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A B S T R A C T 

 

Carbon nanotubes have been of great interest, both from the fundamental point of view and for 

future applications. The most interesting features of these structures are their optical, chemical, 

mechanical and electronic characteristics, which opens a great prospect for future applications. 

These properties can even be measured on single nanotubes. For commercial application purpose, 

a large quantity of purified nanotubes is required. 

A literature survey of published research on enhancing sensing parameters of gas sensor based on 

carbon nanotubes was performed to identify applications in which carbon nanotubes might 

improve on current sensor parameters, in either offering improved performance, reduced cost of 

manufacture, or both. 

The objective of this thesis work is fabrication of gas sensor. NO2 gas sensor which is based on 

single walled carbon nanotubes (SWCNTs) and its characterization for monitoring the 

concentration of NO2 gas in the environment. The sensor development approach in this thesis has 

been creation of a resistive type NO2 gas sensor using different functionalization techniques. 

In order to enhance the important parameters of gas sensor such as sensitivity, response time and 

recovery time, a resistance-based sensor is developed using SWCNTs. various approaches were 

employed to improve the sensing parameters such as metal deposition, functionalization using 

polymers. The sensor’s response is found to be much better compared to the previous existing 

functionalization technique which results in the development of simple and easy to handle and 

inexpensive NO2 gas sensor. 
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 MOTIVATION 
 

 MOTIVATION 

Development of science and Technology is a continuous process. From the beginning of life, 

human race is evolving day by day. Development of logical thinking has brought the evolution in 

science and technology to make the tools more powerful that are making the life easier day by day. 

These tools work in the feedback process and take parts in the further development of science and 

technology. We are living in an age where we are playing with the part of the nature which is as 

small as it can be well fitted in the definition of invisible. This is the world of Nano. 

Development of quantum mechanics and the allied sciences have made the microscopic tools so 

powerful that I can see the thing at the nano scale. This magical scale brings a lot of extraordinary 

features of the materials that they do not show at the macroscopic scale. Carbon nanotube is one 

of the rigorously researched materials in the contemporary worlds. Owing to their extraordinary 

properties, CNTs have become one of the frontrunners in the world of contemporary research. 

When considering the cross-sectional area of the CNT walls only, an elastic modulus approaching 

1 TPa and a tensile strength of 100 GPa has been measured for individual MWNTs. This strength 

is over 10-fold higher than any industrial fibre. MWNTs are typically metallic and can carry 

currents of up to 109Acm–2. Individual CNT walls can be metallic or semiconducting depending 

on the orientation of the graphene lattice with respect to the tube axis, which is called the chirality. 

Individual SWNTs can have a thermal conductivity of 3500 W m−1 K−1 at room temperature, based 

on the wall area; this exceeds the thermal conductivity of diamond. Because of these ultimate 

properties, CNTs are being used in variety of nanosensors, biosensors, in optoelectronic devices 
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such as solar cells, photodetectors and light emitting diodes, in different types of high-performance 

electronic devices, as reinforcement in different composite systems etc. 

Exposure of NO2 gas have harmful reactions over our body parts like eye, throat etc. More 

exposure of this NO2 gas can be the cause of death. So, protection from this NO2 gas is very 

necessary and important. In this regard NO2 detectors can help to a great extend to avoid the risk 

related to excess exposure of NO2 gas. This idea provides me motivation to develop NO2 gas 

sensors with better response employing various techniques such as metal decoration and 

Functionalization of SWCNTs surface. The SWCNTs were grown using chemical vapor 

deposition method. I have optimized the SWCNTs surface functionalization 

using vaious techniques in order to develop better NO2 gas detector. 

 

 Aim 

Development of a small size NO2 - sensor with improved sensing parameters on the base of 

functionalized nanomaterials. 

 Tasks 

1) Development and investigation of single walled Carbon Nanotubes (SWСNTs) decoration 

method based on the use of gold nanoparticles. 

2) Development and investigation of single walled Carbon Nanotubes (SWCNTs) 

functionalization method based on the use of (Polyethylenimine) PEI. 

3) Fabrication of Au decorated SWCNTs NO2 sensor. 

4) Fabrication of PEI functionalized SWNTs NO2 sensor. 

5) Response analysis of Au decorated SWCNTs sensor for NO2 gas detection. 
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6) Response analysis of PEI functionalized SWCNTs sensor for NO2 gas detection.  

Scientific novelty: 

1) Novel methods have been developed and investigated for functionalization of SWCNTs 

for NO2 sensing. 

2) The enhancement in the sensitivity of NO2 -sensor after gold nanoparticles decoration on 

the surface of SWCNTs is demonstrated. 

3) The improvement in the NO2 gas sensing parameters such as sensitivity, response/recovery 

times and repetibilty after surface functionalization of SWCNTs with Polyethylenimine 

(PEI) Polymer is demonstrated. 

Practical significance: 

The development methods can be used for effective solution for noxious gas NO2 detection 

problem. 

The reliability of the results obtained: 

The reliability of the results obtained and presented in the present work is confirmed by number 

of experiments and principal agreement with previously obtained scientific results. 

Authors' contribution: 

All the results presented in the dissertation were obtained by the author personally or with his 

definitive participation. 

The following are submitted for defense: 

1) Novel methods have been developed and investigated to functionalize the surface of 

SWCNTs NO2 -sensor. 
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2) The enhancement in the sensitivity of sensor after gold nanoparticles decoration on the 

surface of SWCNTs is demonstrated. 

 

3) The improvement in the sensing parameters such as sensitivity, response/recovery times 

and repetibilty after surface functionalization of SWCNTs with Polyethylenimine (PEI) 

polymer is demonstrated. 
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 Materials and Background 
 

 Introduction 

The fundamental constituent or the building block of Carbon nanotubes is Carbon. This group IV 

element of periodic table is well known for its incredible ability to form crystalline solids and 

variety of other compounds. It is placed on sixth position in periodic table. Two out of its 6 

electrons lie in 1s orbital, remaining electrons form sp3, sp2
 or sp hybrid orbital (see Figure 2.1 

(a)). These 4 valance electrons constitute allotropes of Carbon such as Carbon Nanotube, 

Diamond, Graphite, Graphene and Fullerenes [1].  Figure 2.1 (a) shows the orbital diagram of 

carbon atom. It’s an important fact that existing electronic bonds are very poor in outer two 

orbitals as compare to first orbital. Due to weaker attraction of outer shell electrons than inner 

shell electrons, outer orbital electrons participate in electron hybridization. Small energy gradient 

between outer two orbitals (i.e. 2s and 2p) aids the overlapping of orbital wave functions favoring 

electron hybridization (see. Figure 2.1 (b)). There are three accessible mixing of atomic orbitals 

in carbon atom making hybrid orbitals typically referred as sp, sp2 and sp3
 hybridization (see 

Figure 2.2 (a), 2.2(b) and 2.2(c)). In sp hybridization one 2s and one 2p electrons participate in 

mixing (forming sigma bonds) and leaving two 2p electrons free of mixing (pi bonds). Sp2 

hybridization involves mixing of one’s orbital electron and two 2p electrons. In sp3
 hybridization 

all outer shell electrons of carbon atoms take part in mixing. The orbitals are focused on corners 

of a tetrahedron restricted to carbon atom.   According to hybridization a carbon atom makes 

bonds with minimum 1 to maximum four partners to produce compounds. Structural quality of 

carbon-based compounds and allotropes also depends on type of hybridization. For spl 

hybridization, (l + 1) σ bonds take charge to form generally one-dimensional local structure. The 
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linear chain compound of carbon i.e. ‘Carbyne’ is an example of sp hybridization. Sp2 

hybridization leads to formation of two-dimensional structures such as graphene. 

 

Figure 2. 1: (a) shows the basic structure of carbon atom; (b) shows atomic orbitals and sp3 – 

hybridization. 

 

3D structures such as Diamond is formed by sp3
 hybridization. It is also a noticed that in sp and 

sp2
 mixing one or two p orbital does not involve in hybridization, instead show their presence in 

the form π- bonds.  Depending on orbital mixing Carbon have many allotropes and among these 

amorphous carbon, Diamond, Graphite, Graphene and Carbon Nanotube have received great 

amount of attention [2]. These allotropes of carbon exhibit a part or complete different property 

in nature. For their commendable and extraordinary multidimensional properties be it Carbon 

Nanotubes, graphene or diamond- others, allotropes of carbon have become hot cake for research 

investigations.   
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Figure 2. 2: Figure shows hybridization in Carbon atoms (a) Sp (b) Sp2 and (c) Sp3. 

 Graphite 

The word graphite is taken from a Greek word ‘graphein’ i.e. ‘write’. Pencil which is an attractive 

and widely used tool for writing and drawing is made from it. It was invented by Debye et. al. in 

1917 [3]. Graphite is a combined structure of layers. Each layer is called Graphene [4]. In graphite 

structure, carbon atoms are situated in hexagonal fashion on XY plane [5-6]. The distance between 

carbon atoms in a single layer of graphite is 0.142nm. The separation distance between layers of 

graphite is approximately 0.335nm (see Figure 2.3 (a)) [7]. The graphene layers are held together 

by weak van der wall forces to form solid structure graphite. Each Carbon atom is situated on 

edge of hexagon having three σ-bond in sp2 hybridization form in which three valance electrons 

participates in hybridization and one valance electron exists in pz orbital creating two-dimensional 

electron gas in the form of π- bond or cloud. It is spread all over on individual XY plane of 
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graphite. Due to mobility of said electron gas, graphite shows electrical conductivity.

 

Figure 2. 3: (a) shows the Basic structure of graphite and figure (b) and (c) shows its hexagonal 

and rhombohedral structure 

Figu(a) s          

 It is more reactive than diamond. The separation distance between nearest two carbon atoms on 

individual layer of graphite is around 0.142nm which is approximately equal to band order of 1.5 

and two times larger than aromatic carbon atom’s covalence radius. The separation gap among 

nearest two layer of graphite is approximately two times of van der Waals radius. The weak van 

der Waals interaction within layers of graphite causes the layers of graphite to easily move along 

the XY plane.    

Generally, two types of graphite are found in nature abundantly: a stable form that is hexagonal 

or α- graphite and rhombohedral or β- graphite (see Figure 2.3 (b and (c))). β- graphite is more 
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abundant in nature than α- graphite. By heat treatment, β- graphite can be changed into α- 

Graphite. Other than these two, a few more types of graphite are found in nature.  Some time, due 

to some disorder in stacking, no more attraction exists between layers and hence individual layer 

of graphene of graphite randomly turned around z- axis and move in XY plane resulting in a 

turbostratic structure. 

 

 Diamond    

Diamond is an allotrope of carbon with sp3 hybridization. Every carbon atom in diamond is 

bonded by 4 nearest carbon atoms. Each diamond cell has tetrahedron structure with bond length 

of 154.45pm. Mainly two types of structures of diamond are found (see Figure 2.4(a) and (b). 

cubic and hexagonal (see Figure 2.5) out of which cubic structure is more available than 

hexagonal [8-9]. Hexagonal shaped diamonds are very precious and rare to found. It was firstly 

found in 1967 in a meteorite. Still, there is a possible way to artificially synthesize hexagonal type 

diamond by graphite by heat treatment of graphite under high pressure with ambient temperature 

along vertical axis.  
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Figure 2. 4: (a) shows the lattice structure of cubic diamond and (b) shows its unit cell. 

