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The presence of harmful and poisonous gases in the environment can have dangerous effects on human

health, and therefore portable, flexible, and highly sensitive gas sensors are in high demand for

environmental monitoring, pollution control, and medical diagnosis. Currently, the commercialized

sensors are based on metal oxides, which generally operate at high temperatures. Additionally, the

desorption of chemisorbed gas molecules is also challenging. Hence, due to the large surface area, high

flexibility, and good electrical properties of carbon nanomaterials (CNMs) such as carbon nanotubes,

graphene and their derivatives (graphene oxide, reduced graphene oxide, and graphene quantum dots),

they are considered to be the most promising chemiresistive sensing materials, where their electrical

resistance is affected by their interaction with the analyte. Further, to increase their selectivity,

nanocomposites of CNMs with metal oxides, metallic nanoparticles, chalcogenides, and polymers have

been studied, which exhibit better sensing capabilities even at room temperature. This review

summarizes the state-of-the-art progress in research related to CNMs-based sensors. Moreover, to

better understand the analyte adsorption on the surface of CNMs, various sensing mechanisms and

dependent sensing parameters are discussed. Further, several existing challenges related to CNMs-based

gas sensors are elucidated herein, which can pave the way for future research in this area.
1. Introduction

The modern living standard is critically affecting the environ-
ment due to the continuous production of toxic gases, where
their invisibility is a serious concern. Air pollutants such as
NO2, COx, and CH4 are the major reason for the dangerous
atmospheric changes, which are part of the environmental
changes resulting in an increase in the Earth's temperature.
Together with pollutant gases, there are several other hazardous
gases in the surroundings such as CH4, NH3, H2, and H2S,
which become explosive when mixed with air in a certain
proportion. Besides these toxic gases, the vapours of numerous
volatile organic compounds (VOCs) such as ethanol, toluene,
triethylamine (TEA), formaldehyde, and acetone are another
class of harmful gases that is dangerous to human health.
Hence, it is essential to sense these gases for environmental
analysis, industrial emission monitoring, medical diagnosis,
agriculture, public safety and security purposes. Therefore,
there is a strong demand for highly sensitive, portable, exible,
and cost-effective gas sensors. Depending on their sensing
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mechanism, there are various types of sensors, i.e., chemir-
esistive,1 eld-effect transistor (FET),2 and micro-
electromechanical system (MEMS)3 gas sensors, where chemir-
esistive sensors are highly explored.

Currently, metal-oxide sensors (MOSs) are well commercial-
ized for various practical applications such as hand-held
ethanol sensors for drunk and driving cases, methane and
hydrogen sensors for the safety of labours working in industries
and mines, and acetone and toluene gas sensors for diabetic
and lung cancer diagnosis.4 Thus far, SnO2, TiO2, WO3, ZnO,
CuO, CdO and In2O3 have been widely considered for these real-
life sensing applications. However, although these sensors
show high sensitivity, their operating temperatures are fairly
high, which increase their operational and maintenance cost.
Furthermore, their sensitivity is affected by a change in their
surface morphology. For instance, a hollow sphere (3-D) WO3-
based sensor5 exhibited a higher sensing response than a 2-D
thin lm6 for the detection of 1 ppm NO2. Additionally, the
recovery time is very high for these sensors given that the ana-
lytes are chemisorbed with a high binding energy. Although
many phenomena, i.e., thermal treatment7 and UV irradiation,8

have been employed for chemical desorption, the recovery time
is still very long.

Therefore, to overcome the aforementioned issues, new
alternatives, i.e., carbon nanomaterials (CNMs), have been
explored as sensing materials in the past two decades.9–12 These
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CNMs offer a high surface area for absorption, which enables
them to achieve high sensitivity. CNMs, i.e. CNTs, graphene,
and their derivatives, possess high electron transportation
properties with low noise. Moreover, CNMs gas sensors enable
fast recovery via UV light. Additionally, their robustness is
suitable for developing portable and exible devices with high
sensitivity to cost ratio. Thus, CNMs-based gas sensors are
widely used in various elds, as shown in Fig. 1. The most
recent application is to predict physiological conditions in the
human body by detecting several VOCs exhaled during
breathing.13–15

Despite the numerous advantages of pristine CNMs, they
also have some serious drawbacks, such as low selectivity, low
repeatability, and non-uniformity of the functional groups on
graphene derivatives or number of CNT walls.16,17 Hence,
without sacricing their advantages, nanocomposites of CNMs
with metal oxides, metallic nanoparticles, chalcogenides, and
polymers, have been studied, and this new class of CNMs hybrid
sensing materials has shown tremendous performances.
Moreover, CNMs have good exibility,18–20 and therefore can be
employed to fabricate wearable sensors.

Numerous reviews have reported the recent progress on
CNTs and graphene sensors. Recently, Sireesha et al. reported
a broad review on CNT-based biosensors.21 Furthermore, See-
saard et al. described metal oxide-decorated or doped CNT-
based hybrid nanocomposites as future sensors.22 In a similar
direction, the current progress on CNT-based exible sensors
for CO2, H2S and NH3 was reviewed by Kumar.23 Another CNM
(graphene) has also been explored and numerous articles have
been published in the last decade (shown as the outer circle in
Fig. 2). In 2018, Tian et al. proposed pristine, defected and
functionalized graphene-based sensors.24 Further, a thorough
review on graphene oxide as NO2, H2, NH3, H2S, acetone and
humidity sensors was presented by Toda.12 Similarly, Mart́ınez
Fig. 1 Application of CNMs-based sensors in various fields.

© 2021 The Author(s). Published by the Royal Society of Chemistry
et al. presented a theoretical overview on graphene-based
sensors for toxic gases.25 However, there are numerous reviews
published on CNTs and graphene-based gas sensors individu-
ally, only a few reviews summarized both CNMs (CNTs and
graphene)-based chemiresistive sensors in a comparative
manner.10,26–28 Therefore, it is important to identify new trends
in this area. The latest research on these two CNMs and their
mechanism are explained briey in this review. This review
contains prominent parameters of CNMs as sensing materials.
The signicant research works on CNMs chemiresistive sensors
towards various gases (greenhouse, explosive, and VOCs) are
covered in this review. Moreover, the signicant works done on
CNM-based nanocomposites as gas sensors and their possible
sensing mechanisms are also emphasized. Additionally, the
selectivity and sensitivity enhancement factors of various
dopants for CNMs and the responsible mechanisms are elabo-
rated. Briey, the latest achievements on CNMs in the sensing
domain are discussed and their outlook for futuristic technol-
ogies is highlighted.

2. Properties of carbon
nanostructures for air-quality sensing

Carbon nanostructures such as CNTs and graphene have many
distinct properties, which have been exploited to develop next-
generation sensors.29 The morphology, surface area, conduc-
tivity, chemical activity, and desorption ability of sensing
materials are essential aspects for chemiresistive gas sensors,
which are described in detail below.

2.1 Morphology of sensing material

The efficiency of a sensor is highly inuenced by its
morphology.30 There are various morphologies of sensing
materials, which can be classied as zero-dimensional
Nanoscale Adv., 2021, 3, 6514–6544 | 6515
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Fig. 2 Concentric pie chart representing the number of publications on CNT- (inner circle) and graphene (outer circle)-based gas/vapor sensors
for the period 2011 to 2021 (data obtained on May, 2021, from Scopus).
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(quantum dots),31,32 one-dimensional (nanowires and nano-
tubes),33,34 two-dimensional (sheets and belts),35 and three-
dimensional (composed of 0-D, 1-D, and 2-D structures).36,37

These different morphologies have different advantages,
including abundant surface active sites, high sensing rate, and
enhanced gas diffusion. Among them, 3-D structures have the
highest number of active sites, but their synthesis is complex.
Therefore, the most preferred structures for high sensing
performances are hollow 1-D and porous 2-D nanostructures
given that they possess a large surface area for the adsorption of
target gases. Accordingly, 1-D CNTs and 2-D graphene sheets are
considered ideal sensing materials. In CNTs, their inner and
outer surface can act as adsorption sites, while in graphene
sheets, analytes can adsorb on their surface and penetrate their
porous sheets (as shown in Fig. 3).
2.2 High surface area and absorption capacity

For the adsorption of atmospheric oxygen and gas molecules,
adsorption sites should be available. Therefore, a high surface
area possessing abundant adsorption sites is essential. Gra-
phene and CNTs both have a high surface area, which depends
Fig. 3 Available surface area on (a) CNTs11 (reprinted with permissio
Commons Attribution 3.0 License) and (b) graphene38 (reprinted with perm

6516 | Nanoscale Adv., 2021, 3, 6514–6544
on their synthetic conditions, post-treatment, and available
functional groups on their surface. The specic surface area of
various CNMs, including graphene and its derivatives, CNTs,
and CNFs, is presented in Table 1.

As mentioned in Table 1, CNFs have a very low specic
surface area. Therefore, they have been explored the least as
a gas sensing material. On the contrary, although graphene
quantum dots (GrQDs) also have a low specic surface area,
they have high charge mobility (due to quantum effects) and low
toxicity.55 Therefore, nowadays, researchers are focusing on
GrQD-based biosensors. Nevertheless, the other carbon allo-
tropes such as CNTs and graphene have a high surface area,
which makes them superior sensing materials.

Graphene has almost twice the surface area of CNTs as gas
analytes can adsorb on both sides of the graphene sheets, but in
CNTs, together with the surface of the nanotube walls, the
interior pore of individual tubes, grooves, and interstitial
channels formed between three adjacent tubes within the
bundle can also act as adsorption sites given that they are
generally found in bundles.11,56 The adsorption of analytes in
these sites depends on the binding energy of the gas molecules.
n from ref. 11. Copyright (2009), Hindawi Publisher, under Creative
ission from ref. 38. Copyright (2014), The Royal Society of Chemistry).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific surface area of 0-D, 1-D, 2-D, and 3-D CNMs
structures

CNM
structure Sensing material

Specic surface area
(m2 g�1)

0-D Graphene QDs 0.066–2.57 (ref. 31)
1-D MWCNTs 435 (ref. 39)

SWCNTs 600 (ref. 40)
MWCNTs 91.223 (ref. 41)
CNFs 14.8 (ref. 42)
Fluorinated CNFs having carbon
black

21 (ref. 43)

2-D Monolayer graphene 2630 (ref. 44)
Nanoporous graphene 410.99 (ref. 45)
Laser-induced graphene 350 (ref. 46)
Monolayer GO 2391 (ref. 47)
GO sheet 37.24 (ref. 48)
GOQDs 324 (ref. 49)
rGO 64 (ref. 50)
Superhydrophobic rGO 850 (ref. 37)
N doped rGO 335.6 (ref. 51)
N doped rGO 247.7 (ref. 52)

3-D 1-D MWCNT + 2-D Gr (50%) 151.3 (ref. 53)
WS2-1-D CNFs 6.44 (ref. 54)
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Additionally, these sites may not adsorb certain gases if the
dimensions of the gas molecules are larger than the diameter of
the site.
2.3. Electrical conductivity

For chemiresistive sensors, their responses are evaluated in
terms of change in resistance. In zero bandgap graphene, the
mobility of electrons is very high, which makes it easier to
respond to gases. For the adsorption of gas molecules in 2-D
graphene, the adsorption energy can be calculated using eqn (1).

Ea ¼ E(sensing material+gas) � E(sensing material) + E(gas) (1)

where E(sensing material+gas), E(sensing material) and E(gas) represent
the total energy of the system formed by the sensing material
and the analyte gas, energy of 2-D graphene and energy of
analyte gas, respectively.
Fig. 4 Various functional groups attached on (a) CNTs and (b) graphene

© 2021 The Author(s). Published by the Royal Society of Chemistry
Moreover, the bandgap of semiconducting CNTs can tuned
via easy electron transfer phenomena. Furthermore, the oxygen
groups of graphene derivatives, transition metal catalyst of
CNTs, and their defective sites affect their bandgap, making
them sensitive towards specic gases.

2.4 Chemical activity

The intrinsic or pristine sensing materials show less interaction
with analyte molecules due to the lack of defects or reactive sites
on their surface.57 The presence of functional groups promotes
gas adsorption.58 Moreover, these functional groups also help to
improve the selectivity. Due to these favorable features, high
chemical activity is crucial for improved sensing efficiencies,
which contributes to the generation of more reactive sites
(shown in Fig. 4). Both, CNTs and graphene have highly reactive
surfaces, which are created by reuxing them.

In terms of graphene derivatives, GO and rGO are preferable
in comparison to pure graphene due to the presence of oxygen
functional groups. Moreover, functionalized CNTs show
a higher response than pristine CNTs,57,59 but their surface area
depends on the reuxing process, i.e. time, temperature, and
acid used.60 Due to this property, hybrid CNMs composites are
easy to synthesize, which are the most recent researched
sensing material.

2.5 Desorption of analyte

For long-term usability, the most important feature of sensors is
the desorption of gas molecules with a fast recovery rate. In
MOS sensors, thermal energy is essential for the desorption of
gas molecules. Therefore, an in-built micro-heater should be
present in the device, which makes it expensive and complex to
design.7 Besides, it may also decrease the working life of
sensors. Therefore, it is a challenge to recover the baseline
resistance in MOS sensors within seconds at room temperature.

