger the alarm light [73]. Although
the specific order of magnitude depends on the applied voltage and
initial electrical resistance. In addition, for other types of fire warning
sensors, the time taken when the circuit current is more significant than
0.1 mA or 20 mA has been used to define the alarm response time [146].
Since a voltage signal would be generated when the temperature
gradient forms on thermoelectric responsive material, the voltage
transition (e.g., >1 mV) was also detected when the thermoelectric
responsive material is used as smart fire warning sensor [91]. Moreover,
based on the above flame detection, the sensitivity of the fire warning
sensor can also be obtained by measuring the resistance or voltage/
current ratio before and after the flame attack or high-temperature
process.
Moreover, the fire warning responsive temperature and the response

time are two critical parameters. They can provide sufficient and reliable
alarm signals for people to deal with the critical fire risk in precombustion. The resistance change at different temperatures was
measured for the resistance-type fire warning materials to obtain the
lowest temperatures limit for activating fire warning signals [75].
Moreover, such a fire warning signal can also be activated by directly
observing the on-off state of the alarm light [97]. For the phase-change
or thermoelectric responsive materials, the signal of the voltage/current
change at different temperatures may be conducted to these two key
parameters, although they have been discussed at present.
Additionally, the reusability and reliability of the above fire warning
performance are also important. So far, there are only a few types of
smart fire warning sensors with cyclic fire warning functions [118]. Like
the typical smoke sensors, the reusability of smart cyclic fire-warning
sensors can be tested by directly observing the alarm lamp and moni
toring the resistance/current/voltage change under the cyclic flame
attack. Finally, the reliability of fire warning parameters after long-term
exposure in complicated outdoor environments should be conducted.
The warning signal capture via remote signal transmission is also crucial
for their potential application in large-scale fire scene.
3.2. Fabrication approaches of smart fire-warning materials
To date, smart fire warning materials have various forms of existence
e.g., multifunctional coating [73,74,130,135,140,148], film or paper
[77,80,85,125], aerogel [133,141], and smart fabric [138,147,175], as
shown in Fig. 9. Such sensor materials meet the practical needs of
various scenes and extend their application fields. Therefore, these
diverse materials can be fabricated via various fabrication strategies.
Other methods, e.g., dip-coating, LBL assembly and spray approaches,
are also adopted for constructing fire warning coatings on various sub
strates to simultaneously achieve the passive flame resistance and active
fire warning signal. Detailed discussion on the fabrication methods of
fire-warning materials has shown in the following sections.
3.2.1. Dip-coating
Dip-coating is a facile and straightforward method to construct thin
layers from a solution due to its low-cost and waste-free feature [176,
177]. Thus, it is becoming more and more popular in both research
laboratories and industrial production [178–180]. Typically, the for
mation of multifunctional coatings with micro-/nano- thickness on
various substrates can be realized with this simple dip-coating tech
nique. This method is one of the most used strategies to prepare
flame-retardant foam materials with fire alarm function [73,76,78,88,
130,147]. On the one hand, this method is feasible and cheap compared
with conventional adding flame-retardant strategies. The coating con
tent can be controlled by adjusting the starting compounds and dipping
times. On the other hand, the multifunctional coatings can simulta
neously provide excellent flame retardancy and an ideal fire alarm
response. Although the dip-coating method allows for achieving multi
functional coating with tunable thickness, such a process is still tedious
as the coating content is strongly dependent on the dipping times or the
filler concentration in the starting materials [180]. In addition, this
method is only applied to the substrates with a relatively high specific
surface area (e.g., open-cell polymer foam and cotton fabric). Suitable
solvent dispersibility and a robust substrate-coating interface are also
essential factors.
3.2.2. Casting
Casting strategy is also promising to fabricate fire warning materials
with unique architecture or ideal alarm signal. Most key materials, such
as GO derivatives, CNTs, MXene and other nano-materials, cannot be
directly applied as fire alarm material due to their inherent structural
features. Thus, in practical application, it is generally needed to combine
other materials with flame retardancy, mechanically robust and hightemperature resistance as desirable substrates to withstand the
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Fig. 9. Material type and fabricating strategies of flame retardant and smart fire warning materials.

complex environments or meet the needs of various application scenes.
Several materials such as glass fibre (GF), hydroxyapatite nanowires
(HNs), polydimethylsiloxane (PDMS), and GO are promising in devel
oping fire alarm wallpaper materials [80]. However, the fabrication
process is complicated and requires casting. Besides, outdoor fire alarm
sensors e.g., forest wildfire alarm, require an additional self-powered
system and a casting strategy is usually needed [128]. Although this
method involves a series of complicated steps, its flexible and adjustable
fabricate strategy can meet the diverse design of complicated fire
warning sensors.

freeze-drying, to fabricate aerogel materials [188,189]. The former is
not extensively used due to the high cost of the equipment and the
complex fabrication steps. At the same time, the latter is feasible and
often combined with ice templating. The geometric microstructure of
aerogel can be optimized by controlling the growth of ice crystals, e.g.,
vertical, transition, and gradient regions [190]. Generally, the main
components of aerogel networks are one-dimensional (1D)/
two-dimensional (2D) micro-/nano- materials. However, it requires
aerogel materials to possess good mechanical resilience. Additional
functional nano-materials or molecules are thus usually introduced to
construct hybrid networks via interface interactions, e.g., H-bond and
chemical bond involves polymerization process [144,187]. In a word,
the freeze-drying method is an effective strategy to obtain ultra-light 3D
aerogel materials with fire alarm function. It also provides the possibility
of controlling the structure and morphology of materials. Meanwhile, it
is worth mentioning that it is significantly challenging to conduct
large-scale preparation.

3.2.3. Spray
Compared with small-size fire warning materials or substrates, e.g.,
paper/film and foam materials, the fire warning materials with large
production are very important for their potential application. A rational
approach is required to construct multifunctional coatings onto those
large-scale substrates. Notably, the spray technology is generally uti
lized due to the low cost, rapid and scalable production of coatings [181,
182]. As mentioned before, the dip-coating method is generally used to
fabricate uniform coatings, and the coating content also can be
controlled by adjusting dipping times. This method is not suitable for
large substrates or non-porous materials such as wooden furniture,
walls, and metal. However, functional coatings can be orderly con
structed onto substrates surface via the spray approach [118,132,148].
More importantly, the assembling sequences of various layers can be
randomly adjusted, and their relative content can also be precisely
tuned. This method exhibits some advantages in preparing large-scale
coatings, while some limitations should be noted. In practical opera
tion, the aqueous spray solutions are low viscous so that the solutions
can transfer into the spray from liquids and further uniformly cover onto
substrates surface [183]. However, the nano-material solutions with
high viscosity, such as polymer solutions that display limited dispersity
in aqueous, may require ample organic solvents to disperse.

3.2.5. Layer-by-Layer (LBL) assembly
The LBL assembly is another straightforward approach to construct
flame-retardant coatings with multiple functionalities [18,59,191–196].
Substrates are alternately dipped into two oppositely charged solutions
during the LBL assembly process, unlike the dip-coating and spray
methods. As a result, two single layers interact electrostatically and form
a so-called bilayer [195]. Likewise, the content or thickness of the
coating can be controlled by changing the number of repetition times.
Generally, the 2D lamellar nanomaterials such as GO, clay and MXene
exhibit better flame retardancy as their lamellar structure act as a
physical barrier to restrict external oxygen and heat attack [197,198].
Notably, GO has been used to fabricate the flame-retardant coatings, and
the additional flame retardant materials are strongly needed to improve
the thermal stability and flame resistance. Considerable progress has
been made to construct the flame retardant coating using the LBL as
sembly method however it still shows some disadvantages. For example,
to obtain ideal flame retardancy, tedious and repeatable dipping oper
ations are usually required, and sometimes the LBL times are > 20 [74],
which is time-consuming for real practical use. Moreover, in practical
applications, flame retardant coatings may inevitably undergo external
forces, thus, the structural stability of flame retardant networks is
necessary [59]. However, the electrostatic interaction between two
layers with oppositely charged may be insufficient, especially under

3.2.4. Freeze-drying
For the types of papers, films, coatings, and smart fabric materials,
usually cannot provide thermal isolation. Still, the three-dimensional
(3D) aerogel materials with porous micro/nanostructures can make up
for it. The fabrication process of aerogel materials involves forming
porous networks and removing solvents (usually water) [184–187]. So
far, there are two main methods, i.e., supercritical drying and
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complicated outdoor environments, which could induce the layer to peel
off from the substrates. Therefore, the coating/substrate interfacial
adhesion should be considered and evaluated.

[136,200]. Besides, silane assisted assembly also can make for paper
materials with enhanced cross-linking networks via condensation reac
tion [85,125]. Moreover, the electro-blow spinning technique allows the
formation of skin-like materials with large size and precisely controlled
nano-/micro- structure materials [138].

3.2.6. Other methods
Apart from the above commonly used methods, a few other strategies
were also adopted for the fabrication of fire alarm sensor materials, such
as the deposition procedure, vacuum filtration, evaporation-induced
self-assembly (EISA) electro-blow spinning, and so forth. For example,
a deposition procedure could be employed to obtain the polymer coating
with controlled thickness [199]. Although even coatings can be ach
ieved, this procedure is too time-consuming. Adopting vacuum filtration
and EISA methods for paper or film materials is beneficial for obtaining
composite papers or films with uniform thickness and compact structure

4. Performance and applications of fire-warning materials and
sensors
The processing, structure and functional performance of fire warning
materials are strongly dependent on the materials chemistry and
working mechanism and are also associated with the potential appli
cations. Based on the discussion in Section 3.1, the fire warning mate
rials and sensors can be mainly divided into the following four typical

Fig. 10. (a) Schematic illustration of the synthesis of cross-linked silicone resins and interfacial interactions of the hierarchical GO/silicone coatings on PU foam. (b)
Schematic of constructing efficient flame detection and early warning sensors based on the hierarchical GO/silicone coatings on combustible materials under
different environmental conditions. (c) Flame detection processes of PU-SGF samples in a simulated condition of the rainy day, where quickly fire warning time of
2–3 s and the continuous alarm were acquired. (d) Schematic illustration of the burning process of multilayered GO/silicone structure on the PU skeleton.
Reproduced from [73] with permission.
16

L.-Y. Lv et al.

