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With the rapid development of the city, all kinds of high-rise buildings, large shopping malls
and entertainment places have been built one after another. There are some hidden
dangers of fire accidents. Effective prevention and monitoring of fire is the focus of fire
prevention and control field. As the information source of fire prevention and control, the
preparation of fire detection sensor with high sensitivity and short response time is of great
significance for fire prevention and monitoring. At present, the commonly used fire
detection sensors mainly include CO sensor, temperature sensor and flame sensor.
The sensors detect the characteristic parameters in the fire environment and converts
non-electric signals such as gas, temperature, and flame light into electric signals to
achieve the purpose of fire warning. With the development of material technology in recent
years, especially the development of Carbon Nanotube (CNT) technology, a new fire
detection sensor represented by CNT materials has emerged. In this paper, the research
progress of CNTs in fire detection sensors is reviewed. The applications of CNTs in CO
detection, flame light detection and temperature detection are discussed in detail. Finally,
the development trend of fire detection sensors based on CNTs is proposed, and the
development direction of fire detection sensors in the Internet of things is prospected.

Keywords: carbon nanotubes, fire detection sensors, internet of things, application status, development trend

INTRODUCTION

The Internet of things was first proposed by Kevin Ashton in 1999 (Cardenas et al., 2020), then it was
widely used in various fields. The core of the Internet of things is sensor, which can detect the changes
of various physical and chemical quantities in the environment, convert these changes into electrical
signals, and transmit them to various platforms for information sharing through wireless
transmission. The essential requirement of internet of things (IoT) is that sensors and devices
can operate for a long time without excessive offset or degradation (Gaur et al., 2019). Therefore, the
key factor to promote the development of IoT in the future is to develop low-power and low-cost
electronic sensors (Marinov, 2015). Nowadays, a variety of sensors have been developed for the
Internet of things, such as temperature sensor (Chad et al., 2013), gas sensor (Sharma et al., 2014; Ge
et al,, 2019), pressure sensor (Takei et al., 2014), photoelectric sensor, etc. Now, with the continuous
development of the Internet of things, it has been widely used in medical, public utilities,
manufacturing, transportation, safety prevention and other fields (Sundmaeker et al, 2010).
Especially in the safety prevention, the monitoring of the Internet of things plays a crucial role
in preventing accidents. In recent years, accidents occur frequently in various places, of which fire
accident is one of the disasters with the highest frequency at present. Using the Internet of Things to
monitor fires has become a hot spot. The main causes of fire can be divided into smoldering fire and
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FIGURE 1 | (A) Adsorption of CO gas molecule on the carbon nanotubes (CNTs) functionalized with hydroxyl group. (B) Schematic diagram of the CNTs infrared
photoconductive detector. (C) SEM images of the CNT based temperature sensor. (D) (@) The triple-electrode CNT-based sensor, (b) sectional view of the sensor, and (c)

IR radiation

metal mask

Collecting electrode

Extracting electrode

Cathode

open fire. For the fire caused by smoldering fire, the concentration
of smoke and co increased significantly in the early stage, and
decreased significantly in the later stage; when the fire was caused
by open fire, the CO concentration increased significantly in the
early stage, but the smoke concentration decreased significantly,
and the flame produced light radiation, and the smoke
concentration increased rapidly in the later stage (Ding et al,
2018). Gas is one of the early characteristics of fire. The main
gases used to detect fire include CO, CO,, NOx, methane, H,,
H,O0, amine (-NH,) (Xue et al., 2005; Wasisto et al., 2014). When
a fire occurs, the temperature rises significantly, and the change of
temperature can be detected by temperature sensor; the
photoelectric detection for fire warning generates radiation
light through flame combustion, and the sensor responds to
the detection of light to detect the fire (Kwangjae et al., 2017).
At present, gas sensors, temperature sensors and flame sensors
are widely used in fire early warning system (Bogue, 2013;
Fonollosa et al., 2018).