 

Some other structures are also found in which nitrogen molecules are mixed with carbon atoms. 

Some noticed nitrogen contained diamonds are Ia, Ib, IIa and IIb. If nitrogen contamination is like 

platelets, then it is Ia structure with composition C3N. In Ib type nitrogen molecules are 

homogeniously spread all over the structure. And if diamond structure having null nitrogen then 

it is called IIa. Last one structure having very small probablaty to get in nature. 

 

Figure 2. 5: The lattice structure of hexagonal diamond. The arrangement of atoms in the 

horizontal crystal plane somewhat resembles a “wavy” graphite structure. 

 

Last one type i.e. IIb is semiconducting diamond. In that case, nitrogen is completely absent. 

Instead of nitrogen, IIb type of diamond structure have some contamination of aluminum. In a 

normal   diamond -unit cell eight atoms exist having face centered cubic packing. The lattice 

constant of diamond lattice is 356.68 pm [10-14]. Another noticeable point about Diamond’s 

structure is that it’s packed in a sphalerite kind instead of dense packing. Its structure is a 

penetration of two faces. Its Centered cubic lattices can be move along unit cell’ space diagonal. 
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Another thing is that if diamond is heating with specific condition i.e. 3750° C temperature and 

1840psi pressure, it is converted to graphite. It is also possible to make hexagonal structure like 

its cubic type structure from tetrahedrons of carbon with different configuration. In said 

configuration, cell is made with 4 carbon atoms with lattice parameters a0= 252pm and c=412pm 

[11].    

 

 Graphene   

 As described in graphite section, if single layer of graphite is peeled off from bulk material, then 

it is called graphene. It is a single planar structure containing covalent bonded carbon atoms [15] 

thus also known as planar allotrope of carbon. Buckyball, nanotubes and graphite are allotropes 

of graphene. If graphene is folded in a shape of sphere, then it becomes the Buckyball or if rolled 

along any of its axis then it takes the form of nanotube. Stacked layers of graphene through its 

XY plane is graphite. Therefore, graphene may be called generator of three allotropes of carbon. 

Thus, it is vital to study the properties of graphene to understand the properties of Carbon 

Nanotubes and other two allotropes. The basic structure of graphene and corresponding electron 

spin with carbon atoms is shown in Figure 2.6 (a), (b) and (c). The 2s, 2px and 2py electrons 

interacts in hybridized fashion giving graphene its characteristic physical electrical properties 

(three sp2 mixed orbitals with electron configuration are shown in Figure 2.6 (a)) [15]. 
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Figure 2. 6: figure (a) shows the basic atomic structure of graphene; (b) and (c) shows electronic 

spin in carbon atom and graphene cell respectively. 

 

Sp2
 hybridization results in formation of very stable covalent bonds (σ-bonds) on graphene surface 

which is the reason of graphene and CNTs being the strongest material with superior mechanical 

properties among other materials known. Un-hybridized atomic 2pz orbital forms say, π-bonds 

normal to XY plane due to electron gas delocalization. These π-bonds provide graphene its 

distinctive electronic properties [16].  Structurally Graphene has two types of lattice arrangements 

direct and reciprocal lattice.   

 

 Direct Lattice 

Honeycomb structure of direct lattice graphene can be explained by ball and stick model (see fig. 

1.7(a)). In ball and stick model carbon atoms are denoted by ball and sticks represent σ-bonds. σ-

bonds of graphene have bond length around 1.42 Å. Such type of lattice may be considered as 

Bravais lattice. The basis of Bravais lattice is 2 (Point A and Point B in Figure 2.7(a)) given as 

two π electrons per unit cell and depicts enhanced electronic property of graphene [17].  
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Figure 2. 7:  Figure shows various lattice structures of graphene; (a) direct (b) reciprocal. 

 

The primitive unit cell of said honeycomb lattice may be taken as equilateral parallelogram. The 

length of side of parallelogram is as following: 

a = √3(length of a σ-bond) 

   = 2.46 Å. 

The vectors of primitive unit cell are as following: 

a1 = (√3a/2, a/2), (1) a2 = (√3a/2, a/ (-2)) (2) 

Where vector │a1│= │a2│= a, describes the separation distance between two nearest carbon 

atoms. 

R1= (a/√3, 0) (3) 

R2= (-a2+ R1) 

R2= (-a/2√3, -a/2) (4) 

R3= (-a1+ R1) (5) 

With │R1│= │R2│=│R3│= length of σ-bond. 
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 The Reciprocal Lattice   

The rotated lattice with angle of 90° with reference of direct lattice is called the reciprocal lattice 

of graphene (see Figure 2.7(b)) [17]. Similar to direct lattice, reciprocal lattice also has Carbon 

atoms arranged in honeycomb structure.  The vectors of said lattice is given below:   

b1 = (2π/√3a, 2π/a)                                            (6) 

b1 = (2π/√3a, -2π/a)                                          (7) 

Where │b1│= │b2│= 4π/√3a. 

 

 Fullerene 

Fullerene, an extraordinary polymorphic form of carbon was invented by Harry Kroto in England 

in 1985 [18]. The hollow structure of sixty carbon atoms is breathing in discrete molecular form 

(see Figure 2.8). 

 

Figure 2. 8: Lattice structure of fullerene 

Individual molecules of fullerene are presented by notation C60. In crystal lattice of fullerene, 

combination of two types of structures i.e. honeycomb and pentagon is found. I can see a fullerene 

in Figure 2.13[19-21]. C60 molecule look like a symmetric soccer ball. In molecular configuration, 

it has twelve pentagons and twenty hexagons. These pentagons and hexagons are fashioned in a 
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specific manner. In C60 molecules, no two pentagons share a common wall. That type of C60 

molecules is known as Buckminster- fullerene. Buckminster is added to given regard to 

Buckminster fuller whose invention is geodesic dom. It is observed that C60 is clone of said dome. 

Fullerene is itself a class of material that are configured with said molecules [22-23].    

 

 Carbon Nanotubes 

The history of Carbon tubular structure starts after invention of electron microscopes in 1950 [24]. 

In 1952, a hollow tube of carbon was invented by a Russian researcher, Radushkevich ve 

Lucyanovich, however article did not gather much attention being it published in local language 

[25]. Related structure was again investigated by Baker, et al. in 1972 [26]. In 1976, Oberlain et 

al. described single cylinder hubs in graphite structure of carbon fibres [27]. Finally, in 1991 

Sumio Iijima, an electron microscopist, discovered the cylindrical structure of carbon during 

analysis of fullerenes, another allotrope of carbon (Dupuis 2005). His discovery caught attention 

of worldwide researchers to the field of Nano Technology. Almost two years later, same group of 

researchers achieved another milestone in field of Nano Technology by inventing Single Wall 

CNTs (SWNTs). 
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Figure 2. 9: Picture of SWNT.      

Figure 2. 10: Picture of MWNT. 

 

CNT is one of the essential allotropes of graphene and is formed when graphene sheet is rolled 

into a seamless hollow tube. Practically it is impossible to roll a graphene sheet into cylindrical 

structure because of ultra-small dimensions.  It is only said to understand the structure of CNTs.  

Generally, diameter of CNTs lie between 0.5nm to 5nm thus termed as nanotubes. The length of 

CNTs however falls from 2nm to cm range [2].  CNTs are also called as a tubical fullerenes. 

Generally, CNTs are found in two structure (1) Single Wall Carbon Nanotubes (SWNTs) (see 

Figure 2.9) and (2) Multi Wall Carbon Nanotubes (MWNTs) (see Figure 2.10). If Single graphene 

sheet is rolled to make CNTs then it is called SWNTs and if more than one graphene sheets are 

concentrically rolled in ‘Russian dolls model’ then the tubes are called MWNTs. SWNTs are 

discussed below followed by introduction about MWNTs. 

 

 SWNTs type and structure 

On the basis of structure, SWNTs are divided in three categories:  

1. Zigzag  

2. Armchair  

3. Chiral 

The types of SWNTs depend on the type of rolling of graphene sheets, which is the basis of the 

tubular structure of the CNTs.  It is possible to calculate chirality (helicity) as well as diameter of 

SWNTs from a vector, called the chiral vector Ch. It is defined by Ch = na1+ma2 where n, m= 

1,2,3. with notation as (n, m).   
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The diameter of SWNTs according to said model is calculated by the following equation: 

 

 

 

  

Figure 2. 11: Figure (a) shows the honeycomb structure of carbon atoms; (b) shows different 

type structure of CNTs. 

Where b has the value 0.142nm which represents the carbon-carbon bond length. It is observed 

that CNTs diameter strongly depends on its chirality. A CNT having (5,5) chirality tends to have 

smaller diameter than a CNTs with (10,10) chirality. Steps to calculate of chirality as mentioned 

below: 

1. Plot the tube axes. Tube axes are edges of nanotubes. If tube axes join with each other in the form 

of cylinder, then it becomes nanotubes (see Figure 2.11(a)).    

2. Mark a point A along the tube axis, where tube axis interacts with carbon atoms.   

3. Draw the armchair line (thin yellow line) by finding any point along the tube axis that travels 

across each hexagon, separating them into two equal halves.  
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4. Take a point B on second tube axis at intersection of tube axis and carbon atoms. It should be 

nearest intersection point from armchair line.  

5. Draw a line AB representing the chiral vector Ch. Chiral vector is equivalent to CNTs 

circumference.     

6. Angle θ between armchair line and chiral vector decides the type of SWNTs.  

7. If armchair line and chiral vector overlap each other i.e. when θ= 0° (n=m), then resultant SWNTs 

are called the armchair SWNTs (see Figure 2.11(b)).    

8. If said wrapping angle θ= 30° (m=0), then Zigzag nanotubes are formed (see 

      Figure 2.11(b)).   

 

Table 2. 1: various parameters for SWNTs. 

9. If wrapping angle θ is exist between 0° and 30°, then made SCNTs are called the Chiral 

Nanotubes (see Figure 2.11(b)).  Among all types of CNTs, chiral type CNTs have superior place. 

Because chirality is an elemental theory to investigate different configured CNTs and their 

relative electronic band structures. So, it is important to understand the concept and its application 

to identify CNTs structure. Table 2.1 shows the parameters and their relatives' equations for 

CNTs.  
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 Chirality 

The word chirality comes from Greek language that means HAND. It is used to represent 

reflection symmetry between an object and its mirror image. In general, a chiral object is 

antisymmetric to its mirror image. For example, if I take the mirror image of our left hand and try 

to superimpose on left hand, it does not accurately superimpose which indicates hands to be chiral 

objects. Similarly, CNTs that are superimposed to their mirror image are called achiral CNTs. 

Zigzag and armchairs are examples of achiral CNTs. 

