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Technological expansion in 
nanotechnology has given an upsurge 
to a new generation of functional 

organic nanomaterials with well-defined 
characteristics and controlled shape, allowing for a 
large number of possible applications. Innovative 
detection systems for the reliable and timely 
monitoring of dangerous gases in industrial processes 
and the environment are vital for maintaining 
optimum health and safety. Carbon-based gas sensors 
are becoming increasingly popular due to their unique 
characteristics and high sensitivity. Carbon 
nanostructures, such as carbon nanotubes (CNTs) are 
generally recognized as prospective nanomaterials for 
developing a new gas sensor with important 
nanotechnology implications. CNTs in particular have 
fueled the development of gas sensors that take 
advantage of their unique morphology, greater 
surface-area-to-volume ratio, chemical inertness, 
nanoscale architecture, and hollow core; all of this makes these materials appealing for current nanotechnology applications as well as one 
of the potential future generation materials. This review work covers the current state-of-the-art work on electrical and electronic properties; 
sensing mechanisms, and recent advancements in gas sensors development based on organic nanomaterials; carbon nanotubes in particular.  

Keywords: CNTs, gas sensor, sensing mechanisms, carbon nanostructures.

INTRODUCTION 
Exposure to various pollutant gases has been upheld to be 

unswervingly harmful to the health of the exposed people. 
Nitrogen oxides, VOCs, hydrogen sulfide, and carbon monoxide 
are recognized to be the most dangerous gases.1 Monitoring air 
pollutants necessitates the use of high-performance sensors 
capable of identifying and measuring gaseous and vaporous 
species. Furthermore, using an electronic gas measurement 
method for mobile and on-site monitoring is highly 
recommended2. The current state of nanotube research is marked 
by a keen interest in their synthesis techniques, properties studies, 
and attempts at industrial use. Nanostructures can be made in a 
variety of dimensions, including 0-D, 1-D, 2-D, and 3-D.3–5 

Quantum dots, for example, have been used as a structural 
element including optical sensors, quantum lasers, and memory 

modules. Nanowires metal oxides, carbon nanotubes, and organic 
semiconductors have all been employed as gas sensors in the 
past.6–8 Experiments have also been conducted on various sensing 
materials, the properties of which allow for high sensitivity and 
rapid response towards a specific gas.9,10 One of the most 
significant breakthroughs of advanced science is the discovery of 
carbon nanotubes (1D nanostructures). This stage of carbon's 
existence falls between graphite and fullerenes.11 Many of the 
features of nanotubes, on the other hand, are vastly different from 
those of the carbon forms discussed above. CNTs are used in a 
variety of applications, including electron emission in 
automobiles12 for cathode rays from lighting components, gas 
discharge tubes, lithium battery anodes, flat panel displays, in 
telecommunications networks, biosensor face mask materials,13 
energy conversion, electromagnetic wave absorption, and 
shielding, composite materials, and hydrogen storage.14,15 Carbon 
nanotubes are promising materials with distinctive traits such as 
a large aspect ratio,16 mechanical stability, and excellent 
electrical conductivity. Because of their adsorption capability and 
large surface area, carbon nanotubes are intriguing as gas sensing 
materials.17 Carbon nanotubes have been proposed for use in a 
variety of gas sensors. When ionizing the target gas using field 
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emission electrodes with CNTs in a gas ionization sensor, high 
sensitivity and selectivity are observed.18 Figure 1 shows the 
various crystalline structure of carbon. CNTs have been the focus 
of many disciplines and even multidisciplinary fields of study 
since their scientific breakthrough in 1991 due to their distinct 
physical and chemical properties.19 CNT-based gas sensors, in 
particular, have attracted much interest because of their 
outstanding characteristics. 

 

 

Figure 1. The various crystalline structure of carbon. 
 