However, in CNMs-based sensors, the recovery is accelerated
with external energy, which can desorb the molecules attached
to their surfaces. Accordingly, light activation is a tremendous
technique, which contributes to reduce power consumption
and miniaturization of sensing devices. Generally, UV and IR
light are used for faster recovery in CNMs. UV light removes the
.

Nanoscale Adv., 2021, 3, 6514–6544 | 6517
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oxygen atoms attached to the surface, and hence rapidly
balances the baseline resistance of CNMs-based sensors. This
happens due to the surface plasmon resonance occurring in the
graphene layers or CNTs at very high frequency. The as-
generated vibrations cause the analyte and oxygen to leave the
CNMs surface. Conversely, IR light generates electron–hole (E–
H) pairs in graphene, and when these E–H pairs recombine,
photon radiation occurs. This radiation heat recovers the
resistance of CNT. The other advantage of the light activation
technique is its higher sensitivity given that UV light can affect
the electronic properties by increasing the concentration of
photocarriers, improving the interaction between the analyte
molecules and sensing material.8 Hence, this technique is very
benecial for high sensitivity, stability, portability, and low
power consumption in ideal chemiresistive gas sensors.
Furthermore, in hybrid CNM sensing materials, besides UV
light, visible, IR, and white light are also studied for the
desorption of gas molecules.61,62
3. CNMs as gas sensing materials

Carbon nanostructures such as CNTs and graphene can detect
very low concentrations of greenhouse and explosive gases.
Therefore, employing the gas sensitivity of graphene and CNTs
to build highly sensitive, low power-consuming gas sensors is
not only of academic interest but also of great commercial
interest.
3.1 CNTs as gas sensors

CNT-based gas sensors have been the topic of research given
that they are easy to synthesize, compact, and inexpensive.
Furthermore, the high surface area, hollow geometry, and
chemical activeness of carbon nanotubes (CNTs) make them
attractive for gas sensing applications. Considering that the
electronic properties of CNTs are highly sensitive towards any
change in their chemical environment, several exciting works
on pristine CNTs as chemiresistive sensors have been widely
explored, where their sensitivity is affected by the number of
walls, i.e., SWCNT-based sensors have higher sensitivity than
MWCNTs for NO2 sensing even at a low operating temperature.
In this case, Naje et al. (2016) investigated SWCNTs and
MWCNTs for sensing 3% NO2 gas and observed 79.81% and
59.61% sensitivity, respectively.63

Due to the lower sensitivity of pristine CNTs, functionalized
CNTs have also been studied to enhance the selectivity towards
specic analytes. In addition, various metallic nanoparticles
and metal oxides have been incorporated into CNTs to achieve
specicity to different analytes. In this case, ZnO-doped
SWCNTs64 and ZnO-doped MWCNTs65 were investigated for
NO2 sensing, which exhibited the highest sensitivity at an
operating temperature of 150 �C and 300 �C, respectively.
Nevertheless, the alignment of CNTs in the CNT network also
affects the response of the sensor. Kumar et al. revealed that the
highly aligned SWCNT network has seven times higher
response than the randomly aligned SWCNT network towards
0.5 ppm NO2 gas molecules.66 Furthermore, alignment not only
6518 | Nanoscale Adv., 2021, 3, 6514–6544
affects the sensitivity but also the detection limit, which can be
reduced with an increase in alignment.

3.1.1 Sensing mechanism of CNTs. In CNT-based chemir-
esistive sensors, physisorption, chemisorption or both can
occur on the surface of CNTs. In physisorption, either van der
Waals forces or dipole interaction (London force) is responsible
for adsorption, where no alteration of the CNT surface
happens.67–69 During sensing, energy changes due to the charge
transportation or delocalization of electrons in the band
diagram and the change in resistance with respect to exposed
gas are measured as the response of the sensor, which depend
on the type of gas analyte, its concentration and operating
temperature.

When CNTs come in contact with air, ionized oxygen is
adsorbed on their surface. The accumulation of oxygen ions
leads to an electron depletion region (EDR), and consequently
the CNTs become p-type. The change in resistance of CNTs is
due to the charge transfer between the analyte and CNT surface.
This interaction mechanism can be classied as oxidation and
reduction,70,71 i.e., when the CNT interacts with electron-
withdrawing or reducing gas/chemical (such as NH3), the
resistance of the CNT increases due to electron transfer from
the gas to the CNT. Consequently, the potential barrier energy
decreases. On the contrary, when electron-accepting or
oxidizing gas/chemical molecules (for example NO2) interact
with the CNT surface, the gas molecules withdraw electrons
from the CNTs. This increases the hole population, which
decreases the resistance of the CNTs, increasing the barrier
energy. Together with physisorption, chemisorption
phenomena can also occur in CNTs.

Although the occurrence physisorption leads to low selec-
tivity and sensitivity, low operating temperature, short response
time, and fast recovery are advantages of physisorption, which
are essential for an ideal sensor (not applied on well-
commercialized MOS gas sensor). Therefore, several
hazardous air pollutants such as NO2, CO, CO2, and CH4,
explosive gases, and VOCs have been detected via CNT-based
gas sensors with a shorter recovery time in comparison with
MOS sensors.72 The effects of these gaseous agents have also
been studied theoretically by using rst-principal approxima-
tions and density calculations. In this case, Kumar et al. studied
the adsorption mechanism theoretically via DFT implemented
in the computational quantum chemical HF code of the 6-31G
basis set on (1,1) and (2,2) CNTs.73 They concluded that aer gas
exposure there is less variation in the binding energy of (1,1)
CNTs (7.92%) than (2,2) CNTs (17.32%), which indicates the
lower sensitivity of (1,1) CNTs. Moreover, the band gap width of
(2,2) CNTs decreased because a large number of electrons is free
to move, which is directly related to the higher conductivity of
(2,2) CNTs.
3.2 Graphene and its derivatives as gas sensors

Besides CNTs, a lot of research on graphene-based gas sensors
has been performed. Due to the availability of a large surface
area for the adsorption of gas molecules, graphene and its
derivatives such as graphene oxide (GO), reduced graphene
© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxide (rGO), and graphene quantum dots (GrQDs) have been
explored for the detection of various hazardous gases such as
NO2, H2S, NH3, NO2, CO2, CH4 and CO gases.

3.2.1 Sensing mechanism of graphene. As previously
mentioned, CNTs have a great potential for sensing applica-
tions. However, graphene shows higher sensitivity towards
gases and vapors given that it has abundant adsorption sites
and high charge mobility.74 Considering that graphene also
behaves like a p-type semiconductor aer the chemisorption of
atmospheric oxygen, its sensing mechanism is similar to that of
CNTs for oxidizing and reducing gasses (described in Section
3.1.1). Furthermore, graphene is mostly preferred for exible
sensors as it has higher elasticity.20

Due to the properties of graphene (as mentioned in Table 2),
it can act as an advanced sensing material and even show
a higher response than MWCNT-based sensors given that CNTs
have a lower specic surface area than graphene. Moreover, its
Table 2 Comparison of the properties of graphene and carbon
nanotubes42,75

Property Graphene Carbon nanotubes

Elastic limit 20% 16%
Specic surface area 2360 m2 g�1 387 m2 g�1

Electrical conductivity 106 to 107 S m�1 108 S m�1

Charge mobility 200 000 cm2 V�1 s�1 80 000 cm2 V�1 s�1

Fig. 5 (a) Schematic and band diagrams of NO2 sensingmechanism of m
(DR/R) of layered graphene gas sensors as a function of NO2 concentratio
at room temperature76 (reprinted from ref. 76, Copyright (2017), with pe

© 2021 The Author(s). Published by the Royal Society of Chemistry
sensitivity depends on the number of graphene layers. In this
case, Seekaew et al. examined the effect of the number of gra-
phene layers for sensing NO2 and reported that bilayer gra-
phene showed the highest response in comparison to
monolayer and multi-layer graphene.76 Except for single-layer
graphene, the parabolic-shaped bands of graphene have nite
charge carriers (increase with an increase in the number of
layers), resulting in a reduction in resistance. Conversely, for
single-layer graphene (conical-shaped bands), the concentra-
tion of electrons transferred to NO2 gas molecules may be
limited due to the lower availability of electronic states in the
valence band (VB) compared with bilayer and multilayer gra-
phene (as shown in Fig. 5a).

Fig. 5b shows the gas response of monolayer, bilayer, 3-
layered, and 4-layered graphene at different concentrations (0–
25 ppm) of NO2. Additionally, the selectivity towards NO2 was
also conrmed by testing them with various gases (as shown in
Fig. 5c).

Although graphene has high sensitivity, intrinsically it has
low selectivity. Therefore, several non-metals such as uorine,
boron, and nitrogen have also been investigated for improving
the sensing performance of graphene. In 2015, Park et al.
investigated the sensing of NH3 using uorinated graphene
oxide (F-GO),77 where the presence of uorine (high electro-
negativity) lowered the Fermi energy level given that electrons
migrated from the valence band to the LUMO. Thus, due to the
electron migration, the sensitivity was enhanced. On the
onolayer, bilayer andmultilayer graphene gas sensors. (b) Gas response
n. (c) Selectivity plot of layered graphene-based sensor to various gases
rmission from Elsevier).
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contrary, the sensing material having a high uorine to carbon
ratio decreased the response of the sensor because when NH3

gets adsorbed on F-GO, the electrons transfer to the LUMO
owing to the enhanced Fermi level. Recently Srivastva et al.
doped boron and nitrogen in a exible graphene layer (FGL) for
the detection of NH3.78 To achieve the strong adsorption of
analyte molecules, the adsorption energy should be low. Thus,
by doping boron in FGL, the adsorption energy (Eads) for NH3

decreased by two times (Eads ¼ �0.5 eV), which directly affected
the response of the sensor.

Furthermore, functionalized graphene (GO and rGO) has
also been employed for sensing applications. Recently, Gao
et al. (2020) studied the adsorption of H2S and CH4 on intrinsic,
defected and doped graphene theoretically using the rst-
principals method.79 The required adsorption energies of
intrinsic graphene, Ni-doped graphene, vacancy-defected gra-
phene and graphene oxide for H2S are �0.038, �0.699, �2.934
and �1.258 eV, respectively. Conversely, the required adsorp-
tion energy towards CH4 increased in the order of intrinsic
graphene (�0.022 eV), graphene oxide (�0.047 eV), Ni-doped
graphene (�0.099 eV) and vacancy defeated graphene (�0.164
eV), which conrmed that intrinsic graphene requires a high
Eads for H2S and CH4, resulting in weak physisorption. Among
the three modied graphene, the vacancy-defected graphene is
the best candidate for the adsorption of H2S and CH4. Hence,
controlled defects in graphene have been widely studied for gas
sensing applications.80 Furthermore, besides non-metals,
various metallic particle- and metal oxide-doped graphene
and their derivatives are also considered as good
alternatives.81–85
3.3. CNM hybrid nanocomposite-based gas sensors

3.3.1 Sensing mechanism of CNM hybrid nanocomposites.
As mentioned in the previous section, CNM hybrid nano-
composites composed of metal oxides (MOs), metallic nano-
particles (MNPs) and polymers are the new era of gas sensors.
For CNM hybrid nanocomposites, MOs are the most explored.
When MOs are introduced in CNMs, heterojunctions (p–p or p–
n) are formed between the CNMs and MO junction given that
they have different Fermi levels (EF) and electrons are trans-
ported from the higher EF to lower EF, thus increasing the
performance of the sensor.86 Besides MOs, MNPs are also used
for improving the sensing performance of CNMs. When metal
nanoparticles are incorporated in CNMs, a Schottky barrier
formed, given that MNPs and CNMs have different work func-
tions (WF).87 Simultaneously, these MNPs can also act as an
electron acceptor and catalyst, which can facilitate redox reac-
tions due to the spill-over effect. Accordingly, the response
towards analytes increases compared to pristine CNMs.
Furthermore, CNMs with polymers are a new choice as exible
sensors for the fabrication of bendable electronic devices.18,88,89

Therefore, various polymers have been explored such as poly-
ethylene terephthalate (PET), polypyrrole, polytetrauoro-
ethylene (PTFE), and polyaniline (PANI) as exible substrates or
CNM-doped sensing material for devices. The sensing mecha-
nism is complex and different with different polymers, i.e.,
6520 | Nanoscale Adv., 2021, 3, 6514–6544
when a reducing gas such as NH3 interacts with the reactive
sites of the emeraldine base of PANI, protonation/
deprotonation of PANI occurs and NH4+ ions are formed
owing to the delocalization of electrons and increase in the
electronegativity on its surface.90
4. CNM hybrid nanocomposite-based
gas sensors
4.1 NOx sensors

Nitrogen dioxide (toxic air-pollutant) is a by-product from the
burning of gasoline, fuel, etc. in the exhaust of vehicles.
According to the Immediately Dangerous to Life and Health
(IDLH) values, more than 20 ppm of NO2 is fatal, given that this
gas accelerates the risk of respiratory diseases in children and
senior citizens.91 Furthermore, in daylight, NOx reacts with
various VOCs and forms ozone, which can have several harmful
effects on humans such as destruction to lung tissues and
terrible effects on their functioning, mostly in asthmatic
patients. Moreover, NOx gases can cause other environmental
problems such as smog and acid rain. Due to the above-
mentioned serious environmental threats, several govern-
ments have established many laws to limit NOx emissions.
Therefore, the detection of NOx is necessary to employ some
sort of feedback loop in the combustion process for its
minimization.