 

 Electronic Properties of CNTs   

Electronic properties of CNTs provide great opportunities in nano-electronics research 

applications. Ultra-small dimensions and ultra-symmetric structures create remarkable quantum 

effects and electronic properties of the nanotubes. Due to circumferential confinement effect on 

tube, SWNTs and MWNTs [28-33] show the quality of quantum wire. Experimental 

investigations have proved that MWNTs and rope of SWNTs behaved like parallel assembly of 

single SWNTs. The electronic conductance for said assembly is given by    

G = Go M = (2e2/h) M   

Where, the calculated value of quantized conductance Go is 12.9 kΏ-1.  Another parameter used 

in equation i.e. M is the measurement of exact conducting channels and its exact value for defect 

free ideal SWNT is 2. The value of M is determined by the intrinsic properties of nanotubes, 

coupling between tubes impurities, defects in structure of tubes, interaction with substrate and on 

contacts made for electronic connections. So, the experimental value of conductance is lesser than 
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the quantized value [34]. Many research groups reported about graphite’s resistivity. It depends 

strongly on quantity of graphite taken for analysis. The best quality graphite has the resistivity 

around 0.4μΏmat room temperature [35]. In case of CNTs, the MWNTs as well as rope of SWNTs 

have much higher than the resistivity of best quality of graphite. It is also reported that the 

resistivity of said nanotubes decreases with temperature. These results were found due to random 

orientation of nanotubes on substrate. Same measurement was taking for purified CNTs aligned 

between four electrodes then it found much less than 0.4μΏm [34, 36]. In defect free nanotube, π 

electrons are more distributed as compare to graphite. It happens due to σ-π re-hybridization. And 

these conditions made graphene more conductive as compare to graphite [34]. So, CNTs are called 

1-D conductor. 

 Optical Properties of CNTs 

A defect less SWNTs have direct band gap. It also has well defined structure of sub band. Such 

type of structure is considered ideal for optical applications. Optical spectra for SWNTs may be 

obtained by resonant Raman spectroscopy [35] and by fluorescence spectroscopy [36]. An optical 

spectrum is obtained for grouped SWNTs shown in Figure 2.12 as well as for graphite for 

compression. Three important peaks which found in SWNTs are invisible in graphite. And 

attributed to symmetric transitions between the lowest sub bands in semiconducting (A and B) 



22 
 

and metallic (C) tubes. Generally, it is found that grown CNTs have a mixture semiconducting 

and metallic tubes.   

 

Figure 2. 12: UV-VIS-NIR spectra from different SWNT sample types. (a) Spectrum of SWNT 

rope material shown for comparison together with the spectrum of colloidal graphite (offset for 

clarity). (b) A, B, and C features can be attributed to symmetric transitions between the lowest 

sub bands in semiconducting (A, B) and metallic (C) tubes in representative density of states 

(DOS) [37]. 

 

Generally, it is found that grown CNTs have a mixture semiconducting and metallic tubes. In 

CNTs, measured peak position and intensity of optical spectra are giving information about 

electronic structures or tube chirality or (D, Ɵ). So, for detailed composition investigation of 

CNTs, optical spectra become must.  For understanding the optical properties of CNTs, it is 

necessary to understand its band structure and DOS, which is already discussed in electronic 

dispersion section. The optical transportation only possible when electrons or holes are triggered 

from lower energy level to higher energy level. Required energy for optical transaction is donated 

by Epq. There two selection rules are decided for that. First, if p-q=0, it is defined for inter-band 

transitions. It is symmetric to fermi energy to polarized light along with tube axis. Second, it is 
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requires light normal to tube axis. But it is not appeared in optical spectra. It happens due to very 

weak transitions.   

 Chemical Properties of CNTs 

Due to ultra-small dimension and ultra large specific area with σ-π re-hybridization, CNTs have 

strong sensitivity to chemicals and environmental interactions. It is important to study chemical 

properties of CNTs such as opening, wetting, filling, adsorption, charge transfer, doping, and 

intercalation for application purpose.   

2.6.5.1 Opening 

It is reported by several research groups that ends of CNTs are more reactive than the complete 

structure. CNTs ends have metallic catalyst particle with large curvature on its open end. So, many 

approaches have been focused to open CNTs end such as treatment with acids and plasma 

treatment etc. [38-40]. 

2.6.5.2 Wetting and Filling 

CNTs are hydrophobicity in nature. Mostly aqueous solvents are unable to wet CNTs. But some 

organic elements, HNO3, S, Cs, Rb, and Se as well as some oxides Bi2O2 are able to wet CNTs, 

if they are pressurized with capillary pressure. Using this technique some other no wetting 

elements may also be injected into CNTs.  The capillary pressure for nanotube is proportional to 

(1/D) [41-42]. 

2.6.5.3 Adsorption and Charge Transfer 

It is expected that CNT have enhanced molecular adsorption as well charge transfer. Researchers 

have reported that CNTs shows a very good adsorption and charge transfer from oxygen to CNTs 

at room temperature. The localized sites on CNTs where pores exist, interstitial in tube bundles, 
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surface of a CNTs as well as a groove between two attached CNTs are the perfect places for 

charge transfer and for adsorption. In fact, said sites show the capability of CNTs for adsorption 

and charge transfer. 

Above discussed property of CNTs is successfully used in NO2, C6H5NO2, C6H6, NH3 as well as 

CH4 sensing. When these molecules interact with CNTs, the change in resistance of CNTs is 

observed. On that principle, it is possible to design electronic device for sensing application. [43-

45].    

2.6.5.4 Chemical Doping, Intercalation, and Modification  

Above discussed adsorption method may be used for non-covalent bonding doping of CNTs to 

make p- type as well as n-type for enhanced electronic conductivity of CNTs. For enhancement 

of electronic conductivity, intercalation of the alkali metals is also used. Researchers reported on 

the behalf of experimental evidence that alkali metals diffuse into inter tube space or defects exist 

in CNTs, and hence enhanced the power of CNTs for charge transfer. To be enhanced the 

electrochemical capacity of CNTs, CNTs itself can be used for electrode purpose. In CNTs based 

electronic device, flow of electrons to production or harvesting the energy is generate by the 

reduction and oxidation reactions that occur at the electrodes [46-51]. 

 

 Defects in CNTs  

Defects being deterministic factor for the physical and chemical properties of the nanomaterial 

thereby it is considered significant. Although Nano materials like CNT is extremely perfect and 

have unique electrical and mechanical properties which changes due to presence of certain defects 

such as vacancies, heptagon–pentagon pairs type transformations, doping, and interstitials, edges 
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and adatoms (Figure 2.13)  [52], resulting CNT’s can be used for further applications like sensing 

purpose, hydrogen storage, drug delivery system etc.   

 

 Structural Defect 

Structural defects in CNT’s arise due to distortion caused in their topology by introducing 

pentagonal, heptagonal and octagonal ring in the hexagonal carbon network affecting the 

nanotube electrical properties resulting in conical structure with sharp tips due to presence of 

pentagonal ring at the peak of the nanotube (as shown in Figure 2.13 (a) & Figure 2.13 (b)). Also, 

different vertex angles are obtained by insertion of pentagon in a hexagonal carbon graphitic 

structure leading to 30° bend dictating that pentagon and hexagon are separated maximally that is 

they are placed opposite to each other (as shown in Figure 2.13 (c)) and 0° bend is obtained when 

both the structures are combined. Thereby, I can conclude by saying that vertex angles can suggest 

the count of hexagon – pentagon pairs present in the NT’s. Spiral CNT (as shown in Figure 2.13 

(d)) is an out of plane structure obtained by introducing pentagonal and heptagonal rings in the 

perfect graphitic sheet and then rolling it with a rotate angle. Toroidal CNT (as shown Figure 2.13 

(e) is an in-plane structure obtained by connecting CNT’s having various diameters by insertion 

of pentagons and hexagons [53]. 
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2.6.7.1 Bond Rotation 

 

Figure 2. 13: TEM images and molecular models of different types of structural defects: (a) 

multi-layer graphitic cones constructed by adding one pentagon in the hexagonal carbon lattice; 

(b) CNT tip showing the influence of a pentagon and heptagon. The image shows the molecular 

models and a HRTEM image of a MWCNT displaying such structure has been reported in the 

literature [54]; (c) TEM image of a 30° bent MWCNT and molecular model of a bent nanotube 

created by adding a pentagon–heptagon pair. Only two defects result in the change of chirality 

and diameter of the tube before and after the kink; (d) image of carbon helices produced by the 

CVD process of triazine over cobalt oxide substrates; and (e) molecular model of a hemitoroidal 

nanotube cap, consisting of two concentric nanotubes joined together at their top rims, 

containing 5-7 rings, and hemitoroidal MWCNT caps found in cathode deposit (interlayer 

spacing approximately 0.34 nm) [54]. 

The thrower stone wales (TSW) type defects produced by bond rotation in the nanotube is due to 

90° rotation of C-C bond in the hexagonal network such as in fullerenes, thereby resulting 

translation in two heptagons and pentagons (as shown in Figure 2.14 (a)) [52-56]. Unlike 

conicalend structure formed in structural defects, this TSW type defect does not result in large 

curvature deviations of the nanotube. SW type defects causes the plasticity failure at elevated 
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temperature and this can also alter the chirality of the CNT’s, further elongation of the tube at the 

defect location can lead to collapse of nanotube. The significance of it is in innovation of nano-

electronic devices [57]. 

 

Figure 2. 14: Molecular model of the Thrower–Stone–Wales defect transforming four hexagons 

into two pentagons and two heptagons. Next to the model, a HRTEM image showing 

experimentally created 5-7-75 defects and 57575757 lines. Below, a hybrid graphene ribbon 

connecting zigzag ribbons with an armchair ribbon are shown; (b) molecular models of nitrogen- 

and phosphorous-doped carbon nanotubes as well as a random arrangement of BCN materials 

within concentric tubes [54]. 

 

2.6.7.2 Doping induced Defects 

In order to increase the conductivity of CNT is to insert dopant atoms (as shown in Figure 2.14 

(b)) in the carbon lattice or another method can be functionalization of nanotubes, which made it 

suitable for the biochemical and gas sensing purpose. Boron (p-type dopant) and N (n-type 

dopant) atoms in the internal CNT structure are used to sense the Carbon monoxide and water 

molecules. The Boron (B) atom doping is done by arc discharge method by using BN-rich as 

anode and the Nitrogen (N) atom doping is done pyrolyzing mixture of ferrocene-melamine at 

high temperature (J.-C. CHARLIER, 2002). As a result of doping both the nanotubes become 

metallic in nature with no bandgap in comparison to undoped lattice structure. Other atoms used 
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for doping purpose are P, S, Si in addition to B and N atoms; all these alter the reactivity of the 

nanotube by enhancing the binding energy of the sensing molecule with the doped species [58-

62]. 

 

2.6.7.3 Non- sp2 Carbon defects 

These non-sp2 hybridized defects in the CNT structure are formed due to dangling bonds, other 

than carbon atom found in the lattice structure or could be due to vacancies, adatoms and open or 

closed nanotube as shown in Figure 2.15. Adatoms are as dopants remains on the surface of the 

nanotubes in which lattice structure stay’s undisturbed. Depending upon the relativeness between 

lower and upper occupied molecular orbit level of adatoms and tube’s Fermi level, transmission 

or absorption of electrons of dopant atom occur. 