Single-walled carbon nanotubes (SWCNTs) are made up of a 

single graphite sheet that has been seamlessly wrapped around a 
cylindrical tube, whereas multi-walled carbon nanotubes 
(MWCNTs) are made up of an array of these nanotubes.20 The 
gas sensor mechanism from another study is based on the change 
in electrical conductivity of carbon nanotubes.21 Similarly, other 
studies show that developing carbon nano-horns as a gas 
detecting material can improve sensitivity. The conductivity of 
SWCNTs is affected by the transfer of charge between the 
adsorbed gas molecules and surface SWCNTs. At room  
temperature, this sensor should have a quick response, high 
sensitivity, and compatibility with ICs. The adaptability of 
carbon nanotubes in various applications makes them a 
promising option for future study in order to meet ever-increasing 
application demands. The electrical performance of carbon 
nanotubes-based devices is widely known to be highly sensitive 
to the chemical environment in which they function. From a 
practical standpoint, it is critical to conduct a thorough 
investigation into the interaction of carbon nanotubes with gases, 

since this will considerably improve the understanding of the 
physics of nanoscale devices made of these materials. Figure 2 
shows the surface and internal view of single, double, and multi-
walled CNTs.22 CNTs have proven to be a useful sensing material 
for sensor applications at the nano-levels having a larger surface-
to-volume ratio. Furthermore, a wide spectrum of research in this 
area has resulted in the fabrication of flexible and portable room 
temperature gas sensors based on nanotubes, as well as the 
demonstration of practical uses of CNTs through functional 
electronic devices.23,24 Figure 3 shows the various stages in the 
synthesis of carbon nanotube research. 

 

 

Figure 3. Phases in the synthesis of CNTs research. 

Because carbon nanotubes are not found in nature, they must 
be made in the laboratory utilizing a variety of procedures and 
experimental circumstances. Laser ablation, ball milling, 
electrolysis, arc discharge, CVD, and other processes are among 
them. The mechanism and properties of CNTs growth are 
controlled by process factors such as pressure, gas flow rate, 
reaction time, carrier gas, catalyst concentration and size, growth 
temperature, substrate, and type of carbon precursor in each 
CNTs synthesis procedure. The stated process parameters must 
be harmonized in order to get a pure, well-structured, and 
superlative carbon nanotube. This study covers the current state-

of-the-art work 
and 

advancements in 
gas sensors 

development 
based on carbon 
nanotubes.  

 

Figure 2. Surface and internal view of single, double, and multi-walled CNTs.22 (Reproduced with kind permission 
from ref [22]). 



G. Verma & A. Gupta 
 

 
Journal of Materials NanoScience                        J. Mater. NanoSci., 2022, 9(1), 03-12                   5 

ELECTRICAL AND ELECTRONIC PROPERTIES OF CARBON 
NANOTUBES 

The electrical characteristics of CNTs have been studied 
extensively. CNTs can be employed as junctions between metals, 
semiconductors, and metallic metals because their electrical 
characteristics are dependent on the tube structure.25 The band 
structure of graphene can be used to understand the electrical 
characteristics of carbon nanotubes. The anti-bonding (π*) and 
bonding (π) orbitals degenerate at Fermi-points in the Brillouin 
zone, as seen in the graphene dispersion relationship (see figure 
4(a)). The conduction and valence bands are coupled to each 
other at the Fermi points, and the graphene bandgap is zero at 
these places, making graphene a zero-bandgap semiconductor. 
Each graphite band in carbon nanotubes opens up to form a 
number of sub-bands because of the confinement of electrons in 
the radial direction. Carbon nanotubes are metallic, as shown in 
figure 4 (b) if the sub-bands of CNTs pass via Fermi points, 
otherwise, they are semiconductors, as shown in figure 4 (c).26  

 

Figure 4. Dispersion relations of (a) graphene (b) metallic nanotubes 
(c) semiconducting nanotubes. 

The CNTs generated at the armchair are either zigzag or chiral, 
depending on the orientation of the axial wrapping. Armchair or 
zigzag carbon nanotubes are generated by rolling the graphene 
sheet along the axis of symmetry; otherwise, chiral carbon 
nanotubes are formed. For armchair CNTs, the circumferential 
vector (C) is exactly in the direction whose chiral indices are n = 
m with a chiral angle of 30°. The resulting nanotubes are entirely 
metallic. In zigzag CNT, however, the circumferential vector can 
only be obtained along with one of the two fundamental vectors, 
i.e. one of the chiral indices is zero out of n or m with the chiral 
angle is 0°. The chiral type CNTs are formed when the chiral 
angle follows the relation, 0∘ ≤ θ ≥ 30∘ and for m ≠ n. Bend-
induced energy gaps in CNTs with n-m = 3j (where j is an integer) 
are typically on the order of a few meV. CNTs with n - m = 3j, 
on the other hand, exhibit an energy gap bigger than 1 eV. During 
the manufacturing of semiconductor carbon nanotubes, the 
bandgap can be adjusted. The energy gap is proportional to the 
diameter of SWCNTs at Egap = 0.7/d (eV)27,28. Figure 5 shows 
various shapes of SWCNTs. Table 1 shows an example of a 
different form of functionalization on CNTs. 