4.1.1 Sensing with CNTs and their hybrid nanocomposites.
To understand the interaction between CNTs and NO2, theo-
retical studies on NO2 sensing on the surface of SWCNTs and
metal-doped SWCNTs via rst-principal approximations were
performed, where the analysis of electron density showed the
mechanism of charge transfer induced from the CNTs to NO2

molecules.92 The calculated bandgap of pristine SWCNTs, Cu,
Pt, and Ti-doped (8,0) SWCNTs is 0.63, 0.197, 0.376 and
0.504 eV, respectively, which conrms the higher stability and
lower conductivity of pristine CNTs and Ti-doped CNTs.
However, Ti-doped SWCNTs showed the highest charge transfer
(0.456 eV), and thus the highest sensitivity compared with Pt
(0.385 eV) and Cu (0.351 eV)-doped CNT.

Furthermore, numerous experimental studies have been
performed on CNT-based NO2 sensors. One of the pioneering
works involved the detection of NO2 on MoS2 (chalcogenide)-
decorated vertically aligned CNTs (VACNTs) grown on an Si
substrate.34 When the as-designed sensor was exposed to an
NO2 gas atmosphere, NO2 molecules were adsorbed on the
edges and surface of the MoS2 hexagonal-shaped nanoplates
(HNPs), where the electronic charge transferred from MoS2 to
the gas molecules (illustrated in Fig. 6a), consequently
decreasing the resistance of the sensor. In addition, NO2 gas
molecules also adsorbed on the surface of the CNTs, which
decreased the overall resistance of the sensor.

The as-made sensor showed a sensitivity of 0.023% � ppb
(shown in Fig. 6b).

Further, Su et al. detected NO2 gas on Au and Ag-decorated
WO3-functionalized MWCNTs.8 Besides WO3 and CNTs, the
gas molecules were also adsorbed on Au and Ag and due to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic explaining the sensing mechanism of MoS2 hexagonal nanoparticles (HNPs) on vertically aligned CNT array-based sensor.
(b) Response of sensor at 100 ppb NO2 gas34 (reprinted with permission from ref. 34. Copyright (2017), John Wiley and Sons).
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charge transfer, enhancing the conductivity of the sensor. The
results revealed that oxygen ions get adsorbed on the metals (Au
and Ag), metal oxide (WO3) and CNT surface. When the sensor
is exposed to NO2 gas, the molecules accept electrons to form
gaseous ions and react with chemisorbed oxygen, leading to an
increase in resistance, and the corresponding reaction is as
follows:

NO2(g) + O2
�(ads) + 2e /NO2

�(ads) + 2O�(ads) (2)

Besides the above-mentioned phenomenon, the formation
of a Schottky barrier and p–p heterojunction between WO3 and
p-type CNT can affect the width of the depletion layers (DL) and
eventually change the resistance during sensing. For the
recovery of the sensor, UV-LED is used, where the sensor
prevents the immediate recombination process, resulting in an
improvement in the photocatalytic reaction, and consequently
an increase in the sensitivity of sensor compared to that without
UV irradiation. The corresponding reaction is as follows:

2NO2(g) + e(hn) / 2NO(hn) + O2
�(hn) (3)

The sensor showed 262% response at 500 ppb NO2 under UV
irradiation and the calculated limit of detection (LOD) was 45
ppb.

Further, for bendable NO2 sensors, various CNT-polymer
hybrids have been explored. In 2019, Kumar et al. reported
NO2 sensing using a polyethyleneimine (PEI)-functionalized
SWCNT sensor.93 The as-made sensor showed high sensitivity
(37%) for 50 ppm NO2 at room temperature with quick recovery
time (240 s).

4.1.2 Sensing with graphene and its hybrid nano-
composites. Similar to CNTs, graphene also senses strong
oxidizer gases, i.e., NO2 (shown in Table 3). In 2019, Ma et al.
created defects on pristine graphene via Si+ irradiation, and
then transferred it to other pristine graphene layers grown on
a germanium substrate.80 The as-made sensingmaterial showed
a thirteen-times higher response than pristine monolayer gra-
phene due to its high adsorption efficiency and strong inter-
action with the gas molecules, as explained theoretically.
Besides graphene, GO and rGO have also been studied for NO2

sensing, where the response of graphene-based sensors can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
tuned by varying the concentration of oxygen-containing groups
in GO and rGO.94 Between them, rGO is mostly preferred for gas
sensing applications because it possesses a larger number of
defects, which act as adsorption sites for analyte molecules.95 In
this case, Sharma et al. (2019) compared the sensitivity of GO,
chemically synthesized rGO (C-rGO), and green synthesized rGO
(G-rGO) and reported that G-rGO (254.7%) and C-rGO (93.9%)
showed higher sensitivity than GO (22.7%) towards 10 ppm NO2

at 150 �C 96 given that G-rGO was highly reduced compared to C-
rGO. Due to its high reduction level, a large concentration of
defects in terms of high adsorption sites was observed in G-rGO.
Moreover, Park et al. (2020) synthesized semiconducting rGO,
which showed a high response (�32%) for 5 ppm NO2 with an
extremely low LOD.97

Although rGO has high sensitivity, it has irreversible recovery
due to its cracked structure. Hence, to solve this issue, surface
modication by decorating metal oxides such as ZnO, SnO2,
Co3O4, In2O3, CuO, and Fe2O3 together with graphene, GO, and
rGO has been explored for enhancing its sensing perfor-
mance.82,83,99–102 In one of the works, Jyoti et al. synthesized
a ZnO-decorated graphene-based sensor for NO2 gas detec-
tion.103 The as-made sensor showed 48.4% sensitivity for
40 ppm NO2 at room temperature. In another work, Zhang et al.
synthesized an NO2 detector using SnO2/rGO as the sensing
material.98 Furthermore, the sensor was exposed to four other
gases (Cl2, NO, CO, and H2O) and showed selectivity towards
NO2 gas (shown in Fig. 7b).

Similar to other graphene derivatives, graphene quantum
dots have also been explored for NO2 sensing. In a recent study,
Purbia et al. (2020) synthesized nitrogen-doped GrQD-
functionalized SnO2 via the wet chemical technique as
a sensingmaterial.104 Subsequently, a sensor lm was fabricated
via spin coating. The as-made sensor could sense a very low
concentration (�20 ppb) and showed an ultrahigh response (Rg/
Ra ¼ 4336) for 100 ppb NO2 at 50 �C.

As shown in Table 3, rGO-based composites are the most
explored CNMs towards NO2 sensing given that they have easy
synthesis procedures due to their good interaction with various
MOs, MNPs, polymers and functional groups of rGO. However,
although rGO is the most preferred, in terms of minimum
detection limit, graphene (synthesized via CVD) is the most
Nanoscale Adv., 2021, 3, 6514–6544 | 6521
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Table 3 Comparative study of the parameters for significant works done on NO2 sensing using CNM hybrid nanocomposite sensors

Sensing material Analyte
Operating
temperature Response

Response
time

Recovery
time

Limit of
detection References

ZnO-decorated MWCNTs 10 ppm NO2 300 �C 1.023a 93.1 s 285.2 s — Kwon et al. (2017)65

Polypyrrole–nitrogen-doped
MWCNTs

5 ppm NO2 RT 24.82%b 65 s 668 s <0.25 ppm Liu et al. (2019)105

Pd-MWCNTs 1 ppm NO2 100 �C 10%b �220 s �1700 s — Dilonardo et al.
(2017)106

Fe2O3-SWCNTs 20 ppm NO2 RT 19%b — — — Hua et al. (2017)107

SWCNT-PTFE 0.75 ppm
NO2

RT 21.58%b 5 min 15 min <0.75 ppm Agarwal et al.
(2018)108

5 ppm NO2 167.7%b

f-SWCNTs with PEI 50 ppm NO2 RT 37%b 240 s — — Kumar et al. (2020)93

MWCNTs WO3 decorated with
Au–Ag

100 ppb NO2 RT 28%b 267 s — 45 ppb Su et al. (2020)8

ZnO-SWCNTs 1000 ppm
NO2

150 �C �900%b 70 s 100 s — Barthwal et al.
(2018)64

ZnO-rGO 2.5 ppm NO2 110 �C 33.11a 182 s 234 s 1.3 ppb Cao et al. (2020)99

MoS2-rGO 1 ppm NO2 25 �C 6%b 360 s 720 s 4.4 ppb Yi et al. (2020)109

SnS2-rGO 8 ppm NO2 RT 49.8%c 153 s 76 s 8.7 ppb Wu et al. (2020)19

Graphene on SiC substrate 4 ppm NO2 105.1%b — — 1 ppb Yu et al. (2020)110

N-doped GrQDs-SnO2 100 ppb NO2 150 �C 292a 181 s 81 s 20 ppb Purbia et al. (2020)104

50 �C 4336a 528 s 384 s
SnO2 incorporated CuO-rGO 50 ppm NO2 RT �250%b �90 s �255 s 150 ppb Bo et al. (2020)111

SnO2-rGO:Pd 4 ppm NO2 200 �C 185a 8 s 215 s 0.5 ppm Bhangere et al.
(2020)101

SnO2-rGO hydrogel 5 ppm NO2 RT 32.1%c 177 s 260 s 2.8 ppb Wu et al. (2020)37

2.4 wt% rGO/Co3O4 5 ppm NO2 RT 26.8%b 1.5 min 40 min 0.05 ppm Zhang et al. (2018)83

Bilayer Gr 25 ppm NO2 RT 38.9%b — — — Seekaew et al. (2017)76

Trilayer Gr 25 ppm NO2 �19%b

4 layers Gr 25 ppm NO2 �12%b

Monolayer 25 ppm NO2 �16%b

3 wt% rGO-In2O3 1 ppm NO2 74 �C 1337a 208 s 39 s 10 ppb Liu et al. (2017)100

MoS2-Gr 10 ppm NO2 200 �C 69%b 0.7 s 0.9 s 0.2 ppm Hong et al. (2019)112

TiO2–nitrogen-doped Gr QDs 100 ppm
NO2

RT 31.1%b 235 s 285 s — Murali et al. (2020)113

250 �C 223%b

Defected Gr-pristine Gr 100 ppm
NO2

25 �C �2.45d 38 s 238 s Ma et al. (2019)80

ZnO-rGO 40 ppm NO2 RT 48.4%b — — 4 ppm Jyoti et al. (2018)103

SnO2-0.3% rGO 10 ppm NO2 RT 2.021a 171 s 254 s — Gui et al. (2018)114

200 �C 247.8a 39 s 15 s
a-Fe2O3-12.2 wt% rGO 5 ppm NO2 RT 8.2a 2.1 min 40 min 0.05 ppm Zhang et al. (2018)82

Si-doped Gr 50 ppm NO2 RT 21.5%b 126 s 378 s 18 ppb Niu et al. (2021)115

a Ra/Rg (oxidizing gas) or Rg/Ra (reducing gas). b DR/Ra.
c DG/DG0.

d DI/I.
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interesting CNM (1 ppb). Simultaneously, SWCNT- and
MWCNT-based nanocomposites also achieved a low LOD (45
ppb). Additionally, most of these CNMs show good responses
even at room temperature.
4.2 COx sensors

COx (CO and CO2) are toxic, odorless, and colorless pollutants,
which are dangerous to human beings. Low exposure may only
cause nausea, vomiting and dizziness. However, higher
consumption of these carbon gases can be very dangerous
because CO is toxic, and CO2 is an asphyxiant at high concen-
trations, which can increase the risk of heart diseases. Hence, to
reduce workplace injuries and accidents, gas detectors are
required as safety measures. Additionally, CO2 is the biggest
factor inuencing global warming. Specically, the radiative
6522 | Nanoscale Adv., 2021, 3, 6514–6544
force by CO2 is increasing daily, which causes an imbalance in
the received and radiated sunlight. Therefore, COx sensors are
required for various applications, including environment
monitoring and capnography.

4.2.1 Sensing with CNTs and their hybrid nanocomposites.
MWCNTs are commonly studied for COx (CO and CO2)
sensing.16 Kumar et al. synthesized a CNT lm via vertically
aligned CNT trees and the as-synthesized lm was puried
using nitric acid before CO2 sensing.73 When the MWCNT lm
was exposed to air, atmospheric oxygen (O2) adsorbed on the
CNT surface.