With the development of science and technology, more and
more researchers study the preparation materials of sensors. Carbon
nanotubes (CNTs) are one of the most popular electronic materials,
which can improve the accuracy and response speed of sensors, thus
promoting the development of IoT sensors (Chen et al,, 2016). In

1991, lijima first discovered CNTs, and then began to carry out a
large number of studies on this material around the world (lijima,
1991). It was found that CNTs have good electrical, physical,
chemical and mechanical properties, for example, CNTs have
good chemical stability, high carrier mobility, flexibility, etc.,
which greatly improve the performance of the sensor (Barcarolle
et al,, 2013). CNTs are hollow structures composed of graphene
sheets. According to the number of graphene layers, CNTs are
divided into single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs). MWCNTs are formed by crimping graphene
(Wang et al., 2018); according to the spiral shape of graphene sheets,
CNTs can be divided into two types (asymmetric type) and chiral
type (symmetric type) (Tang, 2019). CNTs can be synthesized by a
variety of methods, such as arc discharge (lijima, 1991), laser
ablation (Guo et al, 1995), chemical vapor deposition (Jose-
Yacaman et al,, 1993). At present, arc discharge has become the
most widely used synthesis technology, which can produce
SWCNTs and MWCNTs at the same time. Chemical vapor
deposition is a common method for commercial production of
CNTs. Among the three common methods, laser ablation has the
highest cost, arc discharge has the lowest benefit, and chemical
vapor deposition is the most effective method for commercial
production of CNTs. In addition to CNT materials, CNT
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composites have also become a research hotspot in sensor materials.
The addition of metal oxides and polymers to CNT can change their
structure and produce quantum tunneling effects, which improves
the sensor materials. The electronic transportation capability of the
sensor significantly improves the selectivity and sensitivity of the
Sensor.

This paper reviews the research progress of CNTs and their
composites in three kinds of fire detection sensors: CO gas sensor,
temperature sensor and flame sensor. It also introduces the
improvement of the sensing characteristics of CNTs for fire
detection sensors, which provides a favorable reference for the
further application of CNTs in fire detection sensors.

CO GAS SENSOR BASED ON CARBON
NANOTUBES

In the early stage of fire, the main products are the smoke from
pyrolysis, including complete combustion products (such as CO,
and H,0) and incomplete combustion products, such as CO,
gaseous and liquid hydrocarbons, carbon particles, alcohols,
aldehydes, ketones, and other chemical substances. The main
components of gas products are CO,, CO, and water vapor.
Because the humidity of air has a great influence on the water
vapor content, and the content of CO, in the air is also high, they
are generally not taken as the object of fire detection. Therefore,
CO is regarded as the characteristic gas for early fire detection.

Gas Sensing Mechanism of Sensor

The traditional semiconductor CO sensor uses the principle of
semiconductor conductivity change caused by the adsorption and
desorption of gas molecules on the surface of semiconductor
materials to detect the gas concentration. However, this kind of
sensor has poor gas selectivity and poor stability, so more reliable
materials are needed to prepare the sensor. It has been found that
the gas sensing mechanism of SWCNTs is due to the formation of
three carbon atoms on the surface of SWCNTs o bond, one
electron forms delocalized = bond between carbon and carbon.
When detecting gas, the n electron cloud will change, which will
lead to the change of sensor conductivity (Yuan et al., 2004). For
MWCNTs, MWCNTSs can form more winding structure, which
makes the sensor have better conductivity (Sayago et al., 2008).
The response of gas sensor based on CNTs to gas is greatly
dependent on the effective active number of gas adsorbed on the
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sensor surface (Zhang et al., 2009). When the sensor detects the
gas, the gas molecules will be adsorbed on the active sites on the
surface of CNTs, and the space charge layer between the
electrodes will form a new polarization (Snow, 2005). The
sensor can detect the concentration change of the gas to be
measured in the environment. However, due to the limitation of
their own properties, the adsorption capacity of CNTs is very
limited, limited to several strong reducing and oxidizing gases,
such as O,, NO,, NH;, SO,, and so on. Many toxic gases and
greenhouse gases cannot be adsorbed by intrinsic CNTs, such as
CO and CO,. Therefore, in order to detect more kinds of gases, it
is necessary to improve the functionalization of intrinsic CNTs.
The main improvement methods include nonmetallic element
doping, inorganic metal doping and metal oxide doping. In 2014,
Mittal reviewed the interaction between CO and hydroxyl-
modified CNTs. This is due to the formation of hydrogen
bonds between CNTs and the hydroxyl groups of CO
molecules. The schematic diagram is shown in Figure 1A
(Mittal and Kumar, 2014).