Materials Science & Engineering R 150 (2022) 100690

types, including (i) resistance-type smart fire warning materials via
monitoring sensitive resistance transition; (ii) phase or shape changeinduced the contact area change of the electrodes; (iii) thermoelectric
responsive smart fire-warning materials, and vi) direct observation of
the colour change based on the bio-molecules and polymer (e.g.
phthalocyanines [98]). The performance and potential engineering ap
plications of the smart fire warning materials and sensors were in detail
introduced based on the typical material systems.

flame resistance and a fire-warning signal within three seconds by
monitoring the dramatic decrease of electrical resistance. Later, they
further optimized the nanocoating and prepared a sandwich-like nano
coating based on GO, silver nanowire (AgNW), and fluoride polyvinyl
butyral (FPVB) via spray-coating (Fig. 11a) [148]. The prepared nano
coating in about 100 µm thickness improved LOI value of PP polymer
from 18.0% to 32.5%, and it also showed excellent self-cleaning prop
erties and outstanding water repellency (see the mechanisms in
Fig. 11b). More importantly, the optimized nanocoating exhibited ul
trafast flame detecting response in only 0.83 s (Fig. 11c), while the
single GO/FC coating did not release an alarm signal even after 10 s
flame attack (Fig. 11d), which is likely attributed to the formation of the
micron-sized conductive path of the sandwich-like structure and the
quick thermal reduction reactions of the GO sheets (Fig. 11e). Moreover,
other P/N-containing flame retardant compounds, e.g. ammonium pol
yphosphate (APP) [78], and poly (diallyldimethylammonium chloride)
(PDDA) [81], and phosphoric acid [84,126] were developed to achieve
both passive flame resistance and active fire warning signal.
Liu et al. fabricated a self-powered early forest fire monitoring and
detection system by connecting a spherical free-standing mode tribo
electric nanogenerator (STENG) as a power source with polydopamine
modified GO (P-GO) as thermosensitive sensor and commercial LEDs as
an alarm (see Fig. 12a) [128]. Such system provides a real-time, rapidly
responsive, and self-powered monitoring strategy for the early forest fire
warning and detection Typically, the P-GO based thermosensitive sensor
displayed a low-temperature response (160 oC) and rapid response time
(3 s for open fire), which endows the sensor with tremendous potential
for early forest fire monitoring and detection (Fig. 12b). Notably, based
on the impedance matching effect between TENG and thermosensitive
sensor, the output performance of the self-powered FFAS demonstrated
a rapid response time of 3 s, consistent with that of resistance change for
open fire (Fig. 12c and d). Moreover, the corresponding response times
(27–60 s) of high temperature of 160–300 ◦ C were obtained. Especially
at a temperature above 160 ◦ C or at open fire situations around the
thermosensitive sensor, the S-TENG driven by natural wind energy can
provide the power source to light up the LEDs as an alarm for a long
time. Therefore, it endows the self-powered TENG based FFAS as an
efficient strategy for a real-time, rapidly responsive, and self-powered
forest fire monitoring and detection in the precombustion and open fire.
Silicone molecules with organic/inorganic molecular structure and
low surface energy are promising to fabricate advanced superhydrophobic and flame-retardant composite materials [85,88,125,180,
211]. Further, the cross-linked silicone-based polymer materials usually
possess excellent thermal stability and flame resistance via tailoring the
molecular backbone [53,187,212–215], which can also be used as green
and efficient flame retardants for various combustible materials
[216–218]. Based on this, we demonstrated that modifying the GO
paper with various silane molecules with bi-functional groups (i.e.
alkoxy and amine/epoxy groups) endowed it with good mechanical
flexibility, strong acidic/alkaline tolerance, excellent flame resistance
and thermal stability at 10–20 wt% [125]. Typically, the alkoxy groups
of silane molecules first hydrolyze to form silanol groups in water and
can react with the hydroxyl groups of GO sheets and themselves via
condensation reaction [48], thus forming a cross-linked structure.
Further, during burning, the thermal decomposition of silane formed a
compact nano-silica protective layer onto GO sheets [210], thus
obtaining excellent flame resistance. Notably, once encountering a
high-temperature or flame situation, the insulating silane modified GO
paper can be thermally reduced into the conductive rGO network.
Consequently, an ideal early fire warning signal response, i.e. rapid
flame detecting time of ~1.6 s and fire early warning response of ~5 s
for a short-circuit heat resistor, was achieved [125]. Further, it was
interesting to observe that 3-mercaptopropyltrimethoxysilane (MPTS)
modification improved the GO network’s thermal stability and flame
resistance. In addition, an ultrafast flame detection time of 1.0 s and a
relatively rapid fire early warning response of ~232 s at a low

4.1. Resistance-type smart fire warning materials and sensors
4.1.1. Graphene oxide-based fire warning materials and sensors
Graphene oxide (GO) and its derivatives, a synthetic precursor of
graphite or CNTs, have attracted significant attention in materials sci
ence since the discovery of graphene [201–203]. In particular, GO sheets
possess considerable oxygen-containing functional groups within their
structure [156,204–206], thus showing the electrically insulating nature
and low thermal stability. Notably, insulating GO sheets can restore the
electrically conducting sp2 carbon network through thermal annealing
and thus form electrically conductive reduced GO (rGO) under high
temperature [200,207–209]. This feature makes them ideal materials as
novel fire warning materials via monitoring the sensitive resistance
transition of GO once encountering an abnormally high temperature or
flame attack. Unfortunately, pure GO sheets are flammable and
completely combusted in only 30 s [125]. To resolve the above issues,
we designed flame retardant hierarchical GO/silicone coatings onto
various combustible materials, and 1,1,2,2-tetrahydroperfluorodecyltri
methoxysilane molecules were used to graft onto the coating surface to
enable the substrate with a superhydrophobic surface of WCA= 156o
(Fig. 10a) [73]. Such coatings produced excellent self-extinguishing fire
resistance without dripping and self-propagating phenomena for various
substrates including wood, cotton and polymer resin. Further, an active
fire warning sensor based on the GO/silicone coatings was constructed
by connecting the coating with an alarm light and low-voltage powder
via wire.
Interestingly, such a device showed distinct temperature-responsive
electrical resistance change due to the rapid thermal reduction of GO. As
a result, a sensitive response time for abnormally high temperatures (e.
g., 3 s at 400 ◦ C, 38 s at 300 ◦ C, and 415 s at 200 ◦ C) and flame attack
(<3 s) in complicated adverse environments were achieved (Fig. 10b
and c). The thermal decomposition of silicone resin and GO graphiti
zation during the burning process induced the formation of a porous
nano-silica protective crust [210], which inhibited the pyrolysis of the
inside rGO network, thus providing efficient flame detection and syn
ergistic flame-retardant effect on the combustible substrates (Fig. 10d).
The hierarchical GO/silicone coatings with both passive excellent flame
resistance and active fire warning alarm provide a rational design of
smart fire warning materials and sensors for fire safety and prevention
[73].
Thereafter, smart fire warning materials and sensors have rapidly
increased research interest. Typically, various P/N-containing flameretardant molecules have been used to improve the flame resistance of
GO sheets and thus fabricate smart fire warning materials and sensors.
Chen et al. prepared a multilayered coating of phenox
ycyclophosphazene (HPTCP) functionalized GO and chitosan function
alized CNTs for wood pulp paper (WPP) by a facile LBL assembly method
[74]. WPP coated with functionalized GO/CNTs showed improved flame
retardancy without deteriorating its intrinsic flexibility and also a rapid
fire warning response to detect the elevated temperature in several
seconds.
Xie et al. fabricated a novel multifunctional flame retardant nano
coating
composed
of
GO
and
2(6-iso
cyanatohexylaminocarbonylamino)− 6-methyl4[1 H]
pyrimidinone
(UPy-NCO) functionalized cellulose (FC) via one step self-assembly [76].
The prepared nacre-like nanocoating endowed various combustible
materials (e.g. polypropylene (PP), PU foam and wood) with excellent
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Fig. 11. (a) Preparation route of the SFR nanocoatings. (b) Superhydrophobic mechanism of the AgNW/FPVB layers. Fire-warning test processes of (c) PP/SFR-100
and (d) PP/GO/FC-100. (e) Fire-warning schematic of SFR-100 and GO/FC-100 nanocoatings.
Reproduced from [148] with permission.