O2(ads) + 3e / O2�(ads) + O� (4)

Aer the interaction of CO2 gas with ionized oxygen,
a metastable compound CO3 was formed41 and released
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Illustration of the sensing mechanism for the gas sensor based on SnO2/rGO nanohybrid. (b) Selectivity (calculated using Rg/Ra)
histogram of SnO2/rGO gas sensor to various gases at room temperature.98 (reprinted from ref. 98, Copyright (2014), with permission from
Elsevier).
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electrons, which further increased the potential barrier, and
consequently the resistance of the CNT lm decreased.

CO2 + O2� / CO3 + 2e (5)

However, at high exposure, the metastable compound can
interact with itself (represented by eqn (6)). Hence, in this
situation, less change in the resistance was observed.

CO3 + CO3 / 2CO2 + O2(gas) (6)

In one of the latest works, Ahmad et al. (2020) synthesized an
MWCNT-alumina sensor via the sol–gel process (having various
CNT concentrations of 0.6 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%, and
3.0 wt%) for the detection of CO2.116 The sensor having 2.0 wt%
CNTs showed the highest response, and beyond this concen-
tration, the sensing response gradually decreased due to the
poor dispersion of the CNTs in the alumina matrix. As shown in
Fig. 8, both physisorption and chemisorption phenomena
occurred on the surface of the nanotubes. When CO2 was
injected into the sensing chamber, the electrons from CO2
Fig. 8 Schematic representation of electron transfer on CNT surface and
permission from Elsevier).

© 2021 The Author(s). Published by the Royal Society of Chemistry
(reducing species) transferred to MWCNT (p-type). Due to
charge delocalization, there was a shi in the energy band
diagram. The calculated sensitivity (DR/Ra) was 7.3% at 450 ppm
CO2 with a very short recovery time (14.15 s). For the desorption
of the analyte molecules, external source UV light was used,
decreasing the barrier height (fB) with a slight change from the
original bandgap position (as illustrated in Fig. 8).

Another exciting work presented the sensing mechanism of
CO on poly(diallyl)dimethylammonium chloride (PDDA)
solution-coated MWCNTs (2020).117 According to the described
mechanism, there is a positive charge on the nitrogen atom in
PDDA. When CO was introduced on the surface of the sensor,
a charge transfer phenomenon occurred from CO to the
quaternary NH4

+ of PDDA. Due to this type of physisorption, the
overall resistance of the sensor decreased and it eventually
showed a high response. The highest sensitivity (11.51%) was
achieved at 20 ppm CO.

4.2.2 Sensing with graphene and its hybrid nano-
composites. Similar to CNTs, CO2 gas can also be sensed using
graphene and functionalized graphene, where CO2 can act as an
electron donor and acceptor when adsorbed on the graphene
energy band diagram116 (reprinted from ref. 116, Copyright (2017), with

Nanoscale Adv., 2021, 3, 6514–6544 | 6523
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edge and adsorbed in the centre of the graphene sheets,
respectively.118 Moreover, graphene having zigzag edges has
higher sensitivity for CO2.119,120 When CO2 interacts with p-type
graphene, electrons migrate from graphene, and consequently
the hole concentration increases in graphene, leading to an
increase in resistance. Karthik et al. synthesized rGO/TiO2

composite lms via the spray pyrolysis technique and used
them as sensingmaterials for numerous gases such as H2S, SO2,
and CO2.121 The as-made sensor showed the highest sensitivity
(92%) towards CO2, where the n–n heterojunction between rGO
and TiO2 is benecial for a high sensing response. Furthermore,
numerous calculations regarding CO and CO2 have been
implemented via DFT to study the interaction of graphene or
doped graphene and gas molecules.122–127 Fan et al. studied
single- and double-layer graphene and concluded that single-
layer graphene shows a higher response.127 Recently, Salih
et al. (2020) studied Pt-doped hydrogen and nitrogen armchair
graphene nanoribbons (AGNR) for CO and CO2 sensing theo-
retically.128 Aer doping Pt, the adsorption energy increased up
to thirteen and nine times that of H-AGNR and N-AGNR for CO
and CO2, respectively. However, numerous computational
studies regarding COx sensing have been performed, more lab
experiments should be done. A summary of COx sensors based
on CNM hybrid composites is provided in Table 4.

It is observed that the research on CNMs-based COx detection
sensors is less than that on other gases given that their pristine
form shows a poor response towards COx gas. However, hybrid
nanocomposites are studied comparatively more for CO sensing
(observed from Table 4). Additionally, CNMs-based exible
sensors have attracted more attention given that the commer-
cialized MO-based COx sensors have negligible exibility.

4.3 CH4 sensors

Environmental methane (CH4) is a well-mixed ozone-depleting
gas with the second biggest increment in radiative constraining
aer CO2.133 The major sources of CH4 gas are natural gas
production and burning of agriculture biomass. According to
the global monitoring system, the mole fraction of methane
determined frommarine surface sites reached up to 1876.3 ppb,
Table 4 Comparative study of the parameters for significant works don

Sensing material Analyte
Operating
temperature Response

Resp
time

ZnO-MWCNT 25 ppm CO 70 �C 62%a 2
Polyaniline-MWCNTs 500 ppm CO RT 6.83%a 105

1000 ppm CO 26.73%a 76
MWCNTs-PDDA 1 ppm CO RT 5.25%a 29

20 ppm CO 11.51%a 18
MWCNTs-alumina 450 ppm CO2 RT 7.3%a 5
MWCNTs 5000 ppm CO2 RT 210%a 30
ZnO-rGO 1000 ppm CO 200 �C 85.2%a 7

RT 27.5%a 14
rGO-Mn3O4 50 ppm CO 25 �C 70.8%a 3

4 ppm CO 200 �C 77.8%a 2
0.1 Pd-doped SnO2-Gr 30 ppm CO 250 �C 99%a

a DR/Ra.

6524 | Nanoscale Adv., 2021, 3, 6514–6544
which is 1.01 times higher than the previous year (1865.3
ppb).134 Furthermore, CH4 is an odourless and colourless gas,
which can be explosive upon mixing with ambient oxygen.
Therefore, its presence even in small concentrations is a major
threat and needs to be detected.

4.3.1 Sensing with CNTs and their hybrid nanocomposites.
Some signicant research has been performed on the detection
of CH4 using CNT-based nanocomposites. Kathirvelan et al.
developed a methane detector having MWCNTs as the sensing
element.135 The recovery time was very short, about 60 s, due to
the physisorption of CH4 on the CNT surface, facilitating the
easy removal of the analyte. For further improvement,
Humayun et al. fabricated a CH4 sensor via ZnO-functionalized
MWCNTs136 and explained a UV recovery-based plume mapping
algorithm for the recovery of the sensor. For further enhance-
ment, various metal ions and metals were doped in CNTs. One
of the exciting works involves a methane gas sensor based on
Li+-doped CNTs as the sensing material and reported that CH4

gas molecules are attracted to Li+ for further interaction with
CNTs.137 Considering that Li+ is electron decient, more holes
appeared in the Li+/CNT lm. Due to the change in the hole
concentration of the CNTs, the sensor showed improved
sensitivity (14.48% at 500 ppm CH4). For a further improvement
in the sensing performance, Wu et al. fabricated methane
sensors based on lithium-montmorillonite (Li-MMT) or lithium
cyclodextrin (Li-CD),138 where Li-MMT showed a higher
response (�42% @ 500 ppm CH4).

In another work, an SnO2–Pt/MWCNT-based sensor was
synthesized and CH4 gas was sensed. The three major reasons
for the high performance of the as-made sensor are p–n heter-
ojunction formation, high surface area, and spill-over effect at
the Pt nanoparticles.139 However, only few ab initio studies
focusing on CNT-based methane sensors have been performed
compared to other gases. Therefore, the understanding of the
binding energy of CH4 gas on the CNT surface and doped CNT
surface still needs to be addressed. Simultaneously, various
doped graphene nanostructures have been explored for CH4

sensing either theoretically140 or experimentally.
e on COx sensing using CNM hybrid nanocomposite sensor

onse
Recovery time Limit of detection References

s 3 s — Özütok et al. (2019)129

s 210 s — Roy et al. (2018)130

s 227 s
s 33 s 127 ppb Roy et al. (2020)117

s 45 s
3.7 s 14.15 s — Ahmad et al. (2020)116

s 49 s — Kumar et al. (2019)73

s 9 s <10 ppm Ha et al. (2018)50

s 15 s
s 6 s — John et al. (2020)131

s 5 s 4 ppm
0.3 s 0.3 s — Debataraja et al. (2019)132

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.3.2 Sensing with graphene and its hybrid nano-
composites. Besides CNTs, graphene has also been used to
develop CH4 gas sensors. In 2018, SnO2 nanorod-decorated
graphene sheets were studied for CH4 detection.45 As the re-
ported sensing mechanism, the metal oxide interacts with
oxygen in the air, leading to the formation of oxygen ion species
(O2�, O� and O2

�), which chemisorb on theMO surface.30 When
the sensor is exposed to a CH4 atmosphere, the pre-adsorbed
oxygen ions interact with the gas molecules and release elec-
trons (presented by eqn (7) and (8)), resulting in high sensitivity
(illustrated in Fig. 9a).

CH4 + 4O�(ads) / 2H2O + CO2 + 4e (7)

CH4 + 2O2
�(ads) / 2H2O + CO2 + 4e (8)

The other explained sensing phenomenon is based on
oxygen vacancies, which inuence the sensor response141 for the
detection of CH4 gas.

2V
�

O þO2ðgasÞ þ 2e/2OOx (9)

CH4(gas) + 4OOx / CO2(gas) + 2H2O(gas) + 4VOx (10)

VOx/2V
�

O þ e (11)

where VOx, OOx and V�
O are shallow neutral oxygen vacancy, oxide

anion healing of oxygen vacancy, and singly ionized oxygen
vacancy, respectively. SnO2 shows in-plane oxygen vacancies,142
Fig. 9 (a) Schematic representation of sensing mechanism for CH4 det
(response calculated using DR/Ra)45 (reprinted from ref. 45, Copyright (
energy band diagrams for preabsorbed graphene and Ag NPs under am
(reprinted with permission from ref. 87. Copyright (2019) American Chem

© 2021 The Author(s). Published by the Royal Society of Chemistry
which promote the detection of CH4. The as-made sensor
showed 24.9% response at 1000 ppm CH4 at 150 �C. Fig. 9b
shows the stability of the as-made sensor even aer 30 days.

Further, Ag NP-decorated graphene-based smart sensing
material was studied for CH4 sensing.87 The oxygen ions were
chemisorbed on the Ag NPs and graphene and the WF of G + O2

was less than that of Ag NPs + O2 (as shown in Fig. 9c and d,
respectively). During gas sensing, electrons move from Ag NPs +
O2 to G + O2, which shis the EF of Ag + O2 owing to the increase
in the hole concentration of graphene and directly inuences
the response of the sensor. Some signicant works on CH4

sensors using CNMs-based hybrid nanocomposites are shown
in Table 5.

It has been reported that unfunctionalized and metal-
decorated SWCNTs exhibit a very low response towards CH4 at
room temperature.147 Therefore, MWCNT hybrid nano-
composites have attracted more attention than SWCNTs.
Moreover, rGO has also been explored. Among all the
mentioned sensors in Table 5, the TiO2-rGO-based sensors
showed the highest response (96.93%) even at a low concen-
tration (800 ppm CH4).
4.4 NH3 sensors

Ammonia (NH3) is a colorless gas with a strong smell, which has
been used as a refrigeration gas for centuries. Although it has no
global warming potential or impact on the ozone level, it is still
essential to detect it given that a large number of people is
exposed to ammonia gas by breathing its vapors from many
ection on SnO2-graphene-based sensor. (b) Stability graph of sensor
2017), with permission from Elsevier). (c) Schematic illustration of the
bient conditions. (d) Electron transfer upon exposure to CH4 (ref. 87)
ical Society).
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Table 5 Comparative study of the parameters for the significant works done on CH4 sensing using CNM hybrid nanocomposite sensors

Sensing material Analyte
Operating
temperature Response

Response
time

Recovery
time

Limit of
detection References

V2O5 lled in MWCNTs 40 ppm CH4 RT 1.5% �16 s �120 s — Chimowa et al.
(2017)143

MWCNTs decorated with SnO2–
Pt

100 ppm CH4 RT 28.25%a 176 s 763 s 490 ppb Navazani et al.
(2020)13910 000 ppm

CH4

94.26%a 122 s 1178 s

Li ion doped CNT 500 ppm CH4 RT 14.48%a — — — Chen et al. (2018)137

TiO2 nanotubes-rGO 800 ppm CH4 25 �C 96.93%a �18 s �61 s 10 ppm Acharyya et al.
(2016)144

SnO2-rGO/PANI 100 ppm CH4 RT 26.1%a 360 s 1150 s — Navazani et al.
(2018)145

PbS-3.5 wt% rGO 100 ppm CH4 RT 45%a 92 s 65 s — Roshan et al. (2019)146

a DR/Ra.
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cleaning products. Themajor drawback of ammonia is that it can
be ammable at high concentrations. Besides, its low concen-
tration inhalation leads to coughing and soreness to the nose
given that it has a very suffocating smell, and beyond a certain
concentration, it can cause burning sensation to the nose and
throat. Furthermore, in extreme cases, it may damage the respi-
ratory system completely. Besides the olfactory sense, skin, and
eyes are affected, while NH3 gas interaction at low levels and
higher levels it can cause burns and blindness, respectively.
Vytenis documented a real incident of an NH3 explosion, which
happened in West Texas in 2013, killing 15 people and injuring
200.148 Furthermore, NH3 gas reacts with water exothermically,
and ammonia corrosion occurs in many metals such as Zn and
Cu, and their alloys. Therefore, its detection is necessary.