 

Figure 2. 15: (a) Molecular model of the different types of non-sp2 defects: vacancies, 

divacancies, interstitials, adatoms, edges and interstitials; (b) experimental images showing the 

creation of vacancies in graphitic materials (bi and ii) and bii – inset, molecular models and 

HRTEM image simulations are also shown for clarity (c) HRTEM image of graphene edges 

exhibiting zigzag and armchair edges, that were obtained by applying Joule heating on an 

individual graphene nanoribbons inside the HRTEM; (di and ii) HRTEM image of adatoms on a 
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graphitic surface (see darker contrast spots); (diii and iv) HRTEM simulations and models of 

different configurations of adatoms on the surface of graphene that correspond to the 

experimental observations [54]. 

 Application of CNTs 

As mentioned above the peculiar, strong and powerful optical, electronic, mechanical as well as 

chemical properties make CNTs useful in innumerable applications. In current decade CNT shave 

become hot material for electronic, chemical, mechanical and optical applications. For their 

excellent electronics properties CNTs are capable of fabricating the basic solid-state devices with 

lesser dimensions than conventional silicon-based technology. The recently developed basic 

electronics devices based on CNTs are diode, tunnel diode, FETs and supercapacitors. It is also 

successfully used in fabrication of some other important applications Microwave amplifier, flat 

panel display, radio, X-Ray source, Radio, RAM as well transparent conductor [63-65]. CNTs 

also have very important invention in communications and information technology such as fibre 

lasers and nonlinear photonic. These inventions play role for routing, wavelength conversion and 

optical switching. It is also found applications such as photovoltaic devices, photodetectors and 

nono light sources [66-68].  CNTs also have proved to be promising material of the future in the 

field of Mechanical application. Worldwide researchers are working on NEMS (Nano 

Electromechanical System) technology based on CNTs. Researchers have successfully developed 

mechanical based on high frequency oscillators [69], rotational actuators [70], nanometer 

tweezers [71] and nanometer cargoes [72]. An outstanding invention of the ultraminiature sensors 

for observing the working force between two molecules [73] has taken place, to measure the force 

produced by magnetic resonance of single spin [74], measuring the displacement created by 

disturbance between individual atom. For their fairly high Young’s modulus as well as specific 

weight, SWNTs have proved to be perfect for making the mechanical resonators for observing 
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the mechanical movement in quantum regime [75].  CNTs also have been part of surprising 

inventions in the field of electro chemistry. Several types of chemical sensors, humidity sensors, 

gas sensors for toxic gases and alcohol sensor are so far devolved. CNTs based chemical sensors 

have following advantages over conventional solid-state sensors.    

 Existing sensors shows poor sensitivity at room temperature. Normal working temperature is in 

the range of 200°C to 500°C. But CNTs based sensor successfully work on room temperature.    

 Existing toxic gas sensor shows limited maximum sensitivity however CNTs based sensor have 

shown order of higher sensitivities.  

 The main drawback of using oxide-based gas sensors is use of microfabrication techniques to 

build the sensor which puts a limit on the size and geometry of the sensor. And in case of CNTs, 

due to its small dimensions no barrier created in front of design and geometry of device.    

 For existing technology sensor fabrication cost is very high as compared with CNTs based 

sensors.  

 Operating power for existing sensor is also very high. It is possible to operate CNTs based sensor 

at very low power.  

 Existing toxic gas sensors shows very poor selectivity. Unspecific gas sensing mechanism, more 

or less many types of reducing gases are sensed. Response time is also very poor. These problems 

are resolved with CNTs based sensor technology. 
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 Growth and Characterization techniques 
 

 Introduction 

For developing a material with specific properties, it becomes most important to aware with its 

all-growth techniques, so that, it becomes possible to make material with best quality and yield 

for growth of CNTs, there are three main techniques used– Arc discharge, Laser ablation and 

Chemical vapour deposition (CVD). Amongst these, CVD is the most used technique so far. This 

thesis is based on CVD grown CNTs, so it is discussed in detail. 

 

 Growth Techniques of CNTs 

 Arc discharge method 

Arc discharge method is a widely used method for CNTs growth. It was invented by Krätschmeret 

al. to produce high yield of fullerenes [1]. It was observed that, in addition to Fullerenes, some 

other allotropes of carbon were also present as the by-products. Later, Sumio Iijima, a 

microscopist, reported the presence of tubular allotrope of carbon i.e., CNTs in the by-products 

of arc discharge method [2]. So, arc discharge was the first known method for the growth of 

CNTs. This method was further developed and optimized for the exclusive growth of CNTs. 

Initially, CNTs in the soot form, were reported to be synthesized using this method [2]. Earlier, 

only MWCNTs were produced using this method, but at the later stage it has been successfully 

tuned for the growth of SWNTs [3]. Arc discharge method involves the Vaporization of Graphite 

in the inert atmosphere using electric arc. In specific cases, catalysts also take part in the synthesis 

of CNTs. At the heart of arc discharge system, there are two graphite rods situated inside the 

electric arc chamber. The diameters of graphite rods are of the order of 2mm and the separation 
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between these rods is kept about 1 mm [see Figure 3.1]. These graphite rods act as the electrodes 

and a high DC current around 50 to 100A is passed through them. Due to such high DC current, 

very high heat energy is produced which increases the temperature of system around 4000°C, 

which, in turn, vaporizes the carbon of the Graphite anode. These carbon vapors subsequently 

deposit on cathode in the form of different carbon nano structures such as CNTs, fullerenes and   

amorphous carbon. [4-7]. The composition of electrodes decides the type and quality of as-

synthesized CNTs among the grown carbon nano structures. [8-9]. While pure graphite electrodes 

support the synthesis of MWCNTs, SWCNTs can be produced using Graphite electrodes mixed 

with metal catalysts. [1, 10-11]. The other properties of as-grown CNTs such as their diameter 

can be controlled by controlling other growth parameters. [12]   

 

Figure 3. 1 Schematic diagram for Arc-discharge Method [58]. 

 

 Laser ablation 

Laser ablation method is quite similar to arc discharge method. In both techniques, carbon is 

vaporized and deposited at different places. The only difference in both the growth methods is the 

process of vaporization. In Laser ablation technique, a high intensity laser beam is used for 
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vaporization of Carbon instead of high DC current. A small amount of carbon is transmitted into 

its plasma. CNTs are synthesized into plasma plume with other allotropes of carbon. The plasma 

plume, subsequently, deposits on walls of the chamber. Mostly CO2 and Nd: YAG laser sources 

are used in this technique in pulsed as well as in continuous modes [13-17]. Like arc discharge 

method, MWNTs as well as SWNTs can be deposited using this method. When pure carbon 

source is used, the growth of MWNTs takes place. On the other hand, use of metal catalyst mixed 

carbon source leads to the synthesis of mixture of MWNTs and SWNTs. Figure 3.2 shows the 

schematic diagram of laser equipment.  

 

Figure 3. 2  shows the schematic diagram of Laser ablation technique [59]. 

 

 

 Chemical Vapour Deposition 

Chemical vapour deposition (CVD) is basically a film depositing equipment that has been alive 

for many years and is capable of depositing a number of materials. While the CVD method has 

been used since 1960’s to produce carbon filaments and fibers, it was not until the early 1990’s 
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that it was capable of producing CNTs. Chemical vapour deposition is a method where gaseous 

precursors react either in gas phase or at the substrate gas interface, producing thin film on the 

substrate There are many types of chemical vapour deposition systems exist in research world 

having different type of heating arrangements as well as some extra accessories. All type of CVDs 

has same working concept. Users customize CVD according to requirement. For the fabrication 

of CNTs, Thermal and Plasma Enhanced CVD are being used. The growth of CNTs by the CVD 

process requires three ingredients: the ablation precursor gas (also called feedstock), a catalyst 

surface, and a source of energy. The energy may be generated thermally (in Thermal CVD) or by 

plasma (in Plasma Enhanced CVD). I preferred using TCVD for CNTs growth (as CNTs are prone 

to be damaged by the plasma [29] which reduces their electrical performance).  

 

 

Figure 3. 3 Various stages of vapour-liquid-solid (VLS) growth mechanism. Catalyst particle in 

molten state absorbs carbon in vapour form (a) to form an alloy (b). As the particle becomes 

saturated with carbon, a solid CNT begins to extrude from the particle. The final location of the 

catalyst particle defines tip grown (c) or root grown (d) CNTs [61]. 

 

In TCVD, hydrocarbons are broken at high temperatures to produce the vapours of atomic carbon. 

These vapours get deposited on the metal catalyst deposited substrate via V-L-S growth process 
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to form carbon nanotubes. The VLS growth process involves three steps i.e., absorption, 

saturation and structure extrusion (see Figure 3.3). Any transition metal which have low melting 

temperature can be used as seed or catalyst for CNTs growth via VLS growth process. These 

catalysts have the capability to absorb vaporized carbon. [18-20]. These catalysts may be 

deposited on a substrate such as silicon, Al2O3 in the form of thin film by sputtering, dip coating 

or spin coating. Prior to deposition, the catalyst coated substrate is heated. Because of heat 

treatment, the continuous layer breaks down into lumps of nanoparticles to keep minimum surface 

energy. This process is known as catalyst activation or annealing. In some reports catalysts are 

reported to be injected directly into growth  

 

Figure 3. 4 Formation of germanium nanowires from gold nanoparticles via the vapour liquid 

solid growth mechanism. These transmission electron microscopy images reveal the extrusion of 

the germanium nanowires (c-i) from the saturated particle (b) [61]. 
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chamber. Some oxide nano particles (SiO2, Al2O3) have also been reported to act as catalyst for 

CNTs growth [21]. After putting the annealed catalyst film into the chamber, the chamber is 

evacuated. The precursor gas, which is usually a lower order hydrocarbon (such as methane, 

acetylene and ethylene) is then introduced into the chamber at an appropriate pressure. In some 

specific cases, Vaporized benzene or toluene can be used as the feedstock. Occasionally, an inert 

carrier gas is also used as the carrier, which also serves as an etchant for the excess amorphous 

carbon which gets deposited on the walls of the chamber. The temperature of the chamber is raised 

to few hundreds' degree Celsius. Such a high temperature induces the meatal catalysts 

nanoparticles to get into molten state. On the other hand, the high temperature also decomposes 

the hydrocarbon. Decomposition of hydrocarbon produces carbon vapours in the camber which 

get absorbed on the molten catalyst. As more and more carbon absorbed into the catalyst, its 

concentration exceeds the solubility of the catalyst particle. At this point, the catalyst particle 

beings to extrude a solid formation in the form of a CNTs as seen in Figure 3.3 (c, d). The 

schematic for CNTs growth via VLS process is given in Figure 3.3.  