CNTs with a length of up to a few microns have length-
independent conductivity, which is a benefit in the preparation of 
ballistic conductors. Strong covalent bonding and the 1-D 
structure of CNTs decrease small-angle scattering caused by 
imperfections and lattice vibrations. Only electrons are allowed 
to flow back and forth in CNTs. Electron backscatter events in 

 

Figure 5. Representation of armchair, zigzag, and chiral-shaped 
SWCNTs.28 (Reproduced with kind permission from ref [28]). 

Table 1. Various functionalization on carbon nanotubes. 

CNT Functionalization 
Covalent 
functionalization: 
The sidewalls of 
CNTs are covalently 
functionalized, 
changing their 
hybridization from 
sp2 to sp3. 

 

Sidewall Functional-
ization.30 

 

Defect Functional-
ization.31 

Non Covalent 
functionalization:  
To generate a perfect 
Nanotube structure, 
this kind of 
functionalization 
includes π-stacking 
interactions, weak 
van der Waals forces, 
H2 bonding, and 
electrostatic force. 

 

Wrapping of DNA, 
polymer or protein, 
etc. on carbon 
nanotubes.32–34  

 

Endohedral 
Functionalization.35 

 

Figure 6. Desirable properties of CNTs. 

CNTs are decreased because they have a symmetrical band 
structure.29 Figure 6 shows the various desired features of CNTs. 
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ADSORPTION SITES FOR GASES ON CARBON NANOTUBES  
The density functional theory (DFT) and first-principles 

calculations are used to explain the adsorption of various gas 
molecules in CNTs. Tube-molecule spacing, binding energy, and 
transfer of changes are all investigated in general. This approach 
was utilized by Peng et al.36 to explore the adsorption of nitrogen 
dioxide in SWCNTs. Figure 7 depicts the SWCNTs bundle 
concept, which displays four different spots where gas molecules 
are generally adsorbed. (a) the outer surface of SWCNTs bundle; 
(b) groove created at the bundles outside surface when in contact 
between adjacent tubes; (c) interstitial channel; and (d) interior 
pore. The adsorption of gas molecules in these locations is 
dependent on the availability and diameter of sites; the size of gas 
molecules; and the binding energy of molecules.37 Even though 
there are many potential adsorption sites, many gas molecules 
may only be adsorbed on a few due to their unique features. At 
133 K, one of the disintegrated components of SF6, Carbon 
tetrafluoride could be adsorbed at the outer centers of closed 
SWCNTs as well as on the inner and outer sides of open 
SWCNTs but SF6 could only be adsorbed on the outside 
surface.38,39 

 
Figure 7. Schematic view of available adsorption sites on carbon 
nanotubes.37 (Reproduced with kind permission from ref [37]). 

Calbi et al.40 investigated energy barriers and adsorption sites 
near the ends of CNTs bundles to analyze the impact of gas 
molecule adsorption in the interstitial channels between the 
tubes. They came up with two primary findings. The first is that 
the capacity of interior locations and groove locations are 
inversely related to the volume occupied by the molecule and the 
length of the adsorbed molecule, respectively. Secondly, 
adsorption in the outside grooves is significantly faster than in 
the interstitial channels. Because the adsorbed gas molecules are 
directly exposed at the carbon nanotube’s external locations, 
where the adsorption process begins and then diffuses to the 
internal regions.41 As a result, it's not unexpected that adsorption 
at exterior locations equilibrates significantly more quickly than 
adsorption at interior locations at the same pressure and 
temperature conditions.  