4.4.1 Sensing with CNTs and their hybrid nanocomposites.
Signicant research on the detection of NH3 using CNT-based
chemiresistive sensors has been performed.149–154 In one of the
studies, Ansari et al. observed that SWCNTs functionalized
using nitric acid (f-SWCNTs) showed a higher response than
pristine SWCNTs153 together with a long recovery time due to
the strong chemical bonding of the gas molecules with the
functional groups of SWCNTs. In another work, Schütt and
coworkers synthesized tetrapodal ZnO networks (ZnO-T) deco-
rated with MWCNTs as an NH3 sensing material.155 In ambient
atmosphere, oxygen molecules were adsorbed on the ZnO
surface owing to the EDR at the T-arms of ZnO (shown as blue
colour in Fig. 10a).

O2(ads) + 2e / O2�(ads) (12)

When NH3 gas came in contact with the sensing material,
the chemisorbed oxygen ions acted as adsorption sites for the
target gas and the released electrons tuned the bandgap.

2NH3 + 3/2O2� / N2 + 3H2O + 3e (13)

Consequently, the width of the depletion region decreased,
leading to a decrease in fB (shown in le section of Fig. 10b).
However, when 2 wt% and 4 wt% CNTs (seen in Fig. 10c and e,
6526 | Nanoscale Adv., 2021, 3, 6514–6544
respectively) were coated on ZnO-T, electrons transferred from
the reducing analyte to the CNTs very rapidly, and thus to ZnO-T
(illustrated in Fig. 10d). Therefore, they helped to enhance the
sensing response.

The sensing at a high concentration of CNTs (>2 wt%) had
a negative effect on the sensitivity of ZnO-T given that the CNTs
were accumulated on the ZnO arms, which decreased the
number of adsorption sites (shown in Fig. 10f). Further, Guo
et al. (2018) studied Fe3O4/CNTs as a sensing material for NH3

gas,156 where the explained sensing mechanism is based on
magnetic catalysis and chemical bonding. Magnetite has
ferrous (Fe2+) and ferric (Fe3+) atoms. When ammonia is
exposed to the surface of the sensing material, the analyte
molecules are adsorbed on it. The H atoms in NH3 bond
chemically with the O atom of Fe3O4 (shown in Fig. 11). More-
over, the N atoms shared electrons with the Fe3

+ atom. There-
fore, together with chemical bonding, the magnetic effect of
Fe3O4 was also benecial for analyte adsorption. The effect of an
external magnetic eld on the sensitivity is described by the
following equation:

S ¼ M � el�B2 (14)

where S and B are the sensitivity and magnetic eld intensity,
respectively, and M and l are the constants of the gas adsorp-
tion reaction.

However, besides Fe3O4, CNTs provide adsorption sites,
resulting in high sensitivity. The overall sensitivity was
enhanced because of the high adsorption capacity of Fe3O4.

Another CNT hybrid nanocomposite for NH3 sensing is the
CNT–polymer matrix, where conducting polyaniline (PANI) is
commonly used.157–159 Zhang et al. described the synergistic
effect of PANI coated on an MoS2-functionalized MWCNT
nanomaterial.160 The as-made sensor showed 49.66% sensitivity
at 10 ppmNH3. According to the describedmodel, when PANI is
exposed to NH3 gas, electrons get transported from NH3 to
PANI, forming NH4+. In addition, MWCNTs also react in the
similar manner. Besides, the formation of a p–n heterojunction
between p-type PANI and n-type MoS2 helped to improvise the
sensing response of the as-made sensor. In another work with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Illustration of sensor in air (a) ZnO-T, (c) ZnO-T-2 wt% CNT networks and (e) ZnO-T-4 wt% CNT networks and in NH3 atmosphere (b)
ZnO-T, (d) ZnO-T-2 wt% CNT networks and (f) ZnO-T-4 wt% CNT networks155 (reprinted with permission from ref. 155. Copyright (2017)
American Chemical Society).

Fig. 11 Model of the intermolecular binding force156 (reprinted with permission from ref. 156. Copyright (2018), MDPI Publisher, under Creative
Commons Attribution 4.0 International License).
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PANI-CNT for NH3 sensing, Ansari et al. synthesized a carboxyl-
functionalized SWCNT-wrapped polyaniline nanober (PANI)
composite via the in situ chemical oxidative polymerization
technique90 and proposed the same sensing mechanism. When
NH3 comes in contact with the reactive site of PANI and f-CNTs,
© 2021 The Author(s). Published by the Royal Society of Chemistry
the electrons transfer from the reducing gas to PANI and f-
SWCNTs, resulting in an enhancement in the resistance of
the sensor. The sensing response of the as-made PANI@f-
SWCNT (24–25%) was higher than that of the pristine (5–6%)
and functionalized SWCNTs (18–20%) towards 10 ppm NH3 due
Nanoscale Adv., 2021, 3, 6514–6544 | 6527
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to the high availability of adsorption sites. Although the sensing
performance of PANI@f-SWCNT was lower than that of PANI-
MoS2@f-MWCNTs and its recovery time was much shorter.
Moreover, less steps were involved in the synthesis of PANI@f-
SWCNT compared to PANI-MoS2@f-MWCNTs, where MoS2
was synthesized via the hydrothermal route.

4.4.2 Sensing with graphene and its hybrid nano-
composites. Similar to other gases, graphene and functional-
ized graphene have also been explored for ammonia
sensing.161–163 Khurshid et al. studied NH3 adsorption on a GO-
based gas sensor.48 When NH3 gas molecules interact with GO,
the charges get transferred from NH3 to GO, inuencing the
charge carrier density of GO, and thus decreasing the resistance
of the sensor. The molecular interaction between NH3 gas and
the hydroxyl group (OH) of GO occurs either via the coordina-
tion of N and H (OH.N having an interaction energy of
6.9 kJ mol�1) or H and O from NH3 and the hydroxyl group
(NH.O having an interaction energy of 11.9 kJ mol�1),
Fig. 12 (a) Schematic illustration of NH3 adsorption and proposed gas s
response for a period of 25 days78 (reprinted with permission from ref. 78.
band diagram of Bi2O3-doped graphene oxide in (c) air and (d) ammo
Elsevier).

6528 | Nanoscale Adv., 2021, 3, 6514–6544
respectively. Furthermore, NH3 can interact with the carbonyl
group (C]O.H–NH2 having an interaction energy of
46.0 kJ mol�1). Due to these interactions, the GO sensing device
responded efficiently towards NH3 gas. Further, Srivastava et al.
reported NH3 sensing on pure few-layer graphene (PFLGr) and
boron-doped few-layer graphene (BFLGr).78 The adsorption
energy for NH3 gas on BFLGr is higher than that on PFLGr given
that the N atom of NH3 gets easily attached to B atoms (shown
in Fig. 12a). Therefore, boron-doped graphene as a sensing
material showed higher sensitivity (�4 times higher than
PFLGr) towards 32 ppm NH3. The BFLGr sensor showed high
repeatability even aer 25 days (shown in Fig. 12b).

In a recent work, Ghule et al. (2021) studied various metal
oxide (NiO, ZnO, and Bi2O3)-doped GO sensors and concluded
that the Bi2O3-GO (81.23%) sensor exhibits the maximum
response at 50 ppm NH3 in comparison with ZnO-GO (60%),
NiO-GO (20%) and pristine GO (�3–4%).86 The sensing
ensing mechanism of the PFLGr and BFLGr sensor. (b) Plot of sensor
Copyright (2020), The Royal Society of Chemistry). Representation and
nia86 (reprinted from ref. 86, Copyright (2021), with permission from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanism is based on the reduction of the DL width, as
explained in Fig. 12d.

Another work employed zeolite imidazole framework-rGO
(ZIF-67-rGO) as a sensing material for NH3 gas, which was
synthesized via the hydrothermal process.164When the reducing
gas (NH3) passed through the sensing chamber, the charge
transferred from ZIF-67 (WF¼ 1.98 eV) to rGO (WF¼ 1–1.69 eV).
Therefore, the DL width was reduced, and consequently the
resistance decreased. On the contrary, the sensing mechanism
is different to that of p-type CNTs given that the resistance
should increase aer NH3 adsorption because ZIF-67-rGO acts
as an n-type semiconductor. Table 6 presents the signicant
works performed on NH3 sensors synthesized using CNM
hybrid nanocomposites.

According to the information in Table 6, it can be concluded
that the LOD value of CNMs-based composite for NH3 gas
sensors is generally very low (in the ppb range). In addition,
most of the ammonia gas sensors having CNMs as the sensing
material show good sensitivity at ambient temperature. The
sensor made with TiO2-decorated rGO has the highest response
(DR/Ra ¼ 170).

4.5 H2 sensors

Hydrogen (H2) is a non-toxic, non-radioactive, and non-polluting
gas, producing no hazardous combustion products, but under
certain conditions such as 18–59% mixing in air, it becomes
highly explosive given that it requires a low ignition energy, and
thus can be extremely dangerous. Moreover, H2 is a colourless
and odourless gas, and therefore it is impossible to detect it
Table 6 Comparative study of the parameters for significant works don

Sensing material Analyte
Operating
temperature R

WO3 nanobricks-1 wt% CNT 30 ppm NH3 50 �C 1
10 ppm NH3 RT 6

Pd-MWCNTs 1000 ppm NH3 100 �C 3
PANI-CNT 10 ppm NH3 RT �
f-SWCNTs-PANI 10 ppm NH3 RT 2
f-SWCNTs with HNO3 1
p-SWCNTs 5
f-MWCNTs with red-phenol 100 ppm NH3 — 1
Polypyrrole – f-CNTs with NH2 0.1 ppm NH3 RT 5
Graphene oxide 100 ppm NH3 RT 4
CrO3 intercalated multilayer Gr 50 ppm NH3 180 �C 5
AgNPs-rGO 0.1 ppm NH3 RT —

1 ppm NH3 6
PtNPs-rGO 0.1 ppm NH3 RT —

1 ppm NH3 2
AuNPs-rGO 0.1 ppm NH3 RT —

1 ppm NH3 0
Au GNRs 25 ppm NH3 RT 3
75 mM meta toluic acid functionalized
GO

100 ppm NH3 RT 1

WS2-rGO 10 ppm NH3 33.5 �C 1
TiO2-rGO 10 ppm NH3 RT 1
MWCNT-Gr hybrid lm 300 ppm NH3 RT —

a DR/Ra.

© 2021 The Author(s). Published by the Royal Society of Chemistry
without any detection device given that free hydrogen is highly
reactive. It is ten times more ammable and even twenty times
more explosive than gasoline. Also, the ames of res caused by
H2 are invisible, which makes it a serious hazard to work with.
Moreover, the H2 explosion limit is connement dependent,
which can create a blast wave that can destroy nearby buildings
and injure people. Therefore, a signicant number of investiga-
tions on hydrogen stations have focused on its ignition, dea-
gration, and detonation. Recently, in 2019, a hydrogen explosion
occurred in a US silicone plant in Waukegan, IIlinois.174

According to the US Chemical Safety and Hazard Investigation
Board, the plant lacked was hydrogen detectors. Therefore,
precise hydrogen detectors are highly required.