Depending on the final location of the catalyst particle, the nanotube is typically classified as 

either tip grown or root grown. Other one-dimension nanostructures can also be grown via VLS 

growth mechanism. The growth of a germanium nano wires from a gold nanoparticle is shown in 

Figure 3.4 (a-g) and the growth of multiple nanowires is shown in Figure 3.4 (h-i). The major 

benefit of using CVD for the synthesis of CNTs lies in its ability to be scaled-up in size, allowing 

the large production facilities to produce several kilograms of CNTs per day.   
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Figure 3. 5 Schematic diagram of Thermal CVD 

 

TCVD setup includes a durable, high temperature compatible tube, usually made of quartz or 

alumina, which is heated by a box furnace or heating coils (see Figure 3.5). Hydrocarbons are 

channeled into the heated reactor zone via mass flow controllers and the eventual by-products are 

evacuated through a fume hood. TCVD can be used to grow MWNTs as well as SWNTs. CVD 

parameters such as temperature, pressure, flow of gases etc. play crucial role in deciding CNTs 

dimensions, structure as well as quality [22]. They have varying degrees of interaction with the 

growth conditions, which is further complicated by the fact that different research results often 

predict different behaviors. All of these make it a quite challenging task to find out the optimum 

growth conditions for producing CNTs with desired properties. The role of CVD parameters on 

CNTs growth will be discuses in later chapters of the thesis. In my research work self-designed 

thermal CVD is used. Picture and schematic diagram of said CVD is shown in Figure 3.5.   

Now after gained knowledge about CVD system, a detailed dissection about various parameters 

used in CVD system is become necessary. So, in following section, I am going to present a detailed 

literature survey about various CVD parameters:    
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3.2.3.1 Mass production of CNTs 

As CVD is known and already set in industries, CNT synthesis using CVD is a simplest process. 

Most R & D groups converted this process into mass production. Smalley et al. evolved the 

elevated pressure decomposition of carbon monoxide, technique known as ‘HiPco’ for bulk 

manufacturing of SWNTs [23]. In the said method, Fe penta-carbonyl catalyst release iron nano-

particles in-situ at higher temperature range, although the high pressure (∼10 atm) of carbon 

monoxide offer the abundance of hydrocarbons, that notably increases the unbalancedness of CO 

molecules into C atoms and hence speed-up the SWCNT growth. The reported yield of HiPco 

route is ∼0.45 g/h [24]. The product is commercially offered at ‘Carbon Nanotechnologies Inc.’ 

(USA), which is reported to have a manufacturing capacity of 65 g/h [25]. Dai et al. has also 

enhanced SWNT’s synthesis from methane spontaneous decomposition over Fe–Mo alloy, 

catalyst that is supported on sol–gel derived alumina-silica substrate. Said procedure yields 

around 1.5 g of SWNTs with 0.5 g of catalyst hybrid for 30 min of growth duration in CVD [26]. 

Maruyama et al. and ‘Toray Industries Inc.’ (Japan) have evolved alcohol CVD method [27], 

reported capacity of 15 g/h; while Hata et al. technique [28] reported (AIST (Japan)) approximate 

100 g/h [25].  

Endo et al. have developed their own method of benzene pyrolysis on iron catalyst [26] to an 

uninterrupted process for bulk production. In above procedure metal catalyst, benzene, and 

Ar/H2gases are supplied from the upper end of an upright furnace, and the developed CNTs were 

deposited on the lower end. Simultaneously CNT growth took place when the catalyst particles 

were falling down (floating) through the furnace at 1100 ̊C [29]. The product was commercialized 

by ‘Showa Denko KK’ (Japan), they gave manufacturing capacity evidence of 16 kg/h [25]. Nagy 

et al. presented a method for acetylene CVD for various porous materials to grow CNTs at 
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industrial level [30, 31]. Fei et al. designed a nano-agglomerate fluidized-bed chamber in which 

constant breakdown of ethylene gas on Fe–Mo/vermiculite catalyst at 650 ̊C can produce up to 3 

kg/h aligned MWNT. Not only mentioned universities and companies from, many other research 

groups also exist in CNTs production. To name some, Hyperion Catalysis International, Inc. USA 

(8 kg/h), Nano Carbon Technologies Co. Ltd. Japan (5 kg/h), Sun Nanotech Co. Ltd. China (0.6 

kg/h), Shenzhen Nano Technologies Port Co. Ltd. China (5 kg/h) [25]. WTEC survey reported 

the combined synthetization of CNTs of the world today is approximately 300tons MWNTs and 

7 tons SWNTs per year. The expected demand of CNTs growth for near future would reach around 

1000tons/year. The current cost of available MWNTs is $1/g (Approx.), while that of SWNTs is 

$100/g (Approx.). At this rate, prevalent products based on CNTs would be about 10 times 

costlier. So, Researchers have great task to reduce cost of CNTs and hence CNTs based products. 

A good sign is that CVD-based CNTs technique is making headway fast, and innumerous 

companies are emerging. However, a noticeable point is that purity of grown CNTs decreases 

with the increasing yields, it becomes a common problem of mass-produced CNTs. It is easy to 

control the properties of CNTs in lab scale production but purity of CNTs decreasing and diameter 

distribution became broadens drastically, when same CNTs growth process moved to industrial 

level. So, more-easy, enhanced method must be found which could be transformed to large scale 

with the same quality and diameter distribution. Moreover, to fulfill present demand of CNTs, an 

environmental friendly, sustainable technology development is required. 
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 CNT Characterization Instruments 

 Scanning Electron Microscope (SEM) 

SEM is one of the most widely used techniques employed for the characterization of 

 

Figure 3. 6  The schematic diagram of SEM [60]. 

 

nanomaterials and nanostructures. The schematic diagram of SEM is shown in Figure 3.6. It was 

commercialized by Oxford Scientific Instruments in 1965 [32, 33]. The resolution of the SEM 

approaches a few nanometers, and the instruments can operate at magnifications that are easily 

adjusted from ~ 10 to over 600,000. Not only the SEM produces topographical information as 
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optical microscopes do, it also provides the chemical composition information near the surface. 

In a typical SEM, a source of electrons is focused into a beam, with a very fine spot size of ~5 nm 

and having energy ranging from a few hundred eV to 30KeV that is restored over the surface of 

the specimen by deflection coils. As the electrons strike and penetrate the surface, a number of 

interactions occur that result in the emission of electrons  

   

 

Figure 3. 7 Interaction between incident electron beam and material. 

 

and photons from the sample (see Figure 3.7), and SEM images are produced by collecting the 

emitted electrons on a cathode ray tube (CRT). Various SEM techniques are differentiated on the 

basis of what is subsequently detected and imaged, and the principal images produce in the SEM 

are of three types: secondary electron images, backscattered electron images and elemental X-ray 
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maps. When a high-energy primary electron interacts with an atom, it does undergo either inelastic 

scattering with atomic electrons or elastic scattering with the atomic nucleus. In an inelastic 

collision with an electron, the primary electron transfers part of its energy to the other electron. 

When the energy transferred is large enough, the other electron will emit from the sample. If the 

emitted electron has energy of less than 50 eV, it is referred to as a secondary electron. 

Backscattered electrons are the high energy electrons that are elastically scattered and essentially 

possess the same energy as the incident or primary electrons. The probability of backscattering 

increases with the atomic number of the sample material. Although backscattering images cannot 

be used for elemental identification, useful contrast can develop between regions of the specimen 

that differ widely in atomic number (Z). An additional electron interaction in the SEM is that the 

primary electron collides with and ejects a core electron from an atom in the sample. The excited 

atom will decay to its ground state by emitting either a characteristic X-ray photon or an Auger 

electron, both of which have been used for chemical characterization and will be discussed later 

in this chapter. Combining with chemical analysis capabilities, SEM not only provides the image 

of the morphology and microstructures of bulk and nanostructured materials and devices but can 

also provide detailed information of chemical composition and distribution. The theoretical limit 

to an instrument’s resolving power is determined by the wavelengths of the electron beam used 

and the numerical aperture of the system. The resolving power, R, of an instrument is defined as: 

R  

Where λ is the wavelength of electrons used and NA is the numerical aperture, which is engraved 

on each objective and condenser lens system, and a measure of the electron gathering ability of 

the objective, or the electron providing ability of the condenser. The detailed information about 
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mostly used detectors in SEM for detection above mentioned electrons and phonons are 

following: 

 

3.3.1.1 Everhart Thornley Detector (ETD) 

ETD is always mounted on the top of sample stage to detect secondary and backscatter electrons. 

It is a scintillator photo-multiplier type detector. The detector’s setting module have an adjuster 

for controlling Grid Voltage. When voltage is positive in range of +250V then Secondary 

electrons giving image. And in negative voltage range -25 to -150V backscattered electrons active 

to giving image. During loading and unloading of sample, the grid voltage as well as scintillator 

voltage are turned off. It is also switched of during vacuum mode change or SEM is operated in 

low vacuum. 

 

3.3.1.2 Through the Lens Detector (TLD) 

TLD works in four modes. But specifically, TLD is designed for high resolution imaging getting 

by Mode 2. The TLD detector have a grid voltage variation arrangement to customize the electron 

collection. To detect backscattered electrons, grid voltage should supply a negative voltage. 

Because negative grid voltage rippled the secondary electrons. Only backscattered electron 

reached to TLD detector. For detecting secondary electrons grid voltage puts on positive. The 

biasing possibility of grid is -150V for backscattered electrons while +150V for secondary 

electrons collection.  

 



48 
 

3.3.1.3 Low Vacuum Detector (LVD) 

LVD is working as the standard detector for imaging in low vacuum mode. For enable LVD, it 

must be mounted on the objective pole piece of SEM. And hence, Low vacuum operation is 

enabling. It works in the whole pressure range from 0.08 to 1.5 Torr. It limits the field of view 

around 1nm at 5mm working distance. And minimum limited to 3mm. LVD detector have 

possibilities to utilize in all SEM imaging modes. Still, it gives most suitable images in mode1 

and 3. The signal providing by LVD have both secondary as well as primary electrons 

Information. 

 

3.3.1.4 Helix Detector 

Helix Detector is an alternative detector for low vacuum mode. The Helix detector limits the field 

of view to about 0.5nm at the working distance of 5nm. Helix detector basically combination of 

LVD as well as Helix. LVD part have same operation as describes above. But it is designed for 

Mode 2(immersion). It gives superior imaging in immersion mode. It has power to give high 

resolution imaging in low vacuum. 

FESEM is the one of the best techniques to investigate the morphology, length and diameter of 

CNTs without any sample preparation. SEM may also provide the information regarding 

impurities attached to CNTs. Lateral view of CNTs films may provide the information regarding 

the film thickness and orientation of CNTs. 