Research Status of Carbon Nanotube

Based CO Sensors

In 2000, Kong and others found that CNT has good sensing
properties for gas, so there are more and more researches on
CNTs and their composites in gas sensors (Kong et al., 2000). In
2008, Wu et al. added 0.1% CNTs to the Co3;04~SnO, materials,
which greatly improved the sensing characteristics of the sensor.
The lowest detection limit for CO concentration was 20 ppm, the
optimal working temperature was 25°C, the response value was
23 mV, and the relative signal-to-noise ratio was 2.3 (Wu et al,,
2008). In 2009, Pearce prepared modified MWCNT's gas sensors
by electrophoretic deposition, which improved the speed and
reliability of fire gas detectors (Pearce, 2009). In 2010, Leghrib
et al. synthesized SnO,/CNTs gas sensor by precipitation of SnO,
colloidal suspension in CNTs. The sensitivity of SnO,/CNTs gas
sensor to CO was tested at 150°C. The results show that SnQO,/
CNTs composite has good sensitivity to 2ppm CO at this
temperature, and the response time is 5min (Leghrib et al,
2010). In 2013, Igbal et al. modified ultrasonic spray with
Nano-structure ZnO by ultrasonic spray pyrolysis method, and
conducted gas sensitivity test. The experimental results showed
that the sensitivity of the composite to CO with volume fraction
of 100 ppm at 250°C was 85%, the response time was 5 min, and

TABLE 1 | Sensing properties of carbon nanotube complexes for CO.

Minimum
detection limit (ppm)

SnO,/CNT -
Pd?*/SnO,/CNT 5
SWCNT surface with Au NPs 1
Polyaniline-MWCNT 500
Pt-CNT —
CNT/C0304-Sn0O,» 20

CNT, carbon nanotube.

Optimum operating temperature (°C)

Response time Literature

150 5 min Leghrib et al. (2010)
100 2s Hu et al. (2014)

25 125s Choi et al. (2016)
25 76s Roy et al. (2018)
100 30s Han et al. (2019)
25 — Wu et al. (2008)
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the recovery time was 20 min (Igbal et al., 2013). In 2014, Hu et al.
prepared Pd** doped SnO, nanoparticle coated CNTs by sol-gel
method. The minimum detection limit of the sensor for CO is
5 ppm, the best working temperature is 100°C, and the response
time is 2s (Hu et al.,, 2014). In 2016, Choi et al. synthesized a
network of Au nanoparticles functionalized SWCNT by
impregnation method and self-agglomeration of Au film. The
sensor made of this material has high sensitivity and selectivity to
low ppm CO at room temperature, and the detection limit for CO
is as low as 1 ppm, achieving good selectivity for 2 ppm CO for
the first time (Choi et al., 2016). In 2018, Loghin et al. used a
handwriting technique to create a gas sensor based on CNTs. The
sensor has a sensitivity of 0.06% ppm for CO and a measurement
range of 5-45 ppm (Loghin et al, 2018). In 2019, Kim et al.
fabricated a Pt CNTs flake CO gas sensor by depositing Pt
nanoparticles on CNTs. The maximum response time of the
sensor is 30 s and it has good sensitivity to 80 ppm CO (Han et al.,
2019). In 2018, Roy et al. synthesized polyaniline coated
MWCNTs and spin coated them on the interdigital electrode
of the sensor. The experimental study found that the sensor has
good response and repeatability for 500-1,000 ppm CO at room
temperature, with a response time of 76 s and a recovery time of
210 s (Roy et al., 2018). Table 1 is the sensing properties of carbon
nanotube complexes for CO. CNTs gas sensors have attracted
much attention due to their low operating temperature and
minimum detection limit. Semiconductor CNTs gas sensors
doped with oxides have the advantages of both oxide
semiconductor gas sensors and CNTs gas sensors, and have
the characteristics of high sensitivity, minimum detection limit
and low working temperature (Zhang et al., 2013).

FLAME SENSOR BASED ON CARBON
NANOTUBES

In addition to gas and smoke, light will also be produced when the
fire happens. The flame has both radiation characteristics and
chromaticity characteristics. The flame can radiate in the three
parts of the spectrum, namely, ultraviolet, infrared and visible
light. Ten percentage of the flame radiates in the ultraviolet light
region, and the remaining 90% of the flame radiates in the
infrared and visible light regions (Shekhar et al., 2012; Liu Y.
etal., 2017; Gaur et al., 2019), most visible light areas are red and
yellow caused by carbon in fire, so infrared and ultraviolet light
are generally detected. According to research, CNTSs react to
radiation, which means that this response can be used to detect
various radiation sources, such as those from flames.