Adsorption energy (Eadsorp) corresponding to each adsorption 
site are expressed as followed: 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛/𝑚𝑚𝑎𝑎𝑚𝑚𝑛𝑛𝑒𝑒𝑛𝑛𝑚𝑚𝑛𝑛 − 𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐸𝐸𝑚𝑚𝑎𝑎𝑚𝑚𝑛𝑛𝑒𝑒𝑛𝑛𝑚𝑚𝑛𝑛  
 

The higher the adsorption energy, the more difficult the 
adsorption will be; on the other hand, the more negative the value 
of Eadsorp, the more spontaneous the process will be, which 
roughly conforms to the aforementioned equation.  

According to Williams et al.42 adsorption energy between the 
hydrogen gas molecule and carbon nanotubes in various locations 
follow the following sequence; Eadsorp (interstitial-
channels) >Eadsorp (outside-grooves) > Eadsorp (interior-pores)> 
Eadsorp (outside-surfaces). 

CHEMIRESISTIVE BASED GAS SENSING MECHANISM OF CNTS 
Carbon nanotubes are used as a gas sensing material due to 

their high surface/volume ratio, porous structure, and presence 
of defect sites, this provides the gas molecules with a vast number 
of binding sites. CNTs are durable in a variety of reaction 
conditions due to their great thermal stability, which allows them 
to preserve their intrinsic structure. The elimination of the no loss 
of power, thermal element, easy design of the sensor, 
downsizing, are some of the benefits of using CNT-based sensing 
material. The biggest disadvantage of operating at room 
temperature is the possibility of humidity influence. When the 
target gas from the environment is deposited on the surface of the 
CNTs, charge transfer happens between the carbon nanotubes 
and the gas molecules. The upper layer atoms in CNTs are of 
considerable importance because adsorption is a surface 
phenomenon. All atoms in SWCNTs behave like surface atoms,43 
the sensor response is controlled by the atoms in multi-walled 
carbon nanotubes (MWCNT's) outermost layer.44 CNTs come in 
contact with target gases in one of two ways: (i) Van der Waals 
interactions and, (ii) donor-acceptor interactions. The 
sensing mechanism of CNTs based gas sensors is gas adsorption-
induced charge transfer. CNTs behave like p-type 
semiconductors due to the formation of defects and oxidation 
states during synthesis and purification. The type of absorbing 
gas influences the transport of electrons to and from carbon 
nanotubes. The resistance value of CNTs45 increases when they 
interact with reducing gases because of the combination of free 
holes (provided by the nanotubes) and electrons (supplied by the 
gas molecules). Similarly, when oxidizing gases adsorb onto the 
surface of carbon nanotubes, electrons are removed. The removal 
of electrons from carbon nanotubes increases the population of 
holes in the CNTs, lowering the sensor's output resistance46. 
CNTs-based gas sensing responses are influenced by three 
factors: inter-CNTs, intra-CNTs, and modulations of schottky 
barrier.2 For SWCNTs and MWCNTs, the intra-CNTs 
gas sensing mechanism involves interactions between the target 
gases and individual and bundles of nanotubes, respectively.  
The overall electrical characteristics of a CNTs network are 
affected by the inter-tube conduction system (inter-CNTs). 
SWCNTs-based sensors have a higher response than MWCNTs-
based sensors attributed to the prevalence of more defect sites. 
Figure 8 shows the transfer of an electron from CNTs and the 
adsorbed reducing and oxidizing gas molecules. 

Another phenomenon that affects the response of sensors is 
heteroatom doping of CNTs. In carbon nanotubes, chemical 
doping involves replacing carbon atoms with heteroatoms like  

https://www.sciencedirect.com/topics/engineering/defect-site
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Figure 8. The electron transfer mechanism between adsorbed (a) 
reducing and (b) oxidizing gas molecules, and carbon nanotubes. 

Table 2. Advantages and disadvantages of various carbonaceous 
materials. 
Carbonaceous 
materials 

Advantages Disadvantage 

Carbon black There are a lot of 
defective sites, and the 
chemical inertness is 
good. 

Inadequate 
conductivity, 
insufficient pore 
size, and surface 
area  

Amorphous 
porous carbon 

a large surface area, a 
sophisticated porous 
structure, a large number 
of defective sites, and 
high chemical inertness 

Poor adhesion with 
FTO due to low 
conductivity 

Carbon 
nanotube 

Chemical inertness, large 
surface area, and high 
electrical conductivity 

Sites with a low 
number of defects 

Carbon 
nanofiber 

Mechanical strength, 
thermal conductivity, and 
chemical inertness are all 
advantages. 