 

 Raman Spectroscopy 

Raman spectroscopy is one of the main tools used for investigating the molecular vibrations. It is 

utilized to gain knowledge about chemical elements and structural forms to recognized materials 
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by characteristic fingerprinting. It is also used for quantitative information about materials amount 

in a sample. This equipment has potential of scanning of samples in all states as well as in all 

conditions; for example, as powder, vapours or liquids, as surface layers or in bulk form of 

nanoparticles, in different temperature states. Prior, IR absorption was widely used as compare to 

Raman scattering due to complexity in Raman spectroscopy. But enhancement in technology 

made Raman spectroscopy simple and compact and also reduced the problems substantially. Said 

improvement in Raman spectroscopy, together with the capability of investigation of different 

type samples without any preparation, made Raman spectroscopy powerful investigation tool in 

the field of material science. In 1928, Sir C.V. Raman reported the historical invention of inelastic 

light scattering. Raman scattering is inelastic scattering of light, i.e. scattering of light in which 

the photon energy 

 

 

Figure 3. 8 Plot for Raman Scattering 

 

changes (see Figure 3.8). The principle of the experiment is illustrated in Figure 3.9.A 

monochromatic beam of light impinge on the sample and the spectrum of the scattered light is 
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examined. Raman spectroscopy (RS) is a powerful, fast and non-destructive tool that provides 

information about vibrational, rotational, and other low-frequency modes in a sample [34-36]. 

Raman Scattering relies on a frequency change of incoming light photons after inelastic 

interaction with matter. If the scattered photon has the same frequency or energy as that of the 

coming light, said process of light interaction is called as elastic scattering. If the scattered photon 

has different frequency or energy than that of the incident light, then inelastic scattering take 

place. In RS, localized atom to atom bond structure is investigated by inelastic interaction of 

incoming photon with longitudinal or transverse modes of phonon. Spectral feature of phonon 

vibrations in solids can be analyzed by RS, which gives an opportunity for sample identification 

and phase quantification Interaction mechanism that causes a frequency change is illustrated in 

Figure 3.9. 

 

 

Figure 3. 9 Plot shows the sample identification and phase quantification interaction mechanism 

that causes a frequency change 
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F 

 

 

Figure 3. 10 Energy states diagram for scattering phenomenon. 

 

If the light photon gains energy after the interaction by absorbing a phonon, the frequency of 

scattered photon is increases and this phenomenon is known as anti-stokes Raman scattering. If 

light photon losses energy after interaction by emitting a phonon, frequency of scattered photon 

is shifted down, this process is known as stokes Raman scattering. Since the anti-Stokes peaks are 

weaker than the Stokes peak, generally in Raman spectra Stokes peaks are displayed. Frequency 

shift is defined as; ʋ=ʋs–ʋi, and it is equivalent to an energy change since E=hʋ. On the other hand, 

in Raman spectra, results are generally expressed by wavenumber instead of frequency. While 

frequency is equal to number of vibrations per second while wavenumber is equal to number of 

waves per centimeter.  

Relation in between these two terms is:              
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Wavenumber  

 

Where the value of c is around 2.99x108
 m/s i.e. the speed of the light in vacuum. Additionally, 

wavenumber is inversely proportional to the wavelength since; 

Frequency  

Commonly used unit of the wavenumber is inverse centimeter (cm-1). The energy difference in 

between the incident and the scattered photons corresponds to the energy of phonons in material. 

The frequency shift observed in scattering is directly related with vibrational energy of chemical 

bonds in between atoms within material. Hence, analysis of the scattered frequencies reveals 

information about the structure of the scattering medium. In crystalline structures, local bonds 

have well-defined energies. Due to narrow distribution of bonding energies, Raman spectra show 

narrow lines. However, in amorphous structures wide distribution of bonding energies is 

observed, thus broad scattering signal is obtained from this kind of disordered structures. In 

general, RS is very weak phenomenon. In 106-108 scattered photons only one Raman scattered 

photon comes out. In itself this does not make the process unachievable since with high-tech CCD 

detectors and lasers, very high-power densities can be incident to small objects. But it triggers the 

other un-acceptable things such as sample degradation and fluorescence. Figure 3.10 shows the 

fundamental phenomenon, which takes place for one vibration. In that figure, mention virtual 

energy states are imaginary states. These states are created by incident of laser light on sample. 

Laser source also determine the energy of said states. In general, mostly molecules are located at 

its lowest energy state. The Rayleigh have greatest intensity among all process, since major 

portion of scattered photons taken that way. They do not show any shift in energy. So, these types 
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of scattering are useless for investigation purpose. On illumination by a laser, the electrons present 

in a vibrational level get excited by the higher vibration level. During de-excitation process, some 

electrons return to the initial vibrational energy level. The photons generated during this type of 

de-excitation have the same wavelength as the incident photons. This is called Raleigh de 

excitation or Rayleigh scattering. Some electrons get de-excited to the lower vibrational level with 

respect to the initial vibrational level. The photon generated in this type of de-excitation have less 

wavelength than that of incident photons, this process is called anti-stock de-excitation or anti-

stock scattering. Rest of the electrons get de-excited to higher vibrational level with respect to the 

initial vibrational level. The photons generated in the process have more wavelength than the 

wavelength of incident photons. This process is stoking de-excitation or stokes scattering. 

Intensity of anti-stokes scattering also become very poor. At higher temperature, both type 

scattering increases. Raman spectroscopy is divided into types, according to its way for sample 

collection i.e. dispersive Raman spectroscopy and FT-Raman spectroscopy. Both types have their 

own advantages as well as analyses specific samples. 

 

3.3.2.1 Dispersive Raman Spectroscopy 

For getting Raman spectra, it is become important to identify the scattered light beam into 

individual wavelengths. For this purpose, dispersive Raman spectroscopy used a grating. Raman 

scattered signals produced by samples are focusing on grating. This separated signal is sent to a 

detector. In that type of Raman spectroscopy visible lasers 473nm, 532nm, 633nm and 780nm are 

used in exciting the samples. The intensity of Raman scattering signal is inversely proportional to 
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(wavelength) 4. So, using short wavelength lasers causing improvement in the Raman scattering 

signals.  

 

 

Figure 3. 11 Block diagram of Dispersive Raman Spectroscopy. 

 

All type of Raman spectroscopy has a problem of fluorescence that produced unpredictably. It is 

very harmful for Raman signal because small quantity of fluorescence has power to overwhelm 

the expected Raman investigation. It is produced by overlapping of virtual energy level to upper 

level. So, as the wavelength of laser gets shorter the energy of laser increases, and hence intensity 

of fluorescence increased. Said phenomenon of fluorescence is depends on wavelength of laser. 

So, if a material produced fluorescence for one laser may be investigated by another wavelength. 

Grating plays a very important role in dispersive Raman spectroscopy. (see Figure 3.11). The 

resolution of a dispersive Raman spectroscopy and its throughput is very much depending upon 

grating. Grating is a surface on which grooves are created. These grooves distinguished the 

wavelengths in Raman scattering signals. For high resolution, it is become important that at least 

2400 grooves are made on 1mm2grating. Dispersion angle of Raman signal is also very much 



55 
 

depending on number of grooves presenting in grating. For a good analysis dispersion should be 

as much as possible, so that area of surface become larger on which the different wavelength falls 

when they approach the detector. If detector size is fixed, user needs the spectrum beyond the 

resolution of instrument, in that case, all Raman wavelength does fall on detector. To overcome 

said limitation, either grating or detector should be movable. Performance of a grating is also 

strongly related to wavelength. So, resolution of equipment with respect to wavenumber is not 

linear. It increases at higher wavenumbers. So, resolution of equipment must be defined in respect 

of wavenumber. So, gratings must be grooved for optimization for a narrow wavenumber. It 

should be chosen for selective resolution and for selective laser wavelength. If user wants to use 

one grating for more than one laser than resolution of equipment needs compromising with 

sensitivity of instrument. 

About CCD detector, the mostly used CCDs for dispersive Raman spectroscopy are made from 

silicon technology. The investigation area of the CCDs is made from 2-D arrays of pixels. Every 

pixel works as individual detector. Each wavelength light separated by grating is observed by 

different array element. CCD detectors have potential to detect 400nm to 1100nm wavelength 

light. If 780nm laser used in dispersive Raman spectroscopy then 3000cm-1 response produces 

radiation of 1018nm. 

To make dispersive Raman spectroscopy for investigation of very small object or selective portion 

of sample, a microscope is connected with it. Minimum area analysed by a dispersive Raman is 

said spatial resolution. For achieving maximum spatial resolution, apertures of microscope should 

be of minimum diameter. But when light travel across such small aperture, diffraction of light 
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taking place, which limit the performance of instrument. Diffraction is a wavelength related issue. 

It depends on wavelength in following manner: 

 

Diffraction=  

 

So, higher energies, short wavelengths laser sources are suitable for getting maximum spatial 

resolution i.e. less them 1μm. It is also possible, a minimum size aperture putting in a 

microscope’s focal plane to make a confocal Raman spectroscopy (see Figure 3.12). Schematic 

plot of said confocal Raman microscope would be seen in Figure 3.12. In a confocal Raman 

spectroscopy, only light beam coming from optical focal point is allowed to fall on to the CCD. 

Remaining surrounding rays are eliminated by aperture. Confocal Raman spectroscopy is very 

beneficial for characterizing samples of polymer laminates and stacked structures. 

 

Figure 3. 12 Block diagram Confocal Raman spectroscopy. 
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3.3.2.2 FT-Raman Spectroscopy 

After taking many precaution and laser selective criteria, however, fluorescence creates the 

interference with Raman signals. To overcome the problem of fluorescence, FT-Raman 

spectroscopy was assembled. In FT-Raman spectroscopy along wavelength (1μm) laser is 

employed for sample excitation instead of short length laser. Long wavelength lasers have less 

energy, so, chances of overlapping between virtual state and upper states decreases, and hence 

drastically control the problem of fluorescence. Including long wavelength laser source, FT-

Raman spectroscopy also has an interferometer as well as very sensitive near- infrared detector. 

In FT-Raman spectroscopy most preferred detector is Indium gallium arsenide. Indium gallium 

arsenide detectors shows very high sensitivity, but these detectors are not good for near-infrared 

light as compare to silicon-based CCD for visible range. 

 

 

Figure 3. 13 Schematic diagram of Interferometer used in FT-Raman spectroscopy [57]. 

 

 

The benefit of said FT-Raman spectroscopy is to provide the sensitivity to week signals. FT-

Raman spectroscopy also provides following advantages over dispersive Raman spectroscopy: 
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 It gives very high resolution with lesser throughput. 

 All wavelengths measured in same time. 

 It has increased signal to noise by compensating Raman Signal. 

 Due inbuilt calibration property in interferometer, it has superior wavelength accuracy. 

 

Another most important part of FT-Raman spectroscopy is interferometer. Interferometer is heart of 

FT-Raman spectroscopy. It is used to generate interferogram, which in turn is used to encode the 

individual frequency of Raman signal into a single signal (see Figure 3.13). Produced signal is 

observed in less than one second and averaging of signal is very rapid as well as accurate. 

Interferometer have a beam divider. It is optimized for radiation of near-infrared beam divider, split 

the Raman scattering into two parts, in which one part transmitted and remaining part reflected. 

Reflected portion going towards a fixed mirror and reflects off. From that mirror transmitted beam 

also get reflect off. Both beams meet at beam divider after travelling different distance. So, they 

produced interference in both constructive as well as destructive manner. The movable mirror has 

fixed frequency and movement, which modulate the interference. The produced interferogram have 

a special property. Every data point of interferogram have whole report about each frequency of 

Raman scattered signal. 
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Figure 3. 14 Block diagram of FT-Raman spectroscopy [57]. 