temperature of ~200 ◦ C [85], which was superior to silane molecules,
were observed. The sulfhydryl groups present on MPTS molecules pro
mote the thermal reduction of the GO network at high temperature and
thus led to the rapid and sensitive transitions of insulating and electrical
resistance GO into conductive rGO network.
Boric acid (BA) with three hydroxyl groups and weak acidity has
been demonstrated to fabricate the flame retardant polymer composites
and porous foam materials [49,219–221]. Recently, to improve the
flame resistance of the GO sheets, Yuan et al. used BA molecules to
modify GO and prepare the GO-BA paper as a smart fire warning sensor
[82]. The hydroxyl groups in BA molecules formed hydrogen and
chemical bonds with hydroxyl and carboxyl groups on the surface of GO
and finally self-assembled "nacre-like" structure. The prepared
nacre-like GO-BA paper can be rapidly thermally reduced to conductive
rGO once exposing a flame, thus providing a quick flame-detection time
of ~0.8 s. Moreover, the boron oxide formed under flame attack covered
the surface of GO sheets. It thus restricted their thermal oxidation, thus
resulting in excellent flame resistance and a long-term fire warning
signal. Recently, Cao et al. reported a sustainable hybrid network
composed of GO sheets, phosphorylated-cellulose nanofibrils (P-CNFs)
and tannic acid (TA) [135]. Due to the formation of the multiple syn
ergistic interactions, the optimized hybrid networks displayed excellent
mechanically flexibility and strength and structural stability in various

aqueous solutions. Interestingly, based on the green reducing the effect
of TA on GO sheets, such a hybrid network can provide sensitive fire
alarm functions (e.g., rapid flame alarm time of <1 s and efficient
high-temperature responses). In addition, due to exceptional flame
retardancy, GO/TA/P-CNFs network can act as desirable
flame-retardant nano-coatings to apply to combustible polymer foam
materials.
Inorganic nano-fillers (e.g. HNs [80], boron nitride (BN) [132,135],
clay [130,133], black phosphorene and MoS2 [77]) were also utilized to
improve the flame resistance of the GO-based coating/paper and thus
construct smart fire warning sensors. Xiong et al. utilized HN modified
GF as the substrate and polydopamine modified GO as a thermosensitive
sensor to fabricate the smart fire alarm wallpapers (Fig. 13) [80]. The
smart fire alarm wallpaper showed excellent non-flammability and
high-temperature resistance superior to the commercial combustible
wallpaper. The polydopamine modification improved the sensitivity and
flame retardancy of the GO thermosensitive sensor, thus leading to a low
responsive temperature (126.9 ◦ C), fast response (2 s), and a relatively
long working time in the flame (at least 5 min). The HN/GF papers can
be processed into various shapes, dyed with different colours, and
printed with the commercial printer, which is promising for the poten
tial fire safety application in the house decoration. In other work, Khan
et al. prepared a flame retardant GO/poly(dimethylaminoethyl
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Fig. 12. (a) Schematic illustration of the synthetic process of the thermosensitive sensor. (b) Schematic illustration of self-powered forest fire alarm system, including
S-TENG as wind energy harvester, thermosensitive sensor based on P-GO, and commercial LEDs as alarm unit. (c) Resistance of P-GO as a function of time at open
fire. (d) Real-time continuously output voltage profile of the self-powered FFAS at open fire.
Reproduced from [128] with permission.

methacrylate) (PDMAEMA)/BN nanocoating on cotton fabric with the
parallelly patterned conductive ink as built-in electrodes as smart early
fire warning sensor (see Fig. 14) [132]. The prepared GO/PDMAE
MA/BN fabric showed excellent flame resistance and kept the structural
integrity after exposing a flame for 60 s probably due to the dual
physical barrier effect of BN and GO and the in-plane thermal dissipation
of BN during the burning process. The prepared large-scale sensor
(>33 cm) exhibited a short alarming time of < 3 s in response to
external abnormal high temperature, heat, or fire, and continuous
warning signal during fire.
Based on the above strategies, the GO-based fire warning materials/
sensors can release a fast flame detecting time and trigger a fire warning
response below the ignition temperature of the combustible materials.
Considering that most combustible materials show very fast fire prop
agation once being ignited [15], although the ultra-fast flame detecting

alarm response can be obtained, it is difficult to deal with the critical fire
risk during the combustion process. Therefore, efficient early fire
warning signals (low responsive temperature and the fast fire warning
response time) in the precombustion process are required to obtain ideal
fire prevention. For such purpose, Zhang et al. used a facile 3-methacry
loxypropyltrimethoxysilane (MPMS) and L-ascorbic acid (LAA)
co-functionalization strategy to prepare smart GO-based nanocomposite
paper/coating (Fig. 15a) [86]. The effective transformation of MPMS
into silica layer onto GO sheets restricted their thermal decomposition
and but facilitated their graphitization, and the LAA molecules further
promoted the thermal reduction of GO to accelerate its resistance
transition at high temperature (Fig. 15d). As a result, an ultrafast flame
detection signal of only ~1 s and an ideal fire early warning response (e.
g., a low responsive temperature of ~120 ◦ C and a highly rapid
responsive time of ~7 s at 300 ◦ C) were obtained and shown in Fig. 15b
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Fig. 13. (a) Schematic illustration of fire alarm wallpaper, GO with abundant oxygen-containing groups, and HN/GF paper with multilayered structure. (b)
Schematic illustration of an electrical circuit for determining the thermal responsive temperature and monitoring the working process in the flame of the GO
thermosensitive sensor. (c) HN/GF paper can bear a weight of 500 g. (d) Twisting, bending, folding, or curling HN/GF paper. (e) Digital image of a large-sized HN/GF
paper. (f) Real-time monitoring of the alarm lamp, alarm buzzer, and PGO thermosensitive sensor on the HN/GF paper during the testing process in the alcohol flame.
The (g) complex foldability and (h, i) color printability of HN/GF paper.
Reproduced from [80] with permission.

and c, providing a timely and reliable signal for fire safety and
prevention.
Artificial protective skins are widely used in artificial intelligence
robots, such as humanoid robots, mobile manipulation robots, and
automatic probe robots. Still, their fire safety in practical use is rarely
considered. Cao et al. fabricated an intelligent and fireproof silk/gra
phene nanoionotronic (SGNI) skin by using a rationally designed highthroughput electro-blown spinning technique (see Fig. 16a-c) [138].
The flame-retardant SGNI skins combine the advantages of nanofibrous
and Ca2+ ionotronic materials are sustainable, conductive, highly
porous, mechanically robust, highly stretchable, self-adhesive, and
humidity/temperature sensitive. Especially taking advantage of gra
phene sheets, the SGNI skins showed good flame tolerance. The 130 µm
thick skins adhered to the surface of cardboard exhibited a rapid flame
detecting time of 2 s (Fig. 16d-e), showing promise as thin, sensitive,

smart protective skins in robotics and human-machine interactions.
Besides the irregular GO sheets, other GO derivatives (e.g. nanoribbon [222,223] and wide-ribbon [75]) have also been developed to
prepare the smart fire warning materials. Xu et al. synthesized novel
rectangle-like GO wide-ribbon (GOWR) sheets unzipped from carbon
nanofibers and thus fabricated GOWR wrapped melamine formaldehyde
(MF) sponges with multi-functionalities, e.g. lightweight, good hydro
phobicity, excellent acidic/alkaline tolerance, good mechanical flexi
bility and flame resistance (see Fig. 17a-e) [75]. As expected, the GOWR
network wrapped on the sponge skeleton was thermally reduced once
encountering a flame attack or abnormal high temperature to generate a
distinct resistance transition (Fig. 17 g). As a result, an ultrafast flame
alarm response of ~2 s and rapid fire-warning signals to abnormally
high temperatures (e.g. ~33 s at 300 ◦ C below the ignition temperature
of most combustible materials) were achieved, promising for the fire
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Fig. 14. (a) Schematic illustration of the fabrication procedure of GO/PDMAEMA/BN-coated fabric. (b) Example of a large piece of striped fabric coated with
conductive electrode and fire-sensing lines. (c) The burning process of GO/PDMAEMA/BN-coated cotton fabric. (d) Flame retardant behavior of GO/PDMAEMA/BN
nanocoating and its management with heat. (e) A strip of 33 cm long patterned fabric was used for the demonstration of large-area sensing.
Reproduced from [132] with permission.

prevention in the high-rise building (Fig. 17 h). Notably, the following
work demonstrated that the resistance change behaviours strongly
depend on the GO morphology (including nanoribbon, wide-ribbon and
sheet) and the network formed on the MF skeleton surface [89]. At a
fixed temperature, the graphene oxide nano-ribbon (GONR) produced a
much rapider fire warning response time (to trigger the alarm light) than
the corresponding GOWR and GO sheet, which is due to the inter
connected GONR network and easy thermal reduction during the
high-temperature condition. Recently, Yu et al. prepared the hybrid
GONR/montmorillonite (MMT)/ polyethylene glycol (PEG) networks
via constructing multiple non-covalent and covalent interactions
together with a high orientation level of MMT [130]. The hybrid
PEG/MMT/GONR coatings with about 200 nm not only improved the
flame-retardant property (e.g., ~46% decrease in HRR at 30 wt%) of the
combustible PU foam materials significantly but also provided ideal fire
warning signals (e.g. rapid flame detection of ~2 s and rapid-fire early
warning response of ~ 11 s at 400 ◦ C).
The GO-based fire warning sensors/materials have garnered plenty
of the research community’s concerns due to their numerous advan
tages, including good designability, diverse existing forms and ideal fire
alarm performance. For instance, the abundant oxygen-containing
groups on GO sheets surface allow the possibility of chemical modifi
cations and strong interface interactions in the final materials. Based on
this, by introducing functional chemicals or fillers into GO network, an
ideal hybrid network with good mechanical strength, excellent flame
retardancy and thermal stability is expected to achieve. Besides, GO-

based network can exist in different types (e.g., paper, coating and
aerogel) via various fabricating methods, which can meet practical re
quirements of various application scenes. More importantly, the re
ported research results indicated that most GO-based fire warning
sensors could display a fast fire alarm response time < 5 s, and sensitive
high-temperature early-warning responses can be obtained. However,
there also exist some shortcomings that should be addressed. For
example, the flame retardancy and thermal stability of GO sheets are
unsatisfying; thus, it is generally needed to introduce modified fillers or
flame retardant compounds to ensure the reliable alarm signal during
the fire warning process. As a result, this may bring other problems for
potential applications, e.g., the use of organic solvents and hazardous
agents, complex fabricating process and compromised mechanical
flexibility. To avoid the above-described issues, it is still necessary to
develop green modification and simple preparation strategies to opti
mize suitable functional fillers or compounds for decorating the GO
network. Further, the black and dark colour of GO-based fire warning
materials is another obstacle in many fields, especially as a decorative
coating.
4.1.2. Biomass-based fire warning materials and sensors
Biomass compounds show potential as flame retardants for polymers
due to their high availability and inherent properties [224–226], and
they have been utilized to construct novel fire warning materials and
sensors. Normally, the biomass-based materials modified with the metal
ions or cross-linking agent exhibit excellent flame retardancy, good
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Fig. 15. (a) Schematic preparation of MPMS/LAA co-modified GO (MLGO) paper. (b) The flame detection process of MLGO coated filter paper. (c) Representative
resistance of various MLGO papers with a function of time at 150 ◦ C. (d) Schematic illustration of LAA and MPMS co-functionalization promoting the thermal
reduction process of GO network.
Reproduced from [86] with permission.