4.5.1 Sensing with CNTs and their hybrid nanocomposites.
The sensing of H2 has been done signicantly with MWCNTs.
Recently in 2019, Guo et al. detected H2 using a semiconducting
CNT network as a transparent and exible sensing material.175

In the same year, Park et al. sensed H2 on MWCNTs and
crumpled MWCNTs on a PET and polystyrene (PS) substrate,
respectively, and observed that the crumpled CNTs showed 3.25
times higher sensitivity than MWCNTs.176

Moreover, it has also been reported that for the enhance-
ment of the sensing response towards H2 gas, the presence of
functionalized groups on the surface of CNTs such as COOH
and OH plays a crucial role.177 Furthermore, together with CNTs,
Pd is generally used due to its high catalytic activity towards H2

gas.84,178,179 In 2018, Xiao et al. performed H2 sensing on Pd
nanoparticle (Pd NP)-decorated SWCNTs.180 When H2 is
exposed to the Pd-decorated CNTs, it would interact in two
e on NH3 sensing using CNM hybrid nanocomposite sensors

esponse
Response
time

Recovery
time

Limit of
detection Reference

2.5%a 210 s 330 s 150 ppm Le et al. (2019)165

.8%a

2%a — — — Dilonardo et al. (2017)106

610%a 85 s 20 s <200 ppb Xue et al. (2017)88

4–25%a 1–4 s 8–10 s — Ansari et al. (2020)90

8–20%a 9–10 s 30–32 s
–6%a 12–15 min 40–42 min
8–23.2%a 6–8 s 30–50 s — Saxena et al. (2020)166

25%a 138 s 465 s 0.04 ppb Hamouma et al. (2018)167

5%a 24 s 18 s — Khurshid et al. (2020)48

4%a 10 s 20 s — Jaiswal et al. (2020)162

5 s 6 s 1.2 ppb Karaduman et al. (2017)168

.52%a

7 s 8 s 16 ppb Karaduman et al. (2017)168

.87%a

13 s 17 s 1.6 ppb Karaduman et al. (2017)168

.5%a

4%a 224 s 178 s — Seifaddini et al. (2019)169

2.2%a 60 s 80 s — Kumar et al. (2020)170

21%a 60 s 300 s — Wang et al. (2018)171

70a 114 s 304 s — Ye et al. (2017)172

40 s 96 s — Bisht et al. (2014)173

Nanoscale Adv., 2021, 3, 6514–6544 | 6529
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Fig. 13 (a) Schematic of H2-Pd-CNT interaction on CNT surface. (b) Response to different H2 concentrations at ambient temperature180

(adopted with permission from ref. 180. Copyright (2018) American Chemical Society).
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ways, either as H2 dissolved in Pd to decrease the WF of Pd
(electron transfer from Pd to CNTs) or H2 dissociated on the Pd
NPs to initiate the spill-over of H atoms (Fig. 13a). The spill-over
H atoms diffuse on the surface of the CNTs and directly donate
electrons to the CNTs, inducing a delocalized EDR, and thus
increasing the resistance. The reactions occurring during
exposure to H2 are as follows:

H2 / 2Hatom on surface / Hatom in Pd (15)

O2 + 2Hatom on surface / 2OH, OH /H2O (16)

Fig. 13b shows the response at different concentrations
(0.89–311 ppm) of H2 gas, where the sensor showed a much
higher response (>1200) at 311 ppm.

Similar to Pd, Pt is also very encouraging due to similar
phenomena.181 One of the early research works was on Pt-doped
TiO2@F-CNTs for H2 gas sensing.182 Besides the catalytic effect
of functionalized CNTs, the Schottky barrier formed at the
boundary of Pt and TiO2 also leads to electron transfer from Pt
to TiO2, and then from TiO2 to CNTs, and these electrons
produce E–H pairs in the CNTs, which consequently increase
the overall resistance. Moreover, when H2 gas molecules
interact with Pt, they dissociate into hydrogen ions (H+ and H�),
and then diffuse into Pt. The sensitivity of the f-MWCNTs-TiO2-
Pt based sensor was 1.35, 2.53, 4.75, and 19 times higher than
that of f-MWCNTs-TiO2-Pt, f-MWCNTs-Pt, f-MWCNTs and
pristine MWCNTs, respectively.

4.5.2 Sensing with graphene and its hybrid nano-
composites. Numerous works have been performed on
graphene-based hydrogen sensors.183–186 Kamal et al. fabricated
an H2 sensor having rGO decorated with NiO as a sensing
material.187 The as-made sensing material (129.38 m2 g�1) had
a 3.7-fold higher surface area than NiO (26.33 m2 g�1), due to
the presence of rGO. Upon exposure to the analyte gas, the
various chemisorbed oxygen ions reacted with hydrogen ions
and released electrons by removing H2O, which led to the
formation of EDR. Moreover, the functional groups present on
rGO also acted as active sites for the adsorption of gas
molecules.

Another existing work explains the sensing mechanism of
graphene decorated with Pd–Ag NPs.188 Physisorption and
6530 | Nanoscale Adv., 2021, 3, 6514–6544
chemisorption occur during H2 sensing, where chemisorption
occurs due to the formation of strong metal hydrides (Pd–H)
having covalent bonds.189 Recently, Achary et al. proposed
ZnFe2O4–Pd decorated rGO as an H2 sensing material.190 The as-
fabricated sensor showed a high response of 11.43% towards
200 ppm H2 at room temperature. Fig. 14 shows the possible
sensing mechanism of the sensor.

Due to the high surface availability and high charge mobility
of rGO, the sensor showed a high response. Table 7 shows the
various CNM hybrid nanocomposite-based sensors for H2 gas.

As observed, Pd- and Pt-doped CNMs show high sensitivity
towards H2 gas given that these MPs show chemical sensitiza-
tion based on the spill-over mechanism. To the best of our
knowledge, Pd-CNTs show an ultrahigh response for H2 sensing
(�100 000%).
4.6 H2S sensors

Dihydrogen sulphide (H2S) is a colourless, ammable gas that
smells like rotten eggs. Hence, it can affect the eyes, smelling
sense and respiratory system. Long-duration exposure to H2S
can even paralyse the nervous system. Therefore, detectors are
needed for H2S. A level of H2S gas at or above 100 ppm is lethal
according to the IDLH values. Additionally, this gas is a silent
threat, oen invisible to the body's senses.

4.6.1 Sensing with CNTs and their hybrid nanocomposites.
SWCNTs and MWCNTs have been explored for H2S sensing. In
2017, Hua et al. synthesized an SWCNT-Fe2O3 exible sensor for
H2S sensing107 (shown in Fig. 15a). The sensing mechanism of
H2S gas by the SWCNT-Fe2O3 sensor can be explained by eqn (17).

2H2S(g) + 3O2
�(ads) / 2H2O(g) + 2SO2(g) + 3e (17)

The released electrons are adsorbed on the surface of the
Fe2O3 NPs, and then transferred to the SWCNT lm, where the
E–H recombine, leading to a decrease in the concentration of
hole carriers in the SWCNTs, which increases the resistance of
the gas sensor.

Fig. 15b represents the response of the sensor towards 1 ppm
to 100 ppm H2S.

Srivastva et al. (2019) analysed zigzag pristine, boron and
nitrogen-doped (10,0) SWCNTs using the Atomistix Toolkit-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Plausible sensing mechanism of ZnFe2O4–Pd decorated rGO towards H2 gas190 (reprinted from ref. 190. Copyright (2020), with
permission from Elsevier).

Table 7 Comparative study of the parameters for significant works done on H2 sensing using CNM hybrid nanocomposite sensors

Sensing material Analyte
Operating
temperature Response

Response
time

Recovery
time Limit of detection Reference

MWCNT decorated with Pd 4% H2 — 35.30%a — — — Yan et al. (2019)191

Pd-CNTs 311 ppm H2 RT 100 000%a 7 s 89 s 0.89 ppm Xiao et al. (2018)180

f-CNT with COOH and OH 10% H2 RT 5.7%a 35 s 55 s Han et al. (2019)192

Acidic-MWCNTs-TiO2-Pt 0.05% H2 RT 3.9%a 20 s — Dhall et al. (2017)182

Pt–Gr like carbon wrapped CNTs 4% H2 in air RT 42.8%a 120 s — <0.1% Baro et al. (2018)193

MWCNTs 10% H2 — 0.4%a — — 7100 ppm Park et al. (2020)176

Crumped MWCNTs 10% H2 1.3%a 2700 ppm
Au-Gr 500 ppm H2 — 5.46%a 16 s 274 s — Kim et al. (2019)194

Pt-rGO 0.5% H2 50 8%a 63 s 104 s — Lu et al. (2018)195

Pt decorated ZnO-rGO 400 ppm H2 100 99a 12 s 412 s — Drmosh et al. (2019)196

CuO-rGO 1500 ppm H2 RT �11%a < 80 s < 60 s 10 ppm Zhang et al. (2017)197

a DR/Ra.
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Virtual NanoLab (ATK-VNL) simulation soware.198 The
computational results of H2S adsorption on the pristine
SWCNTs (80.16%) showed the highest sensitivity and lowest
Fig. 15 (a) Schematic of the gas sensor based on SWNT-Fe2O3 comp
Response (DR/Ra) and recovery curves of sensor upon exposure to H2S (1,
107, Copyright (2017), with permission from Elsevier).

© 2021 The Author(s). Published by the Royal Society of Chemistry
recovery time compared with B-doped (60.79%) and N-doped
CNT (78.76%). Further, Nobari et al. studied amide-
functionalized SWCNTs as an H2S sensor computationally
osite film and schematic explaining the H2S sensing mechanism. (b)
10, 20, 50, and 100 ppm) with complete recovery107 (reprinted from ref.

Nanoscale Adv., 2021, 3, 6514–6544 | 6531
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using the AVAGADRO soware199 and reported the maximum
sensitivity of 89.3% at 40 mV.

Together with SWCNTs, MWCNTs have also been explored
for H2S sensing applications. Ibrahim et al. dissolved different
Fig. 16 (a) Schematic depiction of the sensing mechanism of the senso
phene, (c) responses of Co3O4-HNS/G, Co3O4-HNSs, and graphene ve
sensor constructed by Co3O4-2HNS/G to different gases with a concent
205. Copyright (2019) American Chemical Society). (e) Energy band diagr
Copyright (2020), with permission from Elsevier).

6532 | Nanoscale Adv., 2021, 3, 6514–6544
concentrations of MWCNTs (0.01 and 0.1 mg mL�1) in poly(2-
methoxy-5-(20-ethythexyloxy)-1,4-phenylenevinylene) lms,
which were studied for H2S sensing.200 The sample having
a higher content of MWCNTs showed higher sensitivity
r, (b) energy band structure for the heterojunction of Co3O4 and gra-
rsus various operating temperatures to 50 ppm of H2S and (d) plot of
ration of 50 ppm at 50 �C (ref. 205) (adopted with permission from ref.
am of Cu-doped ZnO/rGO nanocomposite206 (reprinted from ref. 206,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(104.45%) in comparison with the sample having less content of
CNTs (11.70%) given that it provides more adsorption sites.

4.6.2 Sensing with graphene and its hybrid nano-
composites. In the last ve years, numerous H2S sensors have
been synthesized using graphene hybrid nanocomposites.201–204

Liu et al. fabricated Co3O4 hollow-nanosphere/graphene
(Co3O4-HNS/G) composites (shown in Fig. 16a) and used them
as sensing materials for H2S gas.205 Due to the chemisorbed
oxygen ions on p-type Co3O4, the hole concentration increased,
leading to a decrease in the resistance of the sensor. Upon
exposure to H2S, the gas molecules react with the ionized
oxygen species, leading to a decrease in the hole concentration
of Co3O4. Moreover, the other reason for the high response is
the hollow structure of Co3O4, which provides large adsorption
sites. Besides the above-mentioned two reasons, a p–p hetero-
junction is formed between Co3O4 (p-type) and graphene (p-
type), which shis the band structure of Co3O4 and graphene.
Thus, electrons get transferred from Co3O4 (CB) to graphene
(CB) and holes are transferred in the opposite direction (illus-
trated in Fig. 16b) owing to the formation of a space charge
region (SCR). Consequently, a built-in electric eld is generated,
which promotes more oxygen ions to be chemisorbed and
inuenced the response of the sensor. Additionally, a high
concentration of graphene decreases the effect of the metal
oxide given that its sheet structures can cover the oxides. The
sensor was tested at various temperatures (illustrated in
Fig. 16c) and showed the maximum response at 50 �C.

In another work, Yang et al. used NiO–nitrogen-doped rGO
as a sensing material for H2S sensing.52 Aer exposure, the
analyte gas attached to the pre-adsorbed oxygen, which was
conrmed via XPS, where the concentration of pre-adsorbed
oxygen decreased by up to �84% due to the redox reaction
between the oxygen ions and H2S gas.

H2S(gas) / H2S(ads) (18)

2H2S(ads) + 3O2
�(ads) / 2SO2(ads) + 2H2O + 3e (19)

The as-made sensor showed high sensitivity (54.6%) even at
50 �C. Further, NiO–boron–nitrogen-doped rGO was synthe-
sized chemically and used as an H2S detector.207 By doping
boron and nitrogen, the absorption of oxygen anions increased,
which increased the number of adsorption sites for the gas.
Moreover, the electronegative boron and electropositive
nitrogen were attributed to the localized electrostatic potential
given that the B-active sites are benecial for the easy capture of
oxygen anions, whereas the N-active sites are benecial for
converting the surface-adsorbed oxygen into oxygen radicals.
Although the sensitivity was not affected much, the LOD was
ve-times lower than that of the NiO–nitrogen-doped rGO-
based sensor.

Recently, Shewale et al. fabricated an H2S gas sensor based
on Cu-doped ZnO decorated with rGO nanosheets at ambient
temperature.206 The response of the as-made sensor depends on
the defected sites, SCR, and formation of a p–n junction
between the metallic rGO and semiconducting Cu-doped ZnO,
where the electrons transfer from rGO to Cu-doped ZnO. Upon
© 2021 The Author(s). Published by the Royal Society of Chemistry
exposure to the analyte gas, the H2S molecules get adsorbed on
the surface of the sensor, and the interaction occurs between
the pre-chemisorbed oxygen molecules and H2S gas-discharged
free electrons, which neutralize the holes in rGO, and therefore
reduce the size of the charge conduction channels, leading to an
increase in the width of the SCR, further increasing the
response of the sensor. Additionally, sensing affects the
Schottky barrier height and contributes to the performance of
the sensor. This sensor detected H2S molecules (150 ppm)
within 12 s, which decreased with an increase in concentration.
The noise of the sensor (0.0208) and detection limit (136 ppb)
were calculated as follows:

RMSnoise ¼
ffiffiffiffiffi
S2

N

r
(20)

DL ¼ 3
RMSnoise

Slope
(21)

A very small change in the response of the sensor (5%) was
observed aer 35 days. Moreover, the selectivity of the sensor
was conrmed by its lower sensitivity towards H2 gas. Table 8
summarizes a few recent works on CNM hybrid nano-
composites as H2S sensors.