Sensing Mechanism of Flame Sensor

The basic light response mechanism of general photodetectors is to
convert the absorbed photons into electrical signals. The light
response mechanisms include photoelectric effect,
photoconductivity effect, optical gating effect and thermometric
effect (Liu P. et al, 2020). CNTs infrared photodetectors are
developed on the basis of thermal effect and optical effect. The
sensing principle based on thermal effect is that the temperature
change caused by light irradiation produces electrical signals

CNT Based on Fire Sensors

(resistance, current or voltage). For the principle of optical effect,
excitons are generated through the photon absorption of CNTs, and
the electron hole pairs are generated by excitons. It is released by
dissociation, thus producing photocurrent or photovoltage in the
device (Avouris et al., 2008). Figure 1B is the schematic diagram of
the CNT infrared detector (Saleh and Wasan, 2015). When ultraviolet
light appears, oxygen molecules on the surface of CNTs are desorbed
by the energy of photoinduced plasma polaritons, resulting in a
significant decrease in hole concentration, which correspondingly
increases the resistance of CNTs. The change of resistance of CNTs
under ultraviolet light makes them able to be used for ultraviolet light
monitoring (Pyo et al., 2018).

Research Status of Flame Sensors Based

on Carbon Nanotubes

When a fire occurs, the radiation light produced by flame
combustion includes ultraviolet light and infrared light. The
flame sensor responds to the flame light immediately to judge
whether the fire occurs. CNTs are promising materials for the
fabrication of high-performance nanooptoelectronic devices due
to their unique one-dimensional structure. In 2012, Shao et al.
developed a kind of ultraviolet electric detector. The sensor uses
CNTs film as coating material. The response of the detector to
light frequency of 14 Hz and wavelength of 365 nm is about
0.123 A/W (Shao et al., 2012). In 2020, Pathak et al. prepared a
kind of nanocomposite material based on CNTs and zinc oxide for
ultraviolet sensor. The sensitivity of the device to ultraviolet light
at 365 nm is 0.011 A/W (Pathak et al,, 2020). In 2012, Zeng et al.
designed a high-performance infrared detector based on SWCNT
array, and its responsivity was 9.87 x 107> A/W (Zeng et al., 2012).
In 2013, Lu et al. self-assembled a heterojunction at the graphene/
MWCNT interface. This nanocomposite material made the
detection rate of the infrared detector as high as 1.5 x
107 cm Hz'W™" (Lu et al, 2013). In 2017, Huang et al.
transferred the CNTs/SiO, structure to the PMMA substrate
and designed an infrared detector that has the advantages of
fast response speed and high sensitivity (Huang et al., 2017). In
2018, Pavelyev et al. proposed an infrared radiation photodetector
based on MWCNT grown on silicon substrate by chemical vapor
deposition. The response speed and resistance recovery time of the
detector are 3 min and have obvious hysteresis characteristics
(Pavelyev et al., 2018). The traditional flame sensor mainly uses
ultraviolet detection and ultraviolet/infrared joint detection. In
2014, Mohanty et al. prepared MWCNTs by chemical vapor
deposition method, and designed a functional flame sensor.
The response characteristics and sensitivity of the sensor in the
transverse and longitudinal direction of the flame were
experimentally studied. It has a good working range, and this
kind of flame sensor can also be used. Estimation of working
distance from flame (Mohanty and Misra, 2014).

TEMPERATURE SENSOR BASED ON
CARBON NANOTUBES

Temperature is one of the most obvious characteristics of a fire.
When a fire occurs, a lot of heat is generated by material
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combustion, which makes the surrounding temperature change.
The temperature sensor responds to the change of the
temperature in the environment immediately to achieve the
purpose of fire warning. This section mainly summarizes the
research status and sensing principle of temperature sensor based
on CNTs.

Sensing Mechanism of Temperature Sensor
CNTs have the characteristics of low power consumption, high
sensitivity, high stability, and wide operating temperature range,
which can improve the performance of temperature sensors. The
temperature measurement of the sensor is not directly expressed,
but based on the characteristics of a series of physical phenomena,
such as volume expansion, gas pressure change, magnetic
susceptibility change, diode junction voltage and resistance
exchange, thermocouple generation, and so on. CNTs based
sensors use these physical phenomena to detect environmental
temperature changes. For example, thermometers can be realized by
measuring the thermal expansion of CNTs, because the height of
one-dimensional column of continuous liquid in CNTs varies from
50 to 500°C. In addition, the temperature sensor based on CNTs can
also measure the temperature of CNTs caused by thermal
interaction. Temperature measurement is realized by changing
the conductivity (Pan et al, 2017). Figure 1C shows the SEM
image of a temperature sensor based on CNT (Monea et al,, 2019).