mechanical flexibility and electrically insulating performance. Once
encountering a flame, the electrical resistance of the biomass-based
flame retardant composites shows an obvious change in a short time,
therefore suitable for constructing smart fire warning materials/sensors.
Silk fibroin (SF), which is a natural protein derived from Bombyx
mori silk fibers, represents atypical biomass material and possesses
versatile processability, tunable physical properties, as well as
outstanding biocompatibility and biodegradability [227]. Cai et al.
prepared a flame-retardant and biosafe SF/Ca2+ i-skin (named with
SFCIS in Fig. 18a) [137]. The optimized SFCISs not only had high con
ductivity, good transparency, high stretchability, and self-healing ability
(Fig. 18b-d), but featured outstanding flame retardancy and tempera
ture sensibility (Fig. 18e-f). More importantly, for encountering a flame,
the resistance of the SFCIS rapidly decreased and was utilized as a signal
switch to trigger the fire alarm system (Fig. 18g-i). To achieve remote
fire monitoring, an automated fire alarm system consisting of a pro
grammable logic controller, a wireless transmitting device, and wireless
terminals was designed and shown in Fig. 18j. When a flame is close to
the SFCIS, the system can send the fire alarm signal to the control centre
within 2 s (Fig. 18k). The rapid fire-warning response is likely due to
decreased resistance after the migration of water and ions in the system
under high temperature.

Similarly, Wang et al. prepared a transparent NaCl-doped CS film for
real-time temperature monitoring and fire warning [150]. Interestingly,
the repeatable fire early warning response of the prepared film can be
triggered at a low temperature of ~50 ◦ C, and it showed an
ultra-sensitive flame detection signal of only 0.4 s. The ultrafast flame
detection of such transparent film is attractive, while the fire warning
mechanisms are not clear and need more clarification. Owing to high
protein content and the superior film-forming capability, soybean pro
tein isolate (SPI) enhances the mechanical reliability than poly
saccharide and lipid biomaterials [228]. However, the water resistance
and flame retardancy of SPI-based materials is not desirable. Zhang et al.
modified SPI with sisal cellulose microcrystals (MSF-g-COOH), gra
phene, and citric acid (CA) to prepare a hydrophobic, flame-retardant
composite film as fire alarm sensors (see Fig. 19a and b) [139]. It was
observed that SPI/MSF-g-COOH/CA/GN composite films showed good
mechanical flexibility and excellent flame resistance (Fig. 19c), with
rapid flame detecting response in only 1 s and a long-time alarm of more
than 200 s (Fig. 19d).
Based on the above discussion, it can be found that biomass-based
fire warning materials and sensors possess a series of advantages, e.g.,
extensive source, sustainability, environmentally friendly and low cost.
Those related studies can promote the effective utilization of biomass
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Fig. 16. (a) Schematic representation of fabrication process of protection skins. (b) The SGNI skin with dimensions of 30 cm × 30 cm. (c) Microstructure of the SGNI
skin. (d) Schematic of smart fire alarm system. (e) Photographs show flame alarm. SGNI adheres to the surface of cellulose paper for flame protection and fire alarm.
(f) Design concept for robot action triggered protection system. (g) SGNI skin used as a behavior trigger to protect the prosthesis from external injury.
Reproduced from [138] with permission.

materials in the fire safety and prevention field. Meanwhile, there re
mains some challenges to be tackled. Most natural biomass materials
cannot be applied directly due to their undesirable intrinsic high flam
mability, and their flame resistance should be first considered. Second,
chemical modification is usually adopted to endow biomass materials
with desirable properties, and this may also induce the undesirable
fabricating process for constructing the fire warning sensor. Moreover,
the related extraction technologies of biomass derivatives also need to
be developed and optimized. Finally, the stability of these biomassbased fire warning materials and sensors in complicated environments
is another issue, which may cause the unsure reliability of fire warning
signals.

formation of the MWCNT conductive network, releasing a fire warning
signal (Fig. 20d and e).
In another work, Chen et al. fabricated an ultrasensitive fire-warning
and high fire-resistance chitosan/montmorillonite/CNT composite aer
ogel (CCA) via a freeze-drying approach [141]. The prepared porous
CCA aerogel exhibited lightweight (density of 12–17 mg/cm3), good
machinability, outstanding compressive flexibility, and excellent flame
resistance and self-extinguished in the vertical burning test (see
Fig. 21a-e). Benefiting from the rapid decrease of the electrical resis
tance of amino-functionalized CNT at high temperature, the CCA sample
presents a hitherto shortest flame warning response time of ~0.25 s
(Fig. 21 f and g). Moreover, owing to the hierarchical porous structure of
the aerogel and the excellent barrier effect of the montmorillonite sheet
[231], CCA could resist a high-temperature flame up to 1200 ◦ C and
effectively prevent the temperature of the nonexposed side from
increasing, exhibiting excellent thermal insulation.
Clearly, carbon nanotube-based fire warning materials and sensors
generally can provide ultrasensitive fire warning performance via sur
face modification, which is even more sensitive than the GO-based fire
warning sensor. However, based on similar electrical resistance transi
tion mechanisms like GO sheets, CNTs cannot be directly utilized as fire
alarm sensor material due to their excellent electrical conductivity.
Thus, the surface modification and oxidation steps of CNTs in advance
are necessary, which induces the complicated length processing. Be
sides, when CNTs is used as coating material, the poor interface in
teractions between CNTs and other polymer or filler materials or
substrates should be considered and addressed.

4.1.3. Carbon nanotube-based fire warning materials and sensors
CNTs are also used to fabricate the fire warning materials consid
ering the similar graphene structure. CNTs have good and stable elec
trical conductivity under a wide temperature range [229,230]. Thus, it
is essential to construct the sensitive resistance change for detecting a
flame. To achieve this, Yu et al. utilized two kinds of silane molecules
and nonylphenol polyoxyethylene ether sodium sulphate to graft the
multi-wall CNT (MWCNT) and then directly coated the above-modified
MWCNT onto a cotton fabric surface via spraying method (Fig. 20a)
[140]. The modified MWCNT was well coated on the fabric and
improved thermal conductivity but maintained high electric insulation
due to the grafted organic silane molecules and long-chain ions (Fig. 20b
and c). It should be noted that the MWCNT acted as a barrier layer of
cotton fabric and thus obtained improved flame resistance. Further,
during the combustion process of cotton fabric, surface grafted organic
molecules of MWCNT began to decompose and thus promote the
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Fig. 17. (a) Digital images of raw MF and MF@GOWR sponges with (b) lightweight feature fabricated by a dip-coating process. (c) Digital images of water droplets
on surfaces of raw MF (left) and MF@GOWR5 (right) sponges (inset: the corresponding water contact angles). (d) Compressive stress changes for 100 cycles of
MF@GOWR20 sponge and (e, f) SEM images of MF@GOWR20 sponge after burning (inset: digital image of MF@GOWR sponge after the 30 s of burning), showing
good structural stability and excellent flame resistance. (g) Schematic illustration of temperature-induced sensitive resistance transition of GOWR wrapped MF
sponge used to detect a high fire risk in a high-rise building.
Reproduced from [75] with permission.

4.1.4. MXene-based fire warning materials and sensors
Although the above resistance-types smart fire warning sensors not
only display rapid flame detection but also present an ideal fire warning
response below the ignition temperature of most combustible materials,
there are still some limitations, for example, poor flame retardant
property, complicated processing, no cyclic fire warning response. To
address these issues, MXene may act as a novel candidate to provide a
fire warning signal under the flame. Normally, the thermal oxidation of
MXene would occur under a high temperature and thus lead to notice
able resistance change from an electrically conductive state to an insu
lating state [232], which is quite different from the above GO, modified
CNT and biomass-based fire warning materials. Moreover, the inorganic
backbone of MXene sheets, 2D transition-metal carbides and/or nitride
[233], makes them effective in improving the flame resistance and
mechanical properties of polymeric materials [24,234–239]. Moreover,
considering the aqueous medium during fabrication, MXene terminated
with surface hydrophilic moieties can easily be mixed with
water-soluble polymer [240], showing promise for fabricating green
flame retardant coating.
Based on these above motivation, Mao et al. recently reported