According to Table 8, it can be seen that CNTs are less
explored than graphene derivatives (rGO) for H2S sensing. The
reason for this may be that together with high sensitivity, rGO
hybrid composites show very small LOD values.
4.7 Volatile organic compound sensors

The vapours of numerous volatile organic compounds (VOCs)
such as ethanol (C2H5OH), toluene (C7H8), liquid petroleum gas
(LPG), triethylamine (TEA), formaldehyde (HCHO), and acetone
are another class of gases that should be sensed given that their
presence can be harmful. Moreover, various VOCs are exhaled
during breathing. Thus, the detection of these exhaled VOCs
can help in the prediction of several physiological conditions in
the human body.215 Consequently, it may be possible to diag-
nose cancer and other diseases.

4.7.1 Sensing with CNTs and their hybrid nanocomposites.
Sensors fabricated usingmodied CNTs have also been used for
sensing various VOCs such as ethanol,216,217 LPG,218

acetone,219,220 formaldehyde,221,222 toluene and trinitrotoluene.223

Several VOC-based sensors are presented in this section.
Recently, Guo et al. fabricated an ethanol sensor having

functionalized CNT-decorated ZnSnO3 (hollow box), which was
synthesized via the hydrothermal technique.216 While sensing
ethanol vapors, CO2 and H2O gases are produced aer the
interaction of the analyte molecules with the pre-adsorbed
oxygen ions, and the corresponding series of reactions occur
as follows:

e + O2(abs) / O2
� (22)

2e + O2(abs) / 2O� (23)

C2H5OH + 3O2
� / 2CO2 + 3H2O + 3e (24)
Nanoscale Adv., 2021, 3, 6514–6544 | 6533
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Table 8 Comparative study of the parameters for significant works done on H2S sensing using CNM hybrid nanocomposite sensors

Sensing material Analyte
Operating
temperature Response

Response
time

Recovery
time

Limit of
detection Reference

Fe2O3-SWCNTs 100 ppm H2S RT 18.3%b — — — Hua et al. (2017)107

CNTs-SnO2-CuO 40 ppm H2S RT 19%c 240 s 600 s 10 ppm Zhao et al. (2020)81

3 wt% CNTs-doped
CuO–SnO2

0.1 ppm H2S 40 �C 4.441a 8.3 s 11.5 s — Fan et al. (2019)208

SnO2-rGO 4 ppm NO2 200 �C 185a 8 s 215 s 0.5 ppm Bhangere et al. (2020)101

40 ppm H2S 3.7a 240 s 1240 s 2 ppm
Co3O4-4.6 wt% rGO 50 ppm H2S 50 �C 30.6a — 170 s 0.1 ppm Liu et al. (2019)205

100 ppm H2S 62.13a

NiO–(boron–nitrogen-
doped rGO)

20 ppm H2S 150 �C 16.6a 38 s 44 s 24 ppb Shanmugasundaram
et al. (2019)20750 ppm H2S 35 �C 1.85a 28 s 75 s

100 ppm H2S 50 �C 5.84a 29 s 78 s
100 ppm H2S 100 �C �82a

Cu-doped ZnO-rGO 100 ppm H2S 24 �C 0.87%b 14 s 32 s 136 ppb Shewale et al. (2020)206

CuO-rGO 5 ppm H2S 100 �C �28a 20 s 920 s — Yin et al. (2019)209

Cu2O-rGO 1 ppm H2S 40 �C 20%b — — — Zhou et al. (2019)210

Au–SnO2-rGO 50 ppm SOF2 110 �C 15.9%b 41 s 68 s — Zhang et al. (2019)211

50 ppm H2S �14.8%b 26 s 35 s
GrQD–SnO2/ZnO 0.1 ppm H2S RT 15.9a 14 s 13 s — Shao et al. (2020)212

1.0 wt% rGO-loaded
ZnFe2O4 NFs

1 ppm H2S 350 �C 147a <10 s �500 s 0.14 ppb Hoang et al. (2019)213

450 �C <10 s �130 s
SnO2-rGO 100 ppm H2S 125 �C 33.025%b 209 s 900 s 42 ppb Chu et al. (2018)214

10 ppm SOF2 �0.324%b 255 s 330 s 510 ppb
NiO–nitrogen-doped
rGO

50 ppm H2S 50 �C 24.96a 12 s 100 ppb Yang et al. (2017)52

100 ppm H2S 92 �C 31.95a 36 s
10 ppm H2S 133 �C 8.42a 197 s
0.1 ppm H2S 92 �C 54.06a

92 �C �10.5a

92 �C 1.6a

a Ra/Rg (oxidizing gas) or Rg/Ra (reducing gas). b DR/Ra.
c DR/DC.
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C2H5OH + 6O� / 2CO2 + 3H2O + 6e (25)

As shown in Fig. 17a, the released electrons are delivered to
ZnSnO3, and consequently decrease the DL thickness. Together
with ZnSnO3, CNTs also have a great impact on the performance
of the sensor given that in air, a p(CNT)–n(ZnSnO3) hetero-
junction is formed, where the electrons transfer from ZnSnO3 to
the CNTs due to their different Fermi levels, and aer exposure
to ethanol, the electrons released back to ZnSnO3. Moreover, the
BET surface area of CNT@ZnSnO3 is higher (45.73 m

2 g�1) by up
to seven-folds that of ZnSnO3. Besides, the dipole–dipole
interaction between the COOH groups of the functionalized
CNTs and OH group of ethanol enhanced the sensing behaviour
of the as-made sensors. However, to check the selectivity, the
sensor was exposed to 100 ppm ethanol, acetone, benzene,
methylbenzene, formaldehyde, and ammonia at 240 �C and it
showed the highest sensitivity towards ethanol (shown in
Fig. 17b).

Likewise, CNT-based acetone sensors were also fabricated.
In one of the works, Dai et al. studied a-Fe2O3 nanowires
wrapped on MWCNTs (shown in Fig. 18a) for sensing
acetone.224 The basic phenomenon of the absorption of ambient
oxygen on the surface of Fe2O3 was attributed to the increase in
electron concentration. The released electrons from a-Fe2O3

were captured by the CNTs, leading to a change in resistance. In
6534 | Nanoscale Adv., 2021, 3, 6514–6544
addition, when a-Fe2O3 and MWCNTs come in contact, p–n
heterojunction is formed (having different bandgaps) at the
interface of the CNTs and iron oxide (illustrated in Fig. 18b),
which promotes the performance of the sensor. Nonetheless,
the surface area of a-Fe2O3-CNT was higher than that of a-
Fe2O3. For the investigation of selectivity, the as-made sensor
was studied using various types of gases such as methanol,
formaldehyde, ethanol, acetone, toluene, and benzene (shown
in Fig. 18d). Moreover, Jia et al. studied the same sensing
material for acetone having a ower-type morphology of iron
oxide.219 The proposed sensing mechanism model is same as
described above (illustrated in Fig. 18e), but due to the metal
oxide having different structures, the sensing response was
affected.

Fig. 18f shows the response curve indicating the response
and recovery time of the a-Fe2O3 (3.4 s/10.6 s) and a-Fe2O3-
MWCNTs (2.3 s/10.6 s) sensors. Further for LPG sensing,
a PANI-CNT-V2O5 hybrid nanocomposite was studied as
a sensing material.225 When the sensing material is exposed to
LPG, the analyte molecules are adsorbed on CNT-V2O5 and the
adsorbed molecules are oxidized due to the transfer of electrons
from PANI owing to the increase in resistance. The sensor
showed a small LOD value (10 ppm). Recently, Reddy et al.
studied a CeO2 nano-hexagon-decorated rGO/CNT hetero-
structure for LPG sensing.226 Aer exposure, the chemisorbed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Ethanol sensing mechanism of ZnSnO3 hollow particles. (b) Sensing response (Ra/Rg) of CNT@ZnSnO3 exposed to different types of
gases, i.e. ethanol, acetone, benzene, methyl-1-benzene, formaldehyde and ammonia (from left to right)216 (reprinted from ref. 216, Copyright
(2020), with permission from Elsevier).

Fig. 18 (a) Qualitative band diagrams of a-Fe2O3 and CNTs, (b) energy band structure of the CNTs@a-Fe2O3 heterostructure in air, (c) resistance
curves of pure a-Fe2O3 and a-Fe2O3-MWCNTs towards varying concentrations of acetone (30–100 ppm) at 225�, (d) response curve towards
various organic compounds224 (adapted with permission from ref. 224. Copyright (2017) American Chemical Society), and (e) Schematic of the
gas sensing mechanism of a-Fe2O3-MWCNT nanocomposites. (f) response curve of pure a-Fe2O3 and a-Fe2O3-MWCNTs towards 50 ppm
acetone at 220 �C.219 (Reprinted from ref. 219, Copyright (2017), with permission from Elsevier).

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 6514–6544 | 6535
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oxygen ions oxidized the LPG reducing gas molecules and
released electrons to CeO2-rGO/CNT and increased the
conductivity. Moreover, rGO and CNTs provided abundant
adsorption sites for atmospheric oxygen, thus resulting in
a high sensing response. During LPG sensing, a series of reac-
tions occurs as follows:

CnH2n+2 + O2
� 4 CnH2n: O(gas) + e + H2O /

CO2(gas) + H2O (26)

C4H10 + 13/2O2
� 4 4CO2(gas) + 5H2O +13/2e (27)

C3H8 + 5O2
� 4 3CO2(gas) + 4H2O + 5e (28)

where n¼ 1, 2, 3 and 4, indicating different organic compounds
such as CH4, C3H8, and C4H10. The sensor showed the highest
sensitivity (42%) at 400 ppm LPG at room temperature, which is
1.5, 1.9 and 2.2 times that of CeO2/rGO, CeO2/CNT, and CeO2

respectively.
In another work, Septiani et al. sensed toluene vapours using

an MWCNT-ZnO-based sensor.227 During sensing, the analyte
gas came in contact with oxygen ions and released electrons,
which reduced the resistance of the sensor. Moreover, when the
analyte gas contacted the sensor, the barrier height decreased
and the resistance of the sensor decreased. Also, the formation
of a heterojunction also helped to improve the sensing
performance.

4.7.2 Sensing with graphene and its hybrid nano-
composites. Similar to CNTs, graphene-based nanocomposites
are also promising candidates for sensing not only pollutants
Fig. 19 (a) Schematic of the sensingmechanism of D-Co3O4/rGO comp
Elsevier). (b) Energy band diagram of the B-rGO/SnO2@Au heterostructu
from Elsevier). (c) Schematic diagram of the possible gas sensing mechan
curve (100 ppm TEA) of pure a-Fe2O3 spindles and rGO/a-Fe2O3 nanoco
with permission from Elsevier).

6536 | Nanoscale Adv., 2021, 3, 6514–6544
and explosive gases, but also several VOCs15,228 such as TEA,85,229

toluene,230 formaldehyde,231–233 and LPG.234

Recently, Yuan et al. sensed TEA using a double-layer Co3O4

coated on rGO (D-Co3O4/rGO)-based sensor.228 The adsorption
of oxygen anions on Co3O4 (p-type) results in the formation of
a hole accumulation layer (HAL). When the reducing gas TEA
interacts with these chemisorbed oxygen ions, the correspond-
ing reaction takes place, as follows:

2N(CH2CH3) + 13O� / 4CO2 + N2 + 5H2O + 13e (29)

The released electrons lead to a decrease in the HAL thick-
ness. Moreover, a p–p isotherm junction is formed between rGO
and Co3O4, also contributing to the electron transfer, and thus
affects the response of the sensor. Besides, the double-layered
structure provides a high surface area for the adsorption of
more analyte molecules (illustrated in Fig. 19a).

Likewise, Peng et al. synthesized boron-doped graphene
coated with Au@SnO2 composite for TEA sensing.235 The pres-
ence of Au NPs promotes the adsorption of oxygen ions, resulting
in a wider EDR at the Au@SnO2 interface, which inuences the
overall sensor response (illustrated in Fig. 19b). In addition, more
adsorption sites are provided by Au NPs. The as-designed sensor
showed a high response (�69%) for 1 ppm TEA.