Inadequate porous 
system and surface 
area; and 
insufficient 
conductivity 

Graphite Excellent thermal 
stability, good 
conductivity, and 
corrosion resistance 

Low surface area, 
poor porous system 

Graphene Excellent mechanical 
strength and 
conductivity, rapid 
charged carrier 
movement, excellent 
optical transparency, and 
mechanical inertness are 
all advantages of this 
material. 

The low surface 
area due to simple 
aggregation, and 
low numbers of 
defective sites 

 

nitrogen and boron. Doping changes the chemical and physical 
properties of carbon nanotubes in the vicinity of the dopant atom, 
increasing the binding energy of gas-molecule interactions. Table 
2 shows the advantages and limitations of carbonaceous 
materials. 

RECENT ADVANCEMENTS IN THE CNTS BASED GAS SENSORS 
Kawano et al.47 created a novel gas sensor that detects both gas 

and its pressure using the electrothermal action of MWCNTs. As 
shown in Figure 9a, MWCNTs were fabricated on a Si wafer 
using CVD technology and suspended between two Si 
microstructures utilizing an electrical feedback system. Through 
conduction and radiation, the heat was discharged into the 
environment, affecting MWCNTs' ability to detect gaseous 
species. MWCNTs have a thermal conductivity of 0.137% K-1. 
When detecting N2 and Ar gases at different pressures, the 
thermal conductivity of the MWCNTs was recorded as 25.83 and 
17.72 W/mK, respectively. Moreover, by reducing the length and 
contact area, the performance of CNTs based gas sensors can be 
improved. Figure 9(b) shows how the voltage shifts when CNTs 
are placed across Si microstructures; as the voltage increases, it 
becomes easier to predict the number of effective CNT 
connections using the voltage vs time graph. Samples A and B 
(figure 9(c)) shows that MWCNTs connections are synthesized 
in 8 and 20-50 sec, respectively. Figure 9(d) shows the SEM 
views of single MWCNTs synthesized with a 25 micron length. 

Pensa et al.48 described a miniaturized sensor module that used 
modified (metal) and unmodified carbon nanotube to measure 
landfill gases at 150°C. Using a CVD method and high-frequency 
plasma, vertically aligned carbon nanotubes (VACNTs) with a 
10 m length and a diameter of 535 nm, were produced on a Fe-
coated aluminum substrate. The metals had particle sizes in the 
550 nm range and occupied the upper surface of the VACNTs to 
provide chemical resistance for monitoring nitrogen dioxide in 
landfills. At room temperature, pure VACNTs and metal-
modified VACNTs had electrical resistances of 100 to 120, 100 
to 1000 ohms, respectively. For the concentration of 0.33 to 33 
ppm, the metal-modified VACNTs is more responsive than the 
pure VACNTs. As gas sensors, both pure and metal-modified 
carbon nanotubes offer a wide range of uses. Abdulla et al.49 used 
MWCNTs in combination with polyaniline (PANI) to detect 
levels of ammonia. On the outside walls of the MWCNTs, a 7 nm 
thick PANI layer was created. MWCNTs produced on an 
oxidized Si substrate are used in ethanol gas sensors50. The CNTs 
had an average diameter and length of 45 nm and 4.52 nm 
respectively. The response of the gas sensor towards ethanol was 
recorded as 0.18 %, 0.41 %, 0.78 %, 1.20 %, and 1.67 % for 50, 
100, 200, 400, and 800 ppm, respectively. Zhou et al. 51 recently 
developed an SWCNTs-poly(9,9-dioctyl-fluorene) based 
semiconductor nitrogen dioxide based sensor. Nitrogen dioxide 
(NO2) is recognized to be an oxidant since it has an unpaired 
electron. As a result, during NO2 adsorption, NO2 molecules push 
electrons away from semiconductor SWCNTs, the number of 
hole carrier’s increases, resulting in thin SWCNTs films 
becoming weaker. Ghanbarian et al. developed a unique, low-
cost, simple, and long-lasting resistance sensor built of MIL53 
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(Fe-Cr) / Ag NPs / CNTs for 
detecting VOCs (such as 
propanol, methanol, etc.) at 
concentrations ranging from 
10 to 500 ppm. The size and 
shape of the particles, as well 
as their morphology, are 
known to have a significant 
impact on the sensor's 
performance.52 Due to the 
availability of high 
conductivity CNTs materials, 
CNT-containing CPC 
architecture demonstrated a 
suitable high signal-to-noise 
ratio and the capacity to 
detect VOCs analytes in the 
ppb range. Following that, the 
CPC precursor would be 
sprayed using a spray cannon. 
The spray approach has the 
benefit of deposition of film 
across a vast area on a variety 
of substrates.  After 
interaction with VOCs 
vapors, the CNT-containing 
CPC structure expanded, and 
a significant shift in sensor 
resistance occurred due to 
changes in the connection 
properties of the MWCNTs 
conductive networks.53 The 
information from the TEM 
images depict the tube lengths 
and diameters of Pristine 
MWCNTs which is 0.2-0.16 
mm and 40 nm, respectively 
with the inner gap of 5 nm, 
and the wall thickness of 15 
nm. The TEM images 
also depict the presence of a 
small agglomeration of PVA. 
Similarly, in another study 
SEM images of the hollow 
structure of ZnSnO3. The 
existence of multiple 
shattered hollow boxes 
demonstrates the hollow 
shape. Each ZnSnO3 hollow 
box is approximately 30 nm 
thick and 150 nm long. The 
morphology of CNTs 
(average diameter of 8 nm) 
decorated ZnSnO3 square. 
The CNTs were uniformly 
attached to the ZnSnO3 