biomimetic PEG or polyvinyl pyrrolidone (PVP) decorated Ti3C2Tx
MXene networks that possessed exceptional flame resistance and sen
sitive fire cyclic warning performance (Fig. 22a) [118]. Such novel fire
warning materials based on the inherently fire-retardant MXene net
works combined with silane modification endowed the combustible
materials with excellent flame resistance, good water repellency and
excellent environmental reliability (Fig. 22b and c). More importantly,
the modified MXene network displayed ultrafast fire warning response
and recovery time (~1.8 s and ~1.0 s), resistance switching behaviour
with > 4 orders of magnitude, and stable fire cyclic warning capability
for 100 cycles (Fig. 22d). Upon flame attack, thermal pyrolysis of the
polymer molecules facilitated the oxidation of MXene sheets to form a
compact fish scale-like C/N dopped titania network. Meanwhile, its
electron excitation was thus activated to generate a sensitive resistance
transition to trigger a rapid-fire cyclic warning signal (Fig. 22e and f).
Further, such multifunctional MXene coatings showed reusable and
weather-resistant fire warning responses even after one year of outdoor
exposure (Fig. 22g). This feasible and straightforward strategy and sta
ble cyclic warning performance provide an innovative conceptual design
of advanced MXene composites for reusable fire safety and prevention.
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Fig. 18. (a) Schematic pathways to fabricate SFCISs. Photographs of (b) highly transparent and (c) deformable SFCISs. (d) Photograph of a polymethyl methacrylate
(PMMA) pattern adhered by SFCISs; the image on the right highlights the adhesive interface of two PMMA patterns. (e) Snapshots of the combustion process of
materials protected by SFCISs. (f) The synergistic effect of dehydration, multilayer thermal shielding, dilution of gas phase, and free radical quenching endows SFCIS
with flame retardancy. (g) Snapshots of the entire combustion process of SFCIS. (h) The resistance changes of 0.48-mm-thick and (i) 0.80-mm-thick SFCIS during the
combustion. (j) Integrated circuit design of wireless-based fire alarm system. (k) Photograph to show that SFCIS fire alarm system can synchronously send the alert
information to the cellphone and laptop once a fire has been detected.
Reproduced from [137] with permission.

The stable cyclic warning function of the MXene-based fire alarm
sensor overcomes the shortcomings of GO-based fire-warning sensors (i.
e., single fire warning). In addition, due to desirable features e.g., good
water dispersibility, typical 2D lamellar structure and excellent thermal
stability, MXene sheets possess the characteristic of a combination of
flame retardancy and fire warning and exhibit promising application
prospects as fireproof and fire alarm sensor materials. Nevertheless,
there also exist some limitations in practical application. For example,
current scale preparation technologies of MXene sheets with high
quality are not mature enough, and related synthesis processes involve
the use of noxious reagents (e.g., HCl, LiF). In addition, besides poor
storage stability in water, MXene sheets are easily oxidized under air
conditions which compromises its practical fire alarm performance.
Moreover, when being applied as coatings in a complicated environ
ment, hydrophobic treatments are usually needed. Moreover, like the
GO and CNT, the dark colour of MXene based fire warning materials is
not desirable in many practical fields.

4.1.5. Other nanomaterial-based fire warning materials and sensors
Because of their excellent sensor characteristics, including sensi
tivity, hysteresis, response and recovery time, repeatability and stability,
semiconductors (e.g. AgNO3 [241], ZnO [242], Fe3O4 [146,175], SnO2
[145], and La2O2S:Eu3+ [243]) have also been explored as promising
candidates for smart fire warning materials. In practical applications,
depositing semiconductors on polymer substrates as sensors offer flexi
bility, low cost, minimal calibration requirement and a wide choice of
substrates. However, it is still a challenge to realize such flexible sensors
and customize the shape and size of the sensing layer and electrode to
create a universal fabric that could be simply cut and stitched onto
different flexible surface.
Zhang et al. fabricated a sandwich-like fire alarm fabric (Ag@Fe3O4MS) based on Fe3O4 nanowire arrays and fish-scale-like silver sheets,
designed by in situ LBL assembly on the surface of PP nonwoven fabric
(see Fig. 23a) [146]. The Ag@Fe3O4-MS sensor had silver sheets as
self-assembling electrode layers on the upper and lower sides of the
fabric, which can be tailored into various shapes and integrated into
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Fig. 19. (a) Schematic illustration of synthesis of SPI/MSF-g-COOH/CA film: (i) cross-linking reaction, (ii) dehydration cross-linking of CA and (iii) cross-linking
reaction of SPI and CA. (b) Preparation process of flexible, hydrophobic, and flame-retardant composite films, and SEM images of surface and fractured cross
sections of the SPI/MSF-g-COOH/CA/GN0.6% films. (c) Synergistic flame-retarding mechanism analysis. (d) Fire early warning alarm response device constructed
with an alarm sound and light with SPI/MSF-g-COOH/CA/GN0.6% composite films.
Reproduced from [139] with permission.
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Fig. 20. (a) Synthetic route of silane-modified MWCNT nanofluid. (b) SEM images of pure cotton fabrics and 0.3-MWCNT nanofluid/cotton fabric, and (c) typical
cross-section TEM images of 0.02-MWCNT nanofluid/cotton fabric at different magnifications. (d) Flame detection process of 0.2-MWCNT nanofluid/cotton fabrics at
different times with low-voltage DC of 15 V and (e) formation mechanism of a conductive network during flame process.
Reproduced from [140] with permission.

other flexible electronics (Fig. 23b). The ultralight and flexible
Ag@Fe3O4-MS sensor provided a real-time monitoring strategy for early
warning fire detection (below 100 ◦ C), the fast response time (2 s) and
sustained working time (>15 min), as seen in Fig. 23c and d. This sensor
can provide additional real-time information on the fire location and
reliable and cyclic real-time monitoring of fire rekindling. Recently, He
et al. prepared an ultralight self-powered fire alarm electronic textile
(SFA e-textile) based on conductive aerogel fibre that comprises calcium
alginate (CA), Fe3O4 nanoparticles and silver nanowires (AgNWs) [175].
The SFA e-textile was integrated into firefighting protective clothing to
realize wide-range temperature sensing at 100–400 ◦ C and repeatable
fire warning capability. Notably, a self-powered fire self-rescue location
system based on the SFA e-textile-based triboelectric nanogenerator was
constructed, and ultrasensitive temperature monitoring and energy
harvesting in firefighting clothing were achieved.
When transitioning from general-purpose fabrics to flexible wearable
electronic textiles, higher requirements are imposed on the versatility of
the fabric, the weight and air permeability, the simplicity of the
manufacturing process and the durability to work in harsh environ
ments. Wang et al. reported an all-weather conductive fabric (ACF) and
all-weather fire warning sensor (AFWS) based on ammonium salt of
ethylene glycol diphosphoric acid (AEGDP), Ag nanoparticles, polyani
line (PANI) and 1 H,1 H,2 H,2 H-perfluorooctyl trichlorosilane (PFOTS)
that enables high conductivity and excellent flame-retardant property
[147]. The as-prepared AFWS exhibits sensible temperature-responsive
electrical resistance change, which can quickly respond within 3 s when
subjected to a high temperature of > 400 ◦ C. In addition, the LED array
was designed and showed good electrical properties, demonstrating a
wide range of application prospects in the large-scale preparation of
wearable electronic textiles. A rapid reconstruction mechanism was
proposed for the conductive network on the functionalized fabric sur
face driven by a phosphorus blowing agent at high temperature. The
current work provides a new idea for developing an advanced

multifunctional all-weather wearable electronic device, which can
effectively achieve real-time human health monitoring and abnormal
high-temperature warning in various harsh outdoor environments.
The above results indicate that metal oxides-based fire warning
materials and sensors achieve sensitive fire alarm response capacity and
provide ultra-long continuous alarming time due to their exceptional
thermal stability, which provides new routes to design and develop
sensitive fire warning sensors. However, the relatively high costs of
some metal oxide nanomaterials and their complicated casting process
may restrict the wide use in promising applications. Further, the sta
bility and reliability of these above fire warning materials and sensors
are still not clear and should be further investigated. Finally, the fire
warning mechanisms of these semiconductor nano-fillers are still not
clear, which restricts the further optimization of flame detection and
early warning responses.
4.2. Phase change-based smart fire-warning materials and sensors
The above resistance-type fire warning sensors showed numerous
advantages e.g., good designability, facile processability and sensitive
fire alarm response. Nonetheless, due to the irreversibility of electrical
resistance transition of these sensor materials, i.e., the thermal reduction
of GO induced by flame or high temperature, thus most of them cannot
be repeatedly used. Therefore, developing reusable fire warning sensors
will be attractive. In addition, the occurrence of fire accidents before and
after is accompanied by the obvious temperature change or heat release
[73,75]. That is the key factor that induces the electrical transition of
sensor materials. Considering these characteristics, besides
temperature-induced resistance transition, temperature-responsive
phase or shape change materials also can be utilized for fire warning
applications. In this case, the PCMs provide the possibility of designing
reusable fire alarm sensors used for high-temperature warning.
Generally, solid-liquid hybrid PCMs usually composes of active
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Fig. 21. (a, b) Digital photos of CCS/MMT/A-CNT aerogels with different sizes and shapes. (c) Compress and release process of CCA at 50% strain. (d) Compressive
stress-strain curve of CCA2 at different strain. (e) Compressive stress-strain curve of CCA2 for 100 cycles at 50% strain. (f) Excellent flame retardancy of CCA. (g)
Proposed fire-warning mechanism. (h) Fire-warning test process of CCA2.
Reproduced from [141] with permission.