Wei et al. doped 1 wt% rGO in a-Fe2O3 to improve the
sensing performance for TEA.236 When exposed to air, a-Fe2O3

donates electrons to oxygen, forming an EDL, whose width
decreases via gas adsorption. In addition, rGO is another crucial
factor for improved sensing via the formation of a p–n
osite228 (reprinted from ref. 228.,Copyright (2019), with permission from
re sensor235 (reprinted from ref. 235, Copyright (2020), with permission
isms of rGO/a-Fe2O3 nanocomposite. (d) Dynamic response–recovery
mposite at 280 �C (ref. 236) (reprinted from ref. 236, Copyright (2017),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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heterojunction at the interface of a-Fe2O3 and rGO. Fig. 19c
describes the mechanism for TEA sensing. The hybrid sensor
showed 2.7-times higher sensitivity at 280 �C. The response–
recovery curves of the pure a-Fe2O3 spindles and rGO/a-Fe2O3

nanocomposite at 280 �C are illustrated in Fig. 19d.
Moreover, Seekaew et al. (2019) fabricated a toluene (C7H8)

gas sensor based on a graphene–CNT hybrid nanostructure
decorated with TiO2,237 where a Schottky metal-semiconductor
junction is formed between G/CNT NS-TiO2. Upon exposure,
the C7H8 vapors interact with the pre-absorbed oxygen ions
according to the following reaction:

C7H8(gas) + 9O�(ads) / 7CO2(gas) + 4H2O(gas) + 9e (30)

The released electrons move to TiO2, which further increase
the barrier height (illustrated in Fig. 20b), and consequently
increase the resistance of the sensor. The as-made sensor
Fig. 20 Schematic and energy band diagrams of 3D TiO2/G-CNT gas s
(2019), with permission from Elsevier). (c) Schematic description of fo
response vs.GO content for GO/SnO2 NS-T (T¼ 450 �C, 475 �C, 500 �C,
ref. 238. Copyright (2017) American Chemical Society).

© 2021 The Author(s). Published by the Royal Society of Chemistry
showed a higher response than CNT-decorated TiO2 given that
the TiO2 NPs were well dispersed on the CNTs grown on gra-
phene because they were agglomerated.

Similar to other organic compounds, LPG vapors are also
detected using graphene-based sensors.239 In one study, Gou-
tham and coworkers synthesized a CdO-doped graphene
nanocomposite for LPG sensing.240 In LPG sensing, the gas
molecules interact with the pre-absorbed oxygen ions on the
surface of the sensor, producing CO2, H2O, and electrons.

In addition to other compounds, HCHO vapors are also
detected using graphene-based sensors.241 In this eld, Wang
et al. used graphene oxide in situ SnO2 sheets as a sensing
material for the detection of formaldehyde (shown in Fig. 20c).
A Schottky junction is formed between GO and SnO2, and the
electrons transfer from SnO2 to GO, thus decreasing the resis-
tance of the sensor. Moreover, GO helps to decrease the
agglomeration of the SnO2 NPs. Accordingly, it increases the
ensors in (a) air and (b) toluene237 (reprinted from ref. 237, Copyright
rmaldehyde sensing mechanism on GO/SnO2. (d) Relation between
and 525 �C) operated at 60 �C (ref. 238) (reprinted with permission from

Nanoscale Adv., 2021, 3, 6514–6544 | 6537
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available adsorption sites for a high sensor response. When
HCHO (electron donor) interacts with the sensing material, the
following reaction takes place:

HCHO(g) + O�/O2
�(ads) / HCOOH(g) + e (31)

HCHO(g) + O�/O2
�(ads) / CO2(g) + H2O(g) + e (32)

Beyond 2.2 wt% GO in the sensor, the response of the sensor
started to decrease (shown in Fig. 20b) due to the poor disper-
sion of the sheets.

Besides the above-mentioned volatile compounds, several
other VOCs such as DMMP242 and ethanol243 have also been
sensed using graphene hybrid nanocomposite sensors. Table 9
summarizes the recent works on CNM hybrid nanocomposites
towards various VOCs.

As shown in Table 9, various VOCs were detected using CNM
hybrid nanocomposite-based sensors. However, there are diverse
compounds (>400) exhaled during breathing, which can help to
predict typhoid, lung cancer, breast cancer, asthma, kidney mal-
functioning, etc. Therefore, more research should be performed
on CNM hybrid nanocomposites for the detection of VOCs.

As mentioned in Section 4, CNMs-based composites show
high sensitivity towards various gases but atmospheric mois-
ture is also one of the major concern which is described in next
section.
5. Effect of atmospheric moisture

It has been reported that environmental humidity can limit the
real-life applications of CNMs-based gas sensors, where it has
Table 9 Comparative study of the parameters for significant works don

Sensing material Analyte
Operating
temperature R

a-Fe2O3-MWCNTs 50 ppm C3H6O 220 �C 2
CNTs-ZnSnO3 100 ppm C2H5OH 240 �C 1
CNT-rGO decorated with
Co3O4

50 ppm C2H5OH RT 1

CNT-V2O5 polymerized with
PANI

50 ppm LPG 30 �C 3

CeO2-decorated rGO-CNT 400 ppm LPG RT 4
CNTs decorated via Fe2O3 5 vol% LPG RT —

ZnO NRs-MWCNTs 100 ppm C2H5OH 370 �C 2
CNTs coated via Au NPs 800 ppm propanone RT 2
Boron-doped Gr coated Au–
SnO2

1 ppm TEA 100 �C 6

Fe2O3-rGO 50 ppm TEA 280 �C 2
Double layer Co3O4/rGO 100 ppm TEA 200 �C �
12 layered r (GO/rGO) 50 ppm DMMP RT 8
TiO2-Gr-CNT hybrid 500 ppm toluene

vapors
RT 4

rGO-Au 50 ppm LPG RT 2
SnO2-GO 100 ppm HCHO 60 �C 2
HA-HCl-rGO 16 ppm HCHO RT 7
Pd–SnO2-Gr 2% C2H5OH 200 �C 1

a Ra/Rg (oxidizing gas) or Rg/Ra (reducing gas). b DR/Ra.

6538 | Nanoscale Adv., 2021, 3, 6514–6544
positive or negative effects, depending on various factors such
as the type of gas that should be sensed, its concentration and
the operating temperature of the sensor. When moisture
interacts with CNT-based sensors, electrons migrate from H2O
to CNT, which can convert p-type CNTs to n-type CNTs. In this
case, Zhang et al. synthesized an SWCNT-based composite as
a gas sensor, which had a negligible effect from moisture.247

According to the reported mechanism, PANI (negative response
to relative humidity (RH)) and SWCNTs (positive response to
RH) balanced the humidity affect.

Moreover, in terms of pristine graphene (hydrophilic),
moisture or water molecules adsorb on its surface, and conse-
quently block its active sites. The other class of graphene, GO,
has many functional groups on its surface, which can form
hydrogen bonds between moisture molecules and its oxygen-
ated functional groups, and therefore can endure the sensing
performance towards humidity. Specically, due to the hydro-
philic nature of GO, H2O molecules get adsorbed and can form
amolecularly thin layer on its surface, which is attributed to the
high adsorption of gas, where the layer thickness can be
enhanced with RH. Wu et al. concluded that a GO-based sensor
had a three times larger value at 70% RH towards 1 ppm NO2.37

Further Khurshid et al. reported similar humidity effects for
NH3 gas. Upon the interaction of NH3 with moisture, the water
molecules act as an electron acceptor.48

Although humidity has a positive effect on GO-based
sensors, the response of the sensor declines with respect to
moisture. Accordingly, rGO has better immunity to RH given
that it is hydrophobic in nature, and thus rGO-based sensors are
less impaired by humidity. Due to this unique feature, rGO-
based composites has little impact from RH.
e on VOC sensing using CNM hybrid nanocomposite sensors

esponse
Response
time

Recovery
time

Limit of
detection Reference

0.32a 2.3 s 10.6 s — Jia et al. (2019)219

66a 6 s — — Guo et al. (2020)216

.36%b — — — Morsy et al. (2019)244

00%b 20 s 15 s — Albaris et al. (2019)225

2%b 26 s 98 s — Reddy et al. (2020)226

10 s 59 s — Chaitongrat et al.
(2019)72

6.1a 2 s 16 s — Cao et al. (2018)245

.98%b — — — Lam et al. (2019)246

9.1%b 27 s 100 ppb Peng et al. (2020)235

4%a 2 s 7 s — Wei et al. (2020)236

25a 30 s 32 s — Yuan et al. (2019)228

.95%b 4 min 3 min — Wang et al. (2019)242

2.9%a 9 s 11 s — Seekaew et al.
(2019)237

2.5a �5 s �35 s 50 ppm Taheri et al. (2018)239

275.7a 81.3 s 33.7 s — Wang et al. (2019)238

5%b 0.023 ppm Zhou et al. (2020)241

4.8%b �15 s �12.5 s — Dhall et al. (2018)243

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In addition, the effects of humidity on CNMs-based gas
sensors is affected by a variation in temperature. Wu et al.
showed that by increasing the temperature, the humidity effect
can be nullied.37 Further, the concentration of gas analytes can
also inuence the moisture effect. In this context, Tang et al.
fabricated an NH3 sensor using ppy/rGO as the sensing material
and studied the effect of moisture towards 1 ppm to 4 ppm
NH3.248 Although CNMs-based sensors have the ability to avoid
moisture, still a lot of work is required for their applications in
the eld.

Besides humidity effects, many other problems of CNMs-
based sensors are discussed in Section 6.

6. Current challenges

Although nanocarbon-based sensors have high sensitivity, more
efforts are required for their prot-oriented establishment given
that they have many challenges such as low reproducibility,16

cross-sensitivity,249 non-uniform dispersion,12 irreversible
recovery,95 low stability of functional groups, and defects.250

Furthermore, besides the expensive and complex synthesis of
CNMs, they require sophisticated handling during device fabri-
cation and sensing,251 for example, it is difficult to control the
layers of graphene, its degree of functionality and walls of CNTs
with a particular chiral family. In the case of graphene synthe-
sized via CVD, transferring the graphene sheet is also a chal-
lenge.252 Together with these challenges, the other dire challenge
is cross-sensitivity given that the sensing environment having
a mixture of gases with similar structures and belonging to the
same family may interfere with the response of the sensor.
Therefore, the major challenge is that pristine CNMs show low
sensitivity and selectivity,181,253 which can be resolved by func-
tionalizing them either with metal oxides or functional groups,
i.e. carboxylic and ketone groups. Furthermore, for an ideal
sensor, its LOD should be low to sense a very small concentration
of gases. By using aligned sensing structures, the LOD can be
reduced. Moreover, exible sensors are in a high demand, which
researchers are working on nowadays.20 In this case, various
polymers incorporated with CNTs and graphene, GO and rGO
have been explored without ruining their sensitivity. Moreover,
for medical diagnosis applications, less toxic sensors are of great
importance, but CNMs have a high toxic effect on the human
body,20,254 and thus researchers are working on introducing the
less toxic GrQDs (0-D) as a new sensing material, but a lot of
work has to be performed. To date, most of the research on CNM
chemiresistive sensors is based on lab-scale tests. Hence, for
industrialization, the large-scale production of CNMs such as
graphene and CNTs is also a major concern.

7. Conclusion

In the past two decades, the progress and application of carbon
nanomaterials (CNMs)-based chemiresistive sensor technology
have been increasing at a considerable rate due to the inherent
morphology and properties of CNMs. CNMs such as CNTs,
graphene and their derivatives have abundant adsorption sites,
tunable electrical properties, low density, high carrier mobility,
© 2021 The Author(s). Published by the Royal Society of Chemistry
low operating temperature, long lifetime, and easy recovery,
which make them suitable alternatives to the standard MOS
chemiresistive sensors towards various toxic pollutant gases,
explosive gases, and volatile compounds. Theoretically and
experimentally, it has been established that the electrical
resistance and local density of states of CNMs can be reversibly
changed upon exposure to certain vapours.

According to the latest trend in chemiresistive sensor
application, it was found that numerous studies related to
CNMs and their hybrid nanocomposites are considered ideal
sensing materials. Due to the presence of a higher surface area,
planar structure, better bending ability, low electrical noise,
easy functionalization, and high availability of adsorption sites,
graphene is the most preferable candidate as a gas sensing
material. However, pristine graphene has some drawbacks such
as lack of functional groups, difficult synthesis and handling
process, and thus its derivatives have also been studied as
sensingmaterials. Among the graphene derivatives, rGO has the
highest sensitivity due to its high charge mobility and presence
of vacancies, which are created via the removal of oxygen
groups. Similarly, other CNMs such as CNTs have also been
explored for gas sensing applications. Although graphene-based
sensors show better sensitivity, CNTs still have some advantages
over them. In the case of CNTs, MWCNTs are favoured due to
their easy synthesis, whereas SWCNTs possess high repeat-
ability. Nevertheless, for a wide range of gas sensing, higher
selectivity, higher response and good exibility, various nano-
structures such as chalcogenides, metallic nanoparticles, metal
oxides and polymers are incorporated in these CNMs. These
composite-based smart sensors are highly active towards
several harmful and toxic gases, which are greatly adopted in
the research eld for industrial applications and summarized
herein. The future of CNMs-based hybrid sensors is undoubt-
edly very bright given that these sensors outperform the
commercialized MOS sensors because the commercialized
sensors are bulky and have high operating temperatures due to
the chemisorption of analytes molecules. This new class of
sensors can show superior sensitivity and selectivity, which can
be used in a plethora of applications.
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