Table 3. Summary of recently published work on CNTs based gas sensors. 

Materials Operating 
range (ppm) 

Response time 
(sec) 

Target gas LOD 
(ppm) 

Ref 

Pd-SWCNTs 1-50 88.2 H2 1 61 

Au-CNTs 40-200 37.50-39.78 H2 40 62 

Pd-MWCNTs 100-500 30 H2 100 63 

Au-SWCNTs 40-100 13 NO2 40 64 
Pt-SWCNTs 1-3 282-294 NO2 1 65 

Hydroxyl propyl 
cellulose-SWCNTs 

0.025-0.3 300 NO2 0.025 66 

PTh-SiO2 -SWCNTs 0.01-10 20 NO2 0.01 67 

Au-Pt-MWCNTs 0.1-10 120-180 NO2 0.1 68 

PMMA-SWCNTs 1-500 600 NH3 1 69 
Co-MWCNTs 14-800 30-50 NH3 14 70 

ZnO-CNTs 25-100 12.5 Methanol 25 71 

CNTs-ZnO/PS 500-1000 18 Ethanol 500 72 
Pd-MWCNTs 10-10000 920-1249 H2/Ar 10 73 

Al-MWCNTs 50-450 53.7 CO2 50 74 

Polyimide-CNTs 50-500 12 CO2 50 75 

In2O3-MWCNTs 10-250 9 Acetone 10 76 
Fe2O3-CNTs 80-500 4 Acetone 80 77 

MWCNTs-SnO2 2.5-5 67 Acetone 2.5 78 

3D TiO2-G-CNTs 50-500 10 Toluene 50 79 
 

 
Figure 9. (a) A schematic depicting the methods of suspended carbon nanotubes gas sensing, (b) CNTs 
assembly by e-field guided chemical vapor deposition, (c) output voltage vs synthesis time for two 
MWCNT samples, and (d) scanning electron microscope view of MWCNTs based electrothermal gas 
sensor.47 (Reproduced with kind permission from ref [47]). 
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hollow box's surface, with no 
agglomeration. As a result, the CNTs are 
securely attached to the empty ZnSnO3 box, 
forming a hierarchical structure.54 A field-
effect transistor (FET) was used in one of 
the studies to describe the use of SWCNTs 
to construct ultrasensitive sensors for the 
sensing of NO2 gas.55 The adaptability of 
these sensors is enhanced by their compact 
forms and low-temperature operation and at 
a low concentration of 100 ppb to 10 ppm. 
The schottky barrier modulation is 
improved as a result of the device setup. 
SWCNTs were grown on Si/SiO2 substrates 
in a horizontal tube furnace using a hot 
double filament aided CVD method. For 
values ranging from 0.05 ppm to 10 ppm, 
the change in resistance was measured. For 
almost four months, the sensor responses 
were consistent and repeatable. Sachan et 
al.56 developed a quantum resistive vapor 
sensors (vQRS) nanocomposite with a 
hybrid copolymer of polystyrene, 
polymethyl methacrylate, polyhedral 
oligomeric silsesquioxane (POSS) with 
CNTs. Spray Layer-by-layer (sLbL) 
additive manufacturing is a useful control 
method for transducer’s chemiresistive 
responses repeatability. There are two 
kinds of sensors that showed exceptional 
sensitivity to both dangerous chemicals in a 
dry environment, detecting CH₂O (300 
ppb) and NH3 (500 ppb) with a signal-to-noise ratio of 10. They 
also showed a fast response time for both vapors of less than 5 
sec and could detect small amounts of gas (9 ppm formaldehyde 
and 1.5 ppm ammonia) even when there was 100 ppm water 
present. The current research demonstrates that electrostatic-
layer-by-layer (eLbL) construction can help adapt the sensitivity 
of CNTs-polyelectrolyte sensors.57  