substances and supporting materials to prevent leakage after switching
from a solid-state to a liquid one while maintaining mechanical flexi
bility. Typically, an adequate proportion of supporting materials is
needed to ensure shape stability. However, this will adversely hinder the
stiffness change of PCMs, which is unsuitable for their practical appli
cations. To address this, Zhao et al. reported a dynamic phase change gel
with high-temperature warning function [95]. In their work, the me
chanically tunable dynamic phase change gel was fabricated via a
one-pot polymerization strategy, i.e., in situ formation of a polyacrylic
acid (PAA) crosslinked network in a phase change PEG melt (Fig. 24a).
The crosslinked PAA network serves as a flexible supporting frame to
prevent PEG leakage. It maintains the structure of the resultant phase
change gel even at a high temperature above the melting point of PEG.
Besides, for early fire or high-temperature warning, a
temperature-responsive phase change gel as a micro-structured sub
strate was employed to achieve smart fire warning sensor (Fig. 24b). A
counter electrode in contact with the micro-structured gel under slight
pressure was introduced to form a circuit (Fig. 24c-f). The resistance
response under different temperatures was also studied.
Moreover, the change in the microstructures before and after was
observed by laser scanning confocal microscopy (LSCM) and presented
in typical topology and 3D views (Fig. 24 g and h). These results indicate
that the change of microstructures causes the resistance transitions by a
thermally induced phase change of the gel, which can be utilized to

achieve early warning of fire with high temperatures. As shown in
Fig. 24i, the high-temperature warning sensor was constructed by con
necting face-to-face assembled micro-structured gels with an alarm lamp
and a power source. The exposure of gel to the thermal radiation from a
heating gun facilitates the gel to soften and decrease its resistance, thus
triggering the high-temperature danger alarm signals (Fig. 24j).
Apart from phase-change materials, the shape-change material was
also applied for achieving fire alarm material sensors [96]. Jia and
co-workers fabricated a cross-linked polycaprolactone-based network
(PCL-THDI) with shape memory property, and based on PCL-THDI, a
smart conductor with the ability to switch between nonconductive and
conductive (OFF-to-ON) was obtained via an electroless deposition
process (Fig. 25a) [97]. The PCL-THDI exhibits desirable shape recovery
capacity even under 60 ◦ C (Fig. 25b). Besides, an outdoor experiment
was designed and conducted to evaluate its actual fire warning capacity.
The results show that the shape memory polymers (SMP) can provide an
effective early fire alarming response under such simulated wildfire
scenes (Fig. 25c and e). Moreover, the finite element analysis results
further verify its excellent performance in detecting temperature
changes compared to traditional thermocouple materials (Fig. 25d and
f).
Furthermore, PCL material is biodegradable and environmentally
tolerant, and its preparation process does not involve the using an
aggressive solvent. Clearly, such shape-change material shows
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Fig. 22. (a) Schematic representation of preparation of water-soluble PVP decorated MXene paper using a low-temperature assembly approach. (b) Water contact
angles of pure filter paper and silane functionalized MV/ME coated filter paper (F-MV/ME@P). (c) Digital images of the F-MV/ME@P sample after exposing outdoor
for about one year and (d) Cyclic flame detecting process of F-MV@P sample (flame attacking time of 10 s in each cycle). (e) Typical cross-section SEM images of ME
(5:5) papers after 2 s flame attack. (f) Schematic illustration for resistance transition mechanism of the C/N doped TiO2 network during the cyclic flame detecting
process. (g) Comparison of its electrical resistance changes (before/after outdoor exposure).
Reproduced from [118] with permission.

promising prospects for early fire alarm application, especially for
wildfire outdoor. Therefore, the phase/shape change-based fire warning
materials and sensors have some advantages; for instance, by regulating
phase/shape polymer network to adjust their melting point or phase
change point, temperature warning response limits can be accurately
controlled. Besides, the reversibility of phase/shape change materials
endows them with repeatable processing, which is superior to previously
mentioned carbon-based fire alarm sensor materials (i.e., GO, CNT,
MXene and biomass materials). Unfortunately, such materials may only
apply to high-temperature alarm devices which installed in specific
positions and sites, and they also cannot withstand the flame attack and
be not applicable in complicated environments.

such materials can directly convert heat into electricity, thus, they have
shown great potential in a series of fields, especially in the energy field
[244]. As we mentioned before, temperature difference and heat release
are two typical characteristics of before and after fire accidents, thus, the
TEs also exhibit potential possibility for designing fire alarm sensors. On
the one hand, most TEs are mainly composed of solid inorganic semi
conductors, and they usually possess relatively high melting point and
excellent thermal stability [245]. On the other hand, based on the
“Seebeck effect”, TEs can act as a thermal sensor and a self-powered
source with the presence of temperature difference. Coincidentally,
the above two features are vital for achieving smart fire alarm sensor
materials.
Wu et al. reported self-powered, cheap, and green thermoelectric
paper chips for monitoring early forest fires, as shown in Fig. 26. They
firstly discovered the different thermoelectric behaviors of two wellknown ionic liquids (p- and n- types), i.e., 1-ethyl-3-methylimidazolium

4.3. Thermoelectric responsive smart fire-warning materials and sensors
TEs serve as a particular class of energy conversion materials due to
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Fig. 23. (a) Schematic fabrication process of the Ag@Fe3O4-MS Sensor. (b) The electrodes of Ag@Fe3O4-MS can be constructed directly without silver paste and
tailored to the desired shapes. (c) Schematic illustrating of the connected mode of Ag@Fe3O4-MS with the electrodes and a low applied voltage (9 V). (d) The cyclic
fire warning of Ag@PP-g-PAO.
Reproduced from [146] with permission..

acetate ([EMIm][Ac]) and 1-ethyl-3-methylimidazolium bis(tri
fluoromethylsulfony)imide ([EMIm][TFSI]) [93] (Fig. 26a and b). These
two ionic liquids supplied opposite voltages in the same temperature
range, so they were further exploited as p- and n-type thermoelectric
converters accordingly. Besides, they could be readily connected in se
ries on cellulose paper via printing, serving as a self-powered paper-
based thermoelectric chip. As a result, a forest fire monitoring system
was achieved by combining a thermoelectric chip with several signal
receiving and signal conversion systems (Fig. 26c and d). The results
showed that the thermoelectric paper chip could provide
thermal-electric conversion performance, e.g., an immediate remark
able voltage signal was produced with only the presence of the tem
perature difference of 35 K. In the practical test, sensitive warning
signals at the early stage of fires can be obtained and such wireless fire
monitoring system showed promising application in fire alarm (Fig. 26e
and f). This work offers the possibility of establishing a
thermal-triggered early fire alarm sensor with self-powered capability,
which can apply to the forest wildfire protection.
Since its discovery in 2011, MXene, as a newly emerged 2D transition
metal carbide/nitride material, has been attractive in various fields.
Numerous interesting features of MXene, such as layered inorganic
structure, excellent electrical conductivity and good water dispersibility
[246] have shown promising applications in the area of.piezoresistive

sensor [247], electromagnetic interference shield [248], and solar
cell/battery [249]. The typical lamellar nanostructure with a high spe
cific surface area enables it to be an effective physical barrier to external
oxygen and heat. Besides, the TiO2 generated from oxidizing MXene
sheet at a high temperature can also promote the formation of a
continuous and compact TiO2 layer in the condensed phase due to its
catalytic charring effect. Thus, MXene sheets have been applied in
various polymer matrices to improve their flame resistance [24,87,250,
251]. More importantly, MXene possesses good thermoelectric perfor
mance, which can realize a reversible conversion of heat and electricity.
Thus, MXene-based sensors can be repeatedly used and generate elec
trical signals by heat without external power, which is different from the
above resistance-type MXene-based cyclic fire warning coatings [118].
Wang et al. fabricated a multifunctional fireproof cotton fabric
(MXene/CCS@CF) by coating MXene sheets and CCS on plasma-treated
cotton fabric via a LBL assembly method (Fig. 27a) [87]. The resultant
MXene/CCS@CF exhibited excellent flame retardancy due to the syn
ergistic carbonization between MXene and CCS. Besides, the accurate
wide-range temperature sensing and sensitive fire warning response
time (~3.8 s) and reusable capability can achieve (Fig. 27c-e). In
addition, the MXene/CCS@CF also showed potential application in
human motion monitors and portable heaters due to its desirable
detecting ability and controllable Joule heating performance (Fig. 27b).
30

L.-Y. Lv et al.

Materials Science & Engineering R 150 (2022) 100690

Fig. 24. (a) Schematic preparation of the phase change mediated mechanically transformative gels and (b) the microstructured phase change gel. (c) Electrical
resistance change and microstructure change (insets) of the integrated circuit as a function of temperature. (d) Finite element analysis showing the strain distri
butions in response to temperature. FEA studies explain the resistance change in response to temperature by comparing the (e) press distance and (f) contact length.
Topology view (g) and 3D view (h) of the surface morphology of the microstructured gel before and after the phase transition. Schematic illustration (i) and realistic
demonstration (j) of the high-temperature or early fire warning process of the assembled sensor.
Reproduced from [95] with permission.