Research Status of Temperature Sensors

Based on Crabon Nanotubes

CNTs have become an important candidate material for
temperature sensors because of their excellent electrical
response to temperature changes. In 2011, Karimov et al.
designed a thin-film temperature sensor. By depositing a layer
of glue and CNTs powder on the paper substrate, the temperature
measurement range of the sensor is 20-75°C, and its sensitivity
reaches —0.24%/°C (Karimov et al., 2011). In 2013, Ali et al.
synthesized the yttrium iron catalyst film on silicon substrate by
wet chemical method, and prepared CNTs by chemical
deposition method, and made it into a temperature sensor. Its
temperature measurement range is 20-150°C, and the sensitivity
is 4.21 x 107*/°C (Ali and Hafez, 2013). In 2015, Karimov et al.
proposed a temperature sensor based on VO, (3-fL) and CNT
composite film. The silver electrode was deposited on the glass
substrate, and the VO, (3-fL) and CNTs composite film materials
were wrapped on the top of the silver electrode. The temperature
measurement range of the sensor was 25-80°C, and the sensitivity
was —(0.9-1.3)% (Karimov et al,, 2015). In 2017, Pan et al.
successfully developed an ionization temperature sensor based
on CNTs. The sensor has a temperature range of 20-100°C and a
sensitivity of 4 x 107> (Pan et al,, 2017). In 2017, Song et al. used
chemical vapor deposition method to grow vertically aligned
CNT arrays on SiO,/Si substrates to prepare a temperature sensor
with a temperature measurement range of 20-110°C and a
sensitivity of 4.74 uA/°C (Song et al., 2017). The structure of
the sensor is shown in Figure 1D. In the same year, Zuo et al.
prepared a CNT-carbon fiber cement-based material, when 0.5%
CNTs were added, the temperature measurement range was

CNT Based on Fire Sensors

30-60°C, and the sensitivity was 5.35 x 107*/°C (Zuo et al,
2017). In 2018, Sarma et al. studied the method of preparing
high-efficiency thin-film temperature sensor using layered
MWCNT. He prepared a thin-film temperature sensor on Si
substrate by chemical vapor deposition of CNTs film with Ni as
catalyst. The temperature measurement range of the sensor was
22-200°C, and the sensitivity was 1.03 x 1073/°C (Sarma and Lee,
2018).

DEVELOPMENT PROSPECT OF CARBON
NANOTUBE FIRE DETECTION SENSOR

With the development of fire detection technology, novel sensing
materials have always been an important research field of fire
detection sensors, which have an extremely important impact on
CO sensors, temperature sensors and flame sensors. The huge
aspect ratio and specific surface area of CNTs make them become
highly sensitive sensing material layer and efficient sensing
channel, but the sensors based on CNTs are still in the
primary stage, there are still some problems to be solved: 1)
Further research on synthesis methods is needed to improve
the uniformity of noble metals and semiconductor metal oxides
on the wall of CNTs, so as to improve the response time and
sensitivity of the sensor. 2) How to reduce the recovery time of the
sensor to achieve the purpose of repeated use. 3) The sensing
mechanism of the sensor is not clear, for example, whether the
adsorption and desorption model of CO occurs on the surface of
CNTs or metal oxides or on the interface between CNT's and metal
oxides, so it is necessary to further study the sensor mechanism of
the sensor. 4) Improving the sensor’s anti-interference ability is of
great significance to the improvement of sensor performance. In
order to solve these problems, we should optimize the preparation
process in the future, make metal oxides and other dopants more
evenly distributed on the wall of CNTs; clarify the sensing
mechanism of the sensor, explore the electrochemical reaction
between CO gas molecules and which dopants, and use these
dopants as the recognition layer of CNTs, which can greatly
improve the selectivity of the sensor. Appropriate addition of
CNTs, for example, metal oxides, inorganic metals, non-metallic
elements, etc., can reduce the recovery time of the sensor. In the
future, CNTs can be covered with materials that do not interact
with interference sources to reduce interference and enhance the
stability of the sensor.

CONCLUSION

In this paper, the fire detection sensors based on CNTs are
reviewed. Firstly, the important role of sensors in the Internet
of things is briefly described. The basic structure and preparation
methods of CNTs are introduced. The three most commonly used
fire detection sensors (CO sensor, temperature sensor and flame
sensor) in the fire monitoring system of the Internet of things are
analyzed. The current researches of the three kinds of sensors
based on CNTs and CNT composites is briefly reviewed. Finally,
the problems such as the uniform distribution of dopants, the
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long recovery time and the unclear sensing mechanism of CNT
sensors are prospected, improving the anti-interference ability of
the sensor, which provide a favorable reference for the further
application of CNTs fire detection sensors.
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