 In another study, Shooshtari et al.58 developed a vertically 
grown carbon nanotube-based sensor for sensing VOCs. Carbon 
nano-tubes based sensors are sensitive to humidity. The result 
shows the response of CNTs towards the introduction of relative 
humidity (RH) of 30%, 40%, 50%, and 70 % at ambient 
temperature. At room temperature, the adsorption period is 
virtually instantaneous because of the adsorption of molecules of 
H2O onto the surface of carbon nanotubes. The desorption time, 
on the other hand, is longer. A water molecule can adsorb on the 
nanotube surface and between its walls. As the water content of 
nanotubes rises, adsorption on the surface becomes more 
prominent, and the water vapor shift promotes quicker desorption 
of H2O molecules from the surface. The flexible fibrous gas 
sensors were developed using ZnO doped SWCNTs, SWCNTs, 
and MWCNTs in 2017.59 These fibers are combined into a 
disposable nylon-based smart mask. When wrapped around a 
finger, the nylon fiber-MWCNTs demonstrated excellent 

conductivity and flexibility. Zhang et al.60 discussed the usage of 
polyaniline (PANI) to prepare MWCNTs. The detection qualities 
of the sensor were enhanced when they were heated before use. 
For 50 ppm NO2 gas, the LOD and the response time were 16.7 
ppb and 5.2 s, respectively. The reactions for the p-type PANI / 
MWCNTs and the n-type PANI / MWCNTs decreased by 19.1% 
and 11.3 %, respectively, over three months. 

 The type of conductive substance in the sensor affects the 
response of the gas sensor. The experimental setup is depicted in 
Figure 10(a). Figure 10(b-c) shows the SEM and TEM images of 
MWCNTs (10 nm diameter). Whereas, SEM and TEM images of 
a p-PANI/CNTs composite dried for 24 hours at 80 °C are shown 
in Figures 10(d-e). Table 3 shows the summary of the recent 
published works on carbon nanotubes based gas sensors. 

SUMMARY 
CNTs based gas sensors are the most researched devices to 

date, and they can detect a wide range of vapors and gases. The 
advantages of CNTs based gas sensors over standard metal oxide 
semiconductor (MOS) based gas sensors have been clear since 
the invention of the first CNTs based gas sensors. Since CNTs 
sensors can work at ambient temperature, the MOS-based sensors 
demand high temperatures and energy to operate. However, the 
lack of selectivity is the fundamental drawback of CNTs based 
gas sensors. There are still challenges to overcome before CNTs 

 
Figure 10. (a)Schematic of gas sensing setup for hierarchical PANI/CNTs fiber, (a, c) 
SEM, (b-e) TEM image of MWCNTs and n-PANI/CNTs fiber respectively.60 
(Reproduced with kind permission from ref [60] ). 
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can fully realize their potential in gas sensor applications. As 
structural instability is caused by low-dimensional shape and 
size. With greater strain, CNTs buck, kink, and collapse, so this 
is a vital challenge. Integrated circuits with real-time gas 
sensing that can detect, transform, process, and amplify small 
signals are being developed. However, the lack of selectivity 
remains the most significant impediment to the widespread 
adoption of these CNTs devices. As a result, greater efforts in this 
regard are required. The usage of carbon nanotubes in real 
products, on the other hand, is still in its infancy, but it has a 
bright future in the new industrial era. 
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