Following this work, 3D MXene-based composites materials, e.g.,
MXene/PI aerogel and MXene/cellulose nanofibers (CNFs) aerogel,
were also designed and fabricated for preparing fire alarm sensor ma
terials [143,144]. Yu et al. designed a heat-triggered membrane (HTM)
by introducing hydrophobic PCMs into a WPP (Fig. 28a) [94]. The HTM
serves as a startup switch to lock the concentration gradients in the
concentration gradient-boosted thermocell (TCC), enabling a dual-state
heat-triggered TCC (HT-TCC) for fire warning. The HT-TCC is in the
dormant state in normal conditions and triggered only when the tem
perature exceeds the phase change temperature, which endows its fire
detection function (Fig. 28b and c). Furthermore, based on the HT-TCC,
a fire alarm system model for forest protection was proposed and con
structed to evaluate its real fire alarm performance. The relevant tests
demonstrated its desirable detecting capability of alarm precombustion
and open fire (Fig. 28d-f). This system may provide a promising strategy

to achieve self-powered forest early fire alarm.
Overall, thermoelectric materials can be regarded as a promising
potential candidate for fabricating smart self-powered fire-warning
sensor materials, which is superior to other sensor systems that need an
additional power source. Additionally, based on the thermoelectric
conversion mechanism, cyclic fire warning function can be achieved,
and such materials can be repeatably used. Moreover, diverse types of
thermoelectric materials provide good designability for fabricating
sensor materials with different forms (e.g., coating, aerogel, and chip).
However, some limitations remain to be considered and addressed, such
as the high costs of raw materials and complicated fabrication steps of
sensor materials. Besides, apart from MXene sheets, most conventional
thermoelectric materials cannot be used as a fireproof coating to
improve the flame retardancy of combustible substrates.
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Fig. 25. (a) Scheme of the fabrication and
shape memory mechanism of PCL-THDI
network. (b) The shape recovery process of
PCL-THDI sample with Lotus-like shape at
60 ◦ C. (c) Real scene photos and the magnifying
detail of the “OFF-to-ON” SMP conductor,
placed on the tree trunk to undergo a simulated
fire. (d) The transmitting and receiving circuit
diagram of the wireless fire monitoring system.
(e) Infrared images correspond to the different
stages of the real scene photos. (f) The timedependent temperature of the SMP conductor,
the substrate and thermocouple under one sun
illumination. The dashed line marks the
alarming temperature (45 ◦ C).
Reproduced from [97] with permission.

mechanism of PMS in a potential fire was proposed and clarified
(Fig. 29c and d). The PMS system provided a reliable real-time approach
for early fire warning detection both in precombustion and
post-combustion. The application scenes can also be early fire warning
detection both in precombustion and post-combustion. The application
scenes can also be extended when PMS is applied in other matrix, e.g.,
electrical products or textiles (Fig. 29e). Recently, Xu et al. prepared a
series of thermochromic POSS-Metal films (PMFs) with different ratios
of POSS (octa-aminopropyl POSS) and metal salt [Cr(NO3)3⋅9 H2O] via a
simple solvent evaporating method [99]. The prepared PMFs not only
exhibited good thermal stability and repeatability but displayed rapid
color changing within a few seconds as the temperature rises, which can
offer a superior warning for potential fire safety application. Zhao et al.
reported high-performance elastomers (LM/PBSE) by dispersing
room-temperature liquid metal microdroplets (LM) into poly
borosiloxane elastomer (PBSE) network [151]. The LM/PBSE elastomer
displays high flexibility, thermal conductivity, and excellent anti-impact
and adhesion under complex environments. Interestingly, based on its
adhesion ability, a LM/PBSE-based butterfly-like material with
thermal-induced colour-changing capacity can be achieved by
dispersing thermochromic powders on the surface of the LM/PBSE
matrix. Once beyond the transition temperature of thermochromic
powders, the surface colour of the LM/PBSE butterfly can rapidly change
and reversibly recover to the original colour state when place in room
temperature conditions. Such material exhibits potential application
prospects in colour camouflage response and high-temperature warning.
Colour-changing smart fire-warning materials and sensors displayed
satisfying fire early alarm performance, especially for high-temperature

4.4. Color-changing smart fire-warning materials and sensors
With the rapid developments of the Internet of Things and frequent
updates of electric devices, the digital camera real-time video fire
detection is expected to replace the traditional fire detection techniques
due to its obvious advantages in visualization, sensitivity, and accuracy
[103,252,253]. The working mechanisms of infrared or smoke alarm
detectors in real fire accidents, certain critical value of smoke concen
tration or heat radiation is required to trigger an alarm signal inducing a
relatively long fire response time [115], which cannot reliably monitor
the high fire risk. Comparatively, the video fire detection shows
real-time alarm response based on the monitoring and recognition sys
tem by extracting fire or smoke pixels. It is the most sensitive and ac
curate fire detection technology [253]. However, this system triggers
the alarm only under the situation of existing fire or smoke. It cannot
detect early fire warning signals as no effective fire or smoke pixels can
be extracted in precombustion.
Inspired by the mechanism of leaves colour change, based on the
chemical structure of green chlorophyll, Fu et al. designed and synthe
sized the colour molecule phthalocyanines, which possesses similar
macrocycle chemical structure and chromaticity with chlorophyll, the
capacity of colour conversion as well as desirable thermally stability
[98] An early fire EWC sensor based on the phthalocyanines PMS was
thus constructed via a simple spray strategy (Fig. 29a). Employing the
real-time video monitoring system and the intelligent image recognition
technology, the EWC sensor displays a desirable early fire alarming and
fire detection responses, e.g., 20 s for 275 ◦ C and 3 s for open fire con
ditions (Fig. 29b), respectively. Moreover, the colour conversion
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Fig. 26. (a) Typical fabrication process of the single thermoelectric unit and thermoelectric module based on the connection of [EMIm][Ac] (p-type) and [EMIm]
[TFSI] (n-type) thermoelectric units in series. (b) Schematic diagram of thermoelectric voltages of [EMIm][Ac]- or [EMIm][TFSI]-based thermoelectric units in the
case of a temperature difference between two electrodes. (c) A timely forest fire monitoring system inspired by this work. (d) Design of the wireless fire monitoring
system. (e) Photographs of the wireless fire monitoring system. (i) Whole wireless fire monitoring system. Scale bar = 7.5 cm. (ii) Electrical components of the
system: single-chip microcomputer used as the ① receiver and ② transmitter, nRF24l01 wireless transceivers used as the ③ transmitter and ④ receiver, ⑤ speaker,
and ⑥ red LED. Scale bar = 1.5 cm. (iii) Ornamental. Scale bar = 4.5 cm. (f) Real-time evolution of thermoelectric voltage in the process of fire incident to the
ornamental. Scale bar = 10.0 cm.
Reproduced from [93] with permission.

examine a vast collection of published data to extract general conclu
sions about the dependence of the main active fire warning parameters
of various materials. In case of the passive flame retardant performance,
they have been discussed in some excellent reviews [9,32,61,66,224],
which is not discussed in detail.
Table 2 represents a comprehensive collection of published fire
warning data on the various material systems reported in the literature.
The table is summarised in the following manner: the composition of fire
warning materials in column 1 by the type mentioned earlier, and the
fabricating process and method are listed in column 2. In columns, 3–5,
the fire warning temperature and time, flame detection response time,
and cyclic fire warning signal are given. Finally, the passive flame
resistance and environmental reliability of the corresponding fire
warning materials and the reference number are listed in columns 6 and
7. From the data given in the table, a large spread in the number of
investigations on smart fire warning materials and sensors have been
made, and they show great promise for promising fire safety and pre
vention application [73–76,80,91,98,118,128,132,138]. Especially,
resistance-type fire warning materials usually have excellent passive
flame resistance and active fire warning responses, and they can be
applied in various material types (e.g., paper, coating, fibre and aerogel)
and different processing methods [78,80,130,133]. Multiple in
teractions, including hydrogen bond, ionic bond, coordination bond and
covalent bond among the functional nano-materials and flame-retardant
components of the fire warning materials, are usually constructed to
ensure the structural integrity and stability under high-temperature or
flame conditions [86]. Similarly, other fire warning materials (e.g.

warnings. Based on the color-changing mechanism induced by hightemperature heat sources, an intuitive alarm signal can obtain, and
people can easily find and timely tackle fire hazards. While there are still
some shortcomings. First, the suitable color-changing materials or
molecules are not sufficient and high-cost, and an enormous variety of
such materials needs to be further developed and investigated. Second,
simple randomly observation based on color-changing mechanism is
hard to achieve effective detection of fire hazards; and it is thus needed
to combine with additional devices or systems, e.g., real-time video
monitoring technology to obtain accurate and timely fire alarm signal.
Finally, its weather-resistance reliability is still not clear and should be
further considered for promising practical use.
4.5. Comparison of flame detection and fire warning performance
As mentioned above, many nanomaterials and functional molecules/
polymers and their composites and unique structures with excellent
passive flame retardancy and/or sensitive active fire warning response
make them particularly attractive for constructing smart fire warning
materials. During the past several years, more and more publications
have reported certain aspects of the smart fire warning materials and
sensors. At present, more than 30 material systems have been investi
gated for fire warning performance. The variation of fire warning pa
rameters, such as flame detection time, fire early warning temperature
and time, signal sensitivity, fire warning cycle and environmental reli
ability, have given some encouraging results in constructing the smart
fire warning materials and sensors. This part of the review aims to
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Fig. 27. (a) Preparation route of MXene/CCS@CF. (b) Design strategy of MXene/CCS@CF; schematic illustration of the diverse application for MXene/CCS@CF.
Schematic of construction for (c) temperature sensing circuit and (d) fire-warning circuit. (e) Video snapshots of repeated fire-warning test for MXene/CCS@CF-4.
Reproduced from [87] with permission.

warning response time at 300 oC is usually < 100 s, even only about
< 20 s for several material systems [78,83,86,91,98,124,136]. On the
other hand, the lowest fire warning temperature of the investigated
materials can reach only 200 oC, which is below the ignition tempera
ture values (300–500 oC) of combustible materials (see Table 1). The fire
warning signal at such a low temperature is enough in practical use since
the lower responsive temperature may generate the wrong alarm.
Comparatively, the tunable warning response time at the low tempera
ture would be essential to offer a timely fire warning alarm. Further, in
the case of the cyclic fire warning response, most fire warning materials
usually release a one-time alarm signal, for example, the resistance
transition change of the GO network induced by the thermal reduction.
Notably, the repeatable fire warning signal can be achieved in several

thermoelectric materials) have shown rapid flame detection with the
self-powered feature, but their flame resistance is usually not
considered.
In the category of fire warning signals, the flame detection response
time and fire early waning temperature and time are the main param
eters of the fire warning sensors. Typically, the flame detection response
time of various fire warning materials is less than 5 s (Table 2 and
Fig. 30a), which is superior to the traditional smoke alarm and heat
detectors with a relatively long response time (e.g. >100 s [115,116]).
This rapid flame alarm time seems sufficient for people to deal with the
critical fire risk. Regarding the fire early warning response temperature
and time, most fire warning sensors show an ideal decrease in fire
warning response time by increasing the temperature (Fig. 30b). The
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Fig. 28. (a) Schematic of the HT-TCC in the hibernating state and working state. The closed HTM makes the HT-TCC in an open-circuit state and hibernate in
peacetime. Once being heat-triggered, the HTM can quickly open, making the HT-TCC harvest heat for driving the alarm. (b) Schematic of the HT-TCC module
integrated from units in series. (c) Real-time temperature curves of the module during heating, which simulates the rise of temperature in precombustion. (d)
Photograph of our fire alarm system prototype. An alarm application was developed on the mobile phone as a fire monitor. When there is no fire, nothing displayed
on the screen. (e) Demonstration of real-time open fire detection and alarm. (f) Magnified photograph of the fire warning displayed on the mobile phone.
Reproduced from [94] with permission.