 

Produced interferogram is in the encoded form of frequency spectra. It is decoded by Fourier 

transformation, a well-known mathematics technique. That part of decoding is done in computer 

(see Figure 3.14). Finally, having gone through the appropriate theory, all the details of the 

experimental Setup, I am now ready to consider the experimental Raman spectra of CNTs. Raman 

Spectroscopy provide major information about structure of CNTs, defects in CNTs as well as 

about purity. It is also used in in the identification between MWNTs and SWNTs as well as other 

carbon material [37]. In general, Raman spectroscopy is more fruitful for SWNTs as compare to 

MWNTs. For MWNTs it gives very complex spectra. Because MWNTs behave like a group of 

SWNTs, in the diameter range from very small to large [37]. The decoding of Raman spectra for 

MWNTs is based on well-established Raman spectra for SWNTs. It is reported in many articles 

that Raman spectroscopy have potential to provide qualitative as well quantitative information 
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about CNTs. An ideal Raman spectrum of CNTs have following important peaks (also see Figure 

3.15): 

 

 RBM 

 

 D-Band 

 

 G-Band 

 

 G׀Band 

3.3.2.3 Radial Breathing Mode (RBM) 

 

The Radial Breathing Mode (RBM)(<200cm-1) is one of the few strong lines in the SWNT Raman 

spectrum, and the only strong line which has no counterpart in graphite spectra. I found that it has 

a very simple diameter dependence ωRBM= αRBM/dt. RBM is strongly related to tube diameter. It is 

inversely proportional to diameter. For large diameter SWNTs, greater than 2nm, RBM may 

disappear [38]. And due to its radial motion of the atoms it is more strongly affected by the 

nanotube environment (e.g. other tubes as in a bundle or a supporting substrate) than the other 

high intensity modes. This, and the fact that the RBM is a direct manifestation of the one-

dimensional tubular structure of the SWNT’s makes it a very valuable probe for the nanotube 

properties and the majority of papers on the Raman effect in SWNT’s concern. In case of RBM, 

Peak broadening is also having very meaningful information. Different effects can contribute to 
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broadening of the RBM-peak. The bundle-form of the nanotube sample will result in broadening 

with respect to the isolated tube case since the tube-tube interactions affect ωRBM and the 

interactions depend on the position of the resonant tube in the bundle. 

 

 

Figure 3. 15 Rama spectra of SWNTs [56]. 

 

The temperature of the sample gives rise to broadening due to phonon-phonon and electron 

phonon interactions, and it has been reported [39] that the peaks shift upon heating probably due 

to changes in the inter-and intra-tube interaction in the bundles and to a lesser degree due to 

thermal expansion of the tubes. 

Thus, the peaks will broaden if there are temperature differences in the sample area for example 

because of different couplings to the substrate or due to the intensity profile of the impinging 

beam heating some areas more than others. 
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Additionally, defects in the tubes or other interactions also result in broadening of the peaks. In 

graphite the electron-phonon broadening is ∼6 cm-1[40] and since several peaks are narrower, it 

is concluded that the electron-phonon broadening is smaller in nanotubes than in graphite. It 

should be noted that Raman studies on some nanotube samples consisting of bundles have found 

peaks not narrower than 20 cm-1[41], and low-temperature measurements on highly defect free 

tubes report linewidths down to 0.35 cm-1[42]. Thus, the width is highly dependent on the sample 

nature as well as on the measurement parameters. 

 

3.3.2.4 G-Band 

In Raman spectra, G-band, a bunch of peaks around 1582cm-1 also verify the existence of CNTs. 

G-band have capability to investigation of diameter dependent study of SWNTs without using 

RBM. In resonance, for a particular laser light, the metallic character of the CNTs also observed. 

For CNTs, G-band have six peaks. Out of six two peaks have maximum intensity and for 

simplicity, I consider only two peaks i.e. G+ and G-. 
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Figure 3. 16 Schematic picture showing the atomic vibrations for the G band modes (42) [55]. 

 

These peaks produced by symmetry breaking of the tangential vibration when the graphene sheet 

is rolled to make a cylindrically shaped tube. G+ is originated through atomic displacements along 

the tube axis and G−produced by atomic displacement along the circumferential direction (see 

Figure 3.16 and Figure 3.17). Figure 3.17 the line shape difference of G-for semiconducting and 

multiwall CNTs and it is broadened for metallic with respect to semiconducting CNTs (see Figure 

3.17), and its broadening coming from free electrons in nanotubes with metallic behavior [43-45]. 

If charged impurity exist in SWNTs then G-band for Semiconducting CNTs shows the behavior 

of metallic CNTs [46]. If talking about diameter dependent study of G-band then the frequency 

of G+ does affected by diameter but in frequency of G-band shifting with variation in diameter of 

CNTs is observed (see Figure 3.18 and Figure 3.19) [47-48]. Hence, G-band and its splitting may 

be used for diameter calculation of CNTs. 
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Figure 3. 17 G-band for highly ordered pyrolytic graphite (HOPG), MWNT bundles, one isolated 

semiconducting SWNT and one isolated metallic SWNT. The multi-peak G-band feature is not 

clear for MWNTs due to the large tube diameters [55]. 

 

 

Recently, some research group given evidence for formation of G-band from double resonance 

mechanism [49-50]. In that case, intensity of G-band very much depends on defects of CNTs, and 

the frequency of G-band is depending on energy of laser. These evidences create complication in 

use of Raman spectroscopy for SWNTs. However, it can be observed that double as well as single 

resonance shows the same intensity for defective material. For defect less materials, intensity of 
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single resonance is double as compare to double resonance phenomenon [51-52]. So, according 

to this report Raman spectroscopy is only effective for good quality of SWNTs.  

 

 

Figure 3. 18 Diameter dependence for ωG+ and ωG− for several isolated semiconducting and 

metallic SWNTs. Filled and open symbols apply for semiconducting and metallic tubes, 

respectively. The lines are fit to the experimental points [55]. 
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Figure 3. 19 Raman signal from three isolated semiconducting and three isolated metallic 

SWNTs showing the G and D band profiles. SWNTs in good resonance (strong signal with low 

signal to noise ratio) show practically no D band. Spectra in bad resonance shows noisy 

background with a peak at 1450 cm−1 (e.g., see second trace for semiconducting SWNTs) [55]. 

 

 
 

3.3.2.5 Disorder Bands (D-Band and G׀-Band) 

A bunch of peaks appears in Raman spectra of CNTs around 1332cm-1and 2700cm-1. It represents 

the defects and disorders in structure of CNTs. It is highlighted in both type of CNTs. Due to 

double resonance criteria, D-band also appears due to some specific chirality [52]. In case of 

isolated SWNTs, D-band is splited into two parts. Split distance of D-band relates to energy of 

incident light. G׀-Band shows an intrinsic property of graphite. The G׀-B and is caused by two-

phonon scattering around the K point of the Brillouin zone. This mode is known to be sensitive 

to increasing defect density, but not as significantly as the first-order mode. The mode has 

significant contributions from regions near the K and M points, yielding peaks at approximately 
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2700 cm-1and approximately 2730 cm-1, respectively [53]. The intensity of this peak depends 

strongly on the metallicity of the nanotube [54F]. It follows that these bands convey information 

about the nanotubes which cannot be accessed by the other phonon modes. 

 

 Conclusion 

Development of science and Technology is a continuous process. From the beginning of life, 

human race is evolving day by day. Development of logical thinking has brought the evolution in 

science and technology to make the tools more powerful that are making the life easier day by day. 

These tools work in the feedback process and take parts in the further development of science and 

technology. We are living in an age where we are playing with the part of the nature which is as 

small as it can be well fitted in the definition of invisible. This is the world of Nano. Development 

of quantum mechanics and the allied sciences have made the microscopic tools so powerful that I 

can see the thing at the nano scale. This magical scale brings a lot of extraordinary features of the 

materials that they do not show at the macroscopic scale. Now a days, the research and 

development in all over the world is focused on the exploration of extraordinary features of the 

properties of materials that originate due to their size. Carbon nanotube is one of the rigorously 

researched materials in the contemporary worlds. Owing to their extraordinary properties, CNTs 

have become one of the frontrunners in the world of contemporary research. When considering the 

cross-sectional area of the CNT walls only, an elastic modulus approaching 1 TPa and a tensile 

strength of 100 GPa has been measured for individual MWNTs. This strength is over 10-fold 

higher than any industrial fiber. MWNTs are typically metallic and can carry currents of up to 

109Acm–2. Individual CNT walls can be metallic or semiconducting depending on the orientation 

of the graphene lattice with respect to the tube axis, which is called the chirality. Individual SWNTs 
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can have a thermal conductivity of 3500 W m−1 K−1 at room temperature, based on the wall area; 

this exceeds the thermal conductivity of diamond. Because of these ultimate properties, CNTs are 

being used in variety of nano sensors, biosensors, in optoelectronic devices such as solar cells, 

photodetectors and light emitting diodes, in different types of high-performance electronic devices, 

as reinforcement in different composite systems etc. For the preparation of devices at nanoscale, 

where I deal with the ultra-small regime, control on synthesis and growth of CNTs, having precise 

specifications is very important. Chemical vapour deposition method is most widely used method 

to grow MWCNTs and SWCNTs. There are different factors such as dynamics of source as well 

as carrier gases, growth temperature, temperature ramp, catalyst engineering, substrate engineering 

etc. that affect the specifications of CNTs.  
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 Literature survey 

 Introduction 

Gas sensors or chemical sensors have a huge demand in the various fields such as in 

environment monitoring, biomedicine, pharmaceutics and space exploration [1]. The gas sensors 

are required to detect harmful and toxic gases in real time, and these can be done by gas sensors 

which possess good sensitivity and selectivity. Owing to the increasing air pollution and global 

warming, environment to detect toxic gases has emerged as an important area of scientific research 

[2]. In addition to this, gas sensors are instrumental to experiments involving imitation of 

atmospheric conditions of different planets, where they can detect and quantify the different gases 

present in the atmosphere [3,4,5]. In this regard, NASA Scientists in order to formulate 

atmospheric constituents of different planets, they are seeking the use of gassed-up gas sensors 

[6]. For the efficient and good gas sensing system, the following parameters are paramount: (1) 

portability of sensors (2) stability in performance; (3) lower detection limit; (4) high selectivity 

and sensitivity; (5) fast recovery as well as response; (6) low operating temperature; and (7) the 

effect of the temperature on sensor response should be minimum [7,8]. 

Ideal gas molecules adsorption and storage can be done by a material which has a pitted 

structure and high surface-to-volume ratio, hence, gas sensors based on nanomaterials, such as 

nanofibers, nanowires, CNTs and nanoparticles, have been widely explored [9,10,11,12]. There 

has been a considerable increase in the study of CNTs as gas sensors in order to meet the high 

demand for gas detection technologies [8,13]. 