composite systems (e.g. the resistance-type MXene or Fe3O4 based ma
terials [118,146], phase/shape change materials [143], and TEs [87]).
Moreover, the fire warning reliability under complex environments is
crucial for the potential outdoor application. Most of the fire warning
materials do not consider it, and more future work should be made to
confirm this.

developed to construct smart fire warning sensors using various versatile
fabricating strategies. Generally, most of the developed smart fire
warning materials showed rapid flame detection response time (e.g., less
than 5 s for most fire warning sensors, see the details in Table 2) [73–78,
80–91,96,118,125,126,128–136,138,139,141–144,147–150]. This is
much faster than the traditional smoke fire detectors with a slow flame
detection time of > 100 s and thus effectively provide a sufficient,
timely evacuation signal. Additionally, some smart fire warning sensors
(e.g., GO-based flame retardant coating/paper) showed early warning
signals at a relatively environmental temperature that is usually below
the ignition temperatures (e.g., 300–500 oC) of many combustible ma
terials [14,254]. Consequently, the excellent warning performance
would alert people safely contain the fire so that people may evacuate
and try to suppress the fire risk. Further, some fire warning sensors
showed excellent cyclic fire warning response and stable environmental
reliability after long-term outdoor exposure. The above multiple

5. Conclusions, challenges and future perspectives
5.1. Conclusion
This review systematically summarizes and discusses the design,
synthesis, and fabricating approaches of fire warning materials that
combine passive flame resistance and active fire warning signal.
Different types of material systems, ranging from multifunctional nanocoating, smart fabrics, fire warning paper/film and aerogel, have been
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Fig. 29. (a) Design strategy for early fire warning based on phthalocyanines-PMS and (b) Fabrication of the early fire warning component via a facie spray approach.
(c) The potential fire simulation experiments at 275 ◦ C of the prepared EWC. (d) The proposed color conversion mechanism of PMS in potential fire. (e) Early fire
warning processes of the remote monitoring alarm APP designed by the image recognition algorithm.
Reproduced from [98] with permission.

functionalities of smart fire warning materials can be utilized as fire
protection of combustible polymer foam and textile materials, fire alarm
wallpaper, intelligent fire warning device system, fire protecting/alarm
smart skin and so on, showing promising fire safety and prevention
applications in various fields.
According to the fire warning principles and reaction mechanisms,
the fire warning sensors can be typically categorized into four distinctive
types, including (i) resistance-type smart fire warning materials via
monitoring sensitive resistance transition like GO and MXene-based
nanocomposites; (ii) phase change-induced the contact area change of
the electrodes; (iii) thermoelectric responsive smart fire-warning mate
rials by techniques like temperature-induced voltage or current flow
change, and (vi) direct observation of the colour change based on the
bio-molecules. Among them, the multi-functional nanocomposites via
temperature-triggered resistance transition have received much more
attention over the past few years. They provided ideal active fire
warning parameters (e.g., rapid flame detection time, low fire earlywarning temperature, high sensitivity and cyclic warning stability)
and presented good passive flame resistance and environmental

reliability. Comparatively, the other three types of smart fire warning
sensors need further structure and performance optimization because of
the complicated processing, high cost, poor fire warning response, and
indeterminate environmental reliability. It should be noted that, for
potential practical applications, all these smart fire warning sensors still
require further improvements in the fire warning performance and
signal transmission.
5.2. Key challenges
Although the smart fire warning materials and sensors have obtained
significant advances in the past several years, some unsolved challenges
still need to be addressed. The first concern is about the materials and
processing practicability. Most of the reported smart fire warning sen
sors are derived from novel nanomaterial or bio-molecule resources. As
a result, their synthesized product requires a very high production cost,
raising practicability concerns for promising applications. Also, their
fabricating processing of the fire warning materials are complicated and
often involves the abundant use of organic solvents, which can lead to
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Fig. 30. Comparison of (a) flame detection alarm time and (b) fire early-warning response time of the various material systems published results reported in
reference. Each symbol indicates different material systems, and a detailed description of each set of samples and data points is given in Table 2.

long-term fabricating time and potential environmental issues, thus
restricting their practical applications. Finally, the processing stability
and repeatability of the fire warning signal need to be carefully evalu
ated for large-scale production.
Another challenge is the lack of comprehensive performance opti
mization. Although both passive excellent flame-retardant efficiency
and active rapid fire detection response have been achieved for many
fire warning materials, however, the scope for further optimisation of
other critical performances, such as self-healing performance, fire
warning responsive temperature, response time, mechanical reliability,
and structural stability in the complicated and abrasive environments. In
general, the ideal fire early-warning responsive temperature and time of
the sensors are crucial for ideal fire prevention before the combustible
materials are ignited. At the same time, they are strongly dependent on
the components and structural features of the fire warning materials
which is not well understood in depth. Further, mechanical reliability,
structural stability, and abrasive performance are essential for ensuring
fire warning functionality under various complicated outdoor environ
ments and weather conditions. Additionally, as an effective smart
warning sensor, the sensitivity, cyclic fire warning and response/re
covery time should also be considered and defined. However, some
current work mainly focuses on single flame detection response or fire
early warning response, which significantly restricts their efficient fire
safety and prevention in the potential application. Especially, the
structural evolution and reaction mechanism of fire warning materials
should be paid more attention to optimize and balance the fire warning
signals.

The third concern involves the application and reconfigurability of
fire warning signals from small-scale experiments to large-scale practice,
which is generally neglected during the design of the fire warning sen
sors. The interfacial chemistry and interaction mechanism between the
fire warning materials and the applied substrates need further attention
for the intelligent application of the fire warning materials. In addition,
the smart fire materials and sensors focus on the detailed sample on a
small scale (<1 m), while the practical fire accidents (e.g., building and
forest fire) are usually occurred on a large scale (>10 m and even
>10 km). The difference makes these fire warning sensors hardly suf
ficient for fire safety and prevention. Although some wireless trans
mission techniques were proposed to reconfigure the fire warning
signals in the large-scale scene, the feasibility and practicability are still
not well investigated and understood, thus remaining a key challenging
issue. For this reason, much work needs to be done, and the associated
techniques remain to be further developed and integrated.
5.3. Future perspectives
In response to the significant challenges associated with above
mentioned smart fire warning materials and sensors, some possible
opportunities are proposed as follows.
First, the development and use of new functional materials and facile
fabricating techniques promote the practicability of the fire warning
sensors. Based on the fire warning mechanisms mentioned, more efforts
should be made to develop and explore commercial functional materials
and/or nano-materials to construct the fire warning sensors. For
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instance, the multifunctional composite materials with transparent, selfadhesion, surface super-hydrophobic, excellent passive flame resistance,
and active fire warning response are highly required to ensure the fire
safety of the ancient wooden buildings. Moreover, the fabricating pro
cessing of fire warning materials should be simplified to reduce the
product cost and thus meet the practical requirement of large-scale
production. Additionally, constructing unique structures to achieve
large-scale fire warning response via tailoring the fabricating processing
represents a new and interesting research opportunity in the future.
Another opportunity is optimizing combined fire alarm response and
other multiple functionalities. One research opportunity is incorporating
other functional materials and/or nanomaterials to endow the fire
warning sensors with other important properties, e.g., self-healing,
super-hydrophobic, anti-abrasive and anti-icing performances, which
can guarantee the fire warning reliability in complex environments, thus
promoting the potential product industrialization. In addition, the
design and optimized preparation of smart fire warning sensors with
cyclic fire warning response is another promising research direction for
achieving reusable fire alarm signals. Although the previous work has
proven that the reusable fire warning/alarm sensors were constructed
based on the oxidized MXene network [118,255], the tailoring strategies
of fire warning signals and the related working mechanism should be
understood in depth. Moreover, considering the dark nature of GO and
MXene-based fire warning materials, they have limitations as a smart
wallpaper and fabric for practical use. Therefore, the design and
development of novel fire warning materials and sensors with tunable
colours represent a new and exciting research opportunity in the future.
The third opportunity is to integrate the fire warning performance
for large-scale applications. First, their interface adhesion onto the
different substrates should be addressed for smart fire warning coatings
or skin. The design and synthesis of flame retardant silicone resin to
construct the effective interfacial adhesiveness on various substrates has
been proven to be a promising approach to promote the application on
different combustible substrates [5], but the cost and multi-step inter
face assembly process is not desirable. Therefore, an effective interface
design that consists of multiple interactions (e.g., hydrogen/ionic bonds,
coordination interactions, and covalent bonds) offers many other
promising opportunities for creating stable and reliable fire warning
sensors. In addition, integrating the fire warning signal with the tech
nique of the internet of things represents another promising research
direction to reconfigure the fire warning signals in the large-scale scene.
The feasibility and practicability of the integrated techniques and the
involved fire warning principles and factors are fundamental to
advancing future technological development in this area.
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