The basic principles of gas sensors are desorption and adsorption of gas molecules on 

sensing materials [4,5]. CNTs, belong to the fullerene structure, are suitable material for gas 

sensing applications because it has large surface-to-area as per requirement of gas sensing 

applications [5]. Extraordinary electrical, mechanical and thermal properties of CNTs have led to 

extensive research in different fields. Electronic transport in CNTs, which is nearly one-

dimensional structures, mainly takes place through quantum effects and ballistic transport along 

the nanotube axis with no scattering [4,14]. Due to one-dimensional structure of carbon nanotubes 

(CNTs), they have an anisotropic dielectric property which enables them to carry high current with 

negligible heating effect. Many experiments have shown that whenever CNTs and CNT based 

composites are exposed to different gases, their properties change [15]. Charge transfer and 

https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/chemistry/nanofiber
https://www.sciencedirect.com/topics/engineering/nanowire
https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/physics-and-astronomy/desorption
https://www.sciencedirect.com/topics/engineering/adsorption-of-gases
https://www.sciencedirect.com/topics/engineering/fullerene
https://www.sciencedirect.com/topics/physics-and-astronomy/thermodynamic-properties
https://www.sciencedirect.com/topics/physics-and-astronomy/nanotubes
https://www.sciencedirect.com/topics/chemistry/carbon-nanotube
https://www.sciencedirect.com/topics/engineering/anisotropic
https://www.sciencedirect.com/topics/physics-and-astronomy/dielectric-properties
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chemical doping are usually responsible for high sensitivity of CNTs towards gases [16,17]. When 

electron-donating molecules such as NH3 and electron acceptor molecules such as NO2 interact 

with p-type semiconducting CNTs, the electron concentration of the bulk semiconductor changes, 

thereby changing the conductance of CNTs. This forms the ground for the application of CNTs as 

dynamic sensors [5,18]. The covalent sp2 hybridization bonds formed between the individual 

carbon atoms along the CNTs walls has led to high mechanical strength. In comparison, the tensile 

strength of MWNT is approximately 50 times greater than that of steel [19]. CNTs have been 

extensively considered in the areas such as actuators, sensors and other engineering applications 

because of their above-mentioned exclusive characteristics and behavior [8,20]. 

Carbon nanotubes can be characterized into two groups: SWNTs (single walled nanotubes) 

and MWNTs (multi walled nanotubes. Hata et al; found in 2004 that the diameter of SWNTs lies 

in the range of 0.8 to 2 nm, on the other hand the diameter of MWNTs varies between 5 to 100 nm 

[21]. Along with this, the length of CNTs usually varies from several nanometers to few 

millimeters. MWNTs are formed of many concentric cylinders and it has two different structures 

called as parched and Russian doll model. Table 4.1 shows the different properties of CNTs. This 

review paper is formed as follows: First section shows the various synthesis approach of CNTs 

and diverse fabrication techniques for CNTs gas sensors, Second section will discuss CNTs 

functionalization and CNTs-based nanocomposites for gas sensing applications. The discussion 

includes analysis of the following parameters of CNTs based sensors: sensitivity, selectivity, 

accuracy and resolution. 

 

Table 4. 1: Values of different properties of carbon nanotubes (CNTs). 

Sl.no Type Properties Remarks Ref. 

1. MWNTs (a) Thermal 

Conductivity = 3

000 W/m.K 

(b) Tensile 

Strength = (11–

63) Gpa 

The typical 

MWNTs with 

the current 

carrying 

capacity up to 

109 A cm−2 are 

[22, 23, 24] 

https://www.sciencedirect.com/topics/engineering/electron-acceptor
https://www.sciencedirect.com/topics/engineering/electron-concentration
https://www.sciencedirect.com/topics/engineering/conductance
https://www.sciencedirect.com/topics/engineering/tensile-strength
https://www.sciencedirect.com/topics/engineering/tensile-strength
https://www.sciencedirect.com/topics/engineering/nanometre
https://www.sciencedirect.com/topics/engineering/fabrication-technique
https://www.sciencedirect.com/topics/engineering/functionalization
https://www.sciencedirect.com/topics/physics-and-astronomy/nanocomposites
https://www.sciencedirect.com/topics/chemistry/carbon-nanotube
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(c) bending 

strength = 28.5 

Gpa 

metallic in 

nature. 

2. SWNTs (a) Thermal 

Conductivity = 3

500 W/m.K 

(b) Tensile 

Strength = (13–

52) Gpa 

(c) bending 

strength = 80 

Gpa 

The chiral angle 

between tube 

axis and 

hexagon of 

SWNTs 

determine its 

nature such as 

metallic or 

semiconducting. 

[25,26,27] 

 

 

Owing to global warming there is a great demand for renewable sources of energy. There 

has been tremendous growth in the research of organic solar cells and carbon nanotubes (CNTs) 

which plays an important role in organic solar cells development [28-31]. In the recent years, there 

has been a tremendous increase in the interest of flexible and wearable devices because of their 

potential utilization in the field of energy [32-39], like smart electronics [40-42], biomedical 

devices [43-45], artificial skins [46-48] and essentially sensing products. The computational 

capacity and speed of the modern flexible smart devices can be enhanced by using positive 

attributes derived from merging of technologies such as electronic engineering, electrical, textile 

technology and nanotechnology. The fabrication of wearable electronics is possible by virtue of 

their wearability, flexibility and thread line nature. There is a huge increase in the demand of these 

applications, correspondingly leading to an increase in the demand and criteria for the development 

and efficient completion of such sensors. Unlike the continuous emphasis on miniaturization 

process of conventional microelectronics for increasing integration density and eventual 

performance, the focus of macroelectronics is on the large-area and low-cost development of 

flexible and wearable devices [49-51]. There are many electronic devices which are fabricated on 

stretchable, flexible and plastic substrates such as wearable electronics, electronic paper, flexible 
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display, smart packages, implantable medical implements and skin-like sensors. These emerging 

technologies could entirely change people's attitude towards electronics [52-55].  

The flexible or wearable electronics is an emerging technology with promising applications 

in large-area electronics which is compatible with the curved surfaces and movable parts. Rapid 

progress in the design of ultrathin electronics and optoelectronics devices, biocompatible 

encapsulating layers, sensors and actuators have accelerated the possibility of development of 

flexible electronics interface for the complex geometry and curved structures [56-62].   Figure 4.1 

summarizes the application of carbon nanotubes on the flexible substrates for various electronic 

fields. Conventional sensors are rigid and consequently there is hindrance owing to rigidity in 

capturing analytes and also it suffers from poor quality transduction. In contrast the flexible sensors 

can capture analytes gases more efficiently and can generate high-quality signals. A radical change 

in the methodology of material design, including active materials and conductors design as well 

as selection and synthesis of flexible substrates are required for the production of flexible sensors. 

Majority of inflexible materials become deformable once they are refined and oriented into 

nanostructures [63-64]. For example, in the year 2011 Rogers showed that the flexible rigidity of 

silicon (Si) wafer (=200 μm) is fifteen order greater than that of silicon nanomembranes (Si NMs) 

(2 nm) [65].  
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Figure 4. 1: Schematic explanation of development of flexible or wearable electronics across the 

broad range of applications. 

There are some non-transition metal oxides which have been utilized as active materials 

such as SnO2, Ga2O3, ZnO and In2O3. There are many active emerging materials which are suitable 

as flexible sensors, for example, two-dimensional nanostructure-based semiconductors including 

graphene [66-68], black phosphorus [69], transition metal dichalcogenides (TMDs) [70-72] and 

one-dimensional nanostructure material such as nanowires [73-77] all offer particular electrical 

and optical conduct aspects.  

Carbon nanotubes (CNTs) have attributed intensive interest in various research areas from 

battery electrodes or flexible supercapacitor to high performance artificial muscles because of their 

great mechanical and electrical properties. By virtue of ultimate fibrils structures and small sizes, 

macro assemblies of CNTs can build diverse organizing structures which provide plenty of 

opportunities for the realization of CNTs based functional materials and devices. Unfortunately, 

as per the literature, this CNT based strain sensors suffered from low sensitivity, non-linearity and 

poor restorability [78-81].  

During past years, the merits derived from the nanoscale thickness and large surface to 

volume ratio of 2D nanostructures materials have demonstrated great capabilities for gas sensing 
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devices. As a result, 4s sensor performance i.e., selectivity, speed (response and recovery times), 

sensitivity, and stability have gained significant momentum. For example, at room temperature 

graphene sensors have enabled an ultimate sensitivity towards detecting individual molecule. This 

sensor is capable of rapid desorption and adsorption of a single NO2 gas molecule from the 

graphene surface. Moreover, the use of these novel 2D nanostructures such as graphene, MoS2 

nanosheets, and phospherene has successfully decreased the working mode temperature for gas 

sensors, approximately up to the room temperature which is normally impossible to achieve by 

semiconducting metal oxides [82-86].  

Since 1970's, the semiconductor metal oxides (such as ZnO, WO3, SnO2) in the form of 

porous polycrystalline layers have been established as the standard sensing films for 

conductometric gas sensors. The innovation in the field of nanotechnology has improved the 

knowledge of materials and phenomena at the nanometric scale, and the generation of novel metal 

oxide-based gas sensor in the early 2000s [87]. Nanostructured metal oxides promised to have 

enhanced signals due to their surface like nature, at the same time more stable at high operating 

temperature compared to their bulk counterparts. The majority of the research activities were 

performed on n-type semiconductors like WO3, TiO2, ZnO and SnO2, the most investigated 

material for chemical sensing [88]. On the other hand, the p-type metal oxides were less 

investigated as compared to n-type ones, owing to the lower expected performances related to the 

nature of charge carriers [89-91].  

Some of the issues related to metal oxide-based gas sensors devices are well known and 

out of them one is that the metal oxide-based gas sensor suffers from the effects of baseline 

resistance drift and from poisoning interactions, which makes metal oxide surface progressively 

slow and less accessible to reactive gases. Although metal oxide-based gas sensors have very good 

sensitivity, but they suffered from poor selectivity between similar gases. Many gas species may 

cause similar changes in the resistance, making it impossible for single sensor to sense the present 

gas correctly. This problem may be partially solved by the formation of arrays by combining 

multiple and different sensors [92-93].  

The formation of heterostructures by combining various metal oxides materials give a 

unique structure and fulfilled the necessity of further improved sensitivity, selectivity and other 

various important sensing parameters of resistive type gas sensors. Heterostructure nanomaterial 
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is a special branch of nanostructures which exhibits very good interactions between closely packed 

interfaces, resulting in superior performances compared to single materials. The fabrication of 

composite nanostructures, interacting n-type and p-type metal oxides, allows combining the 

different properties of the individual components [94-95].  

The physical interface between two dissimilar materials at microscopic scale is known as 

heterojunction. It is well known through solid state physics that by contacting two dissimilar 

semiconducting materials at the interface, the fermi levels equilibrate at the same energy, often 

resulting in the charge transfer and hence formation of depletion layer. The formation of depletion 

layer zone is one of the most noticeable effects, but many other factors are also responsible for the 

improvement of sensing performance in these heterostructure devices. 

The advancement of research in material science has led to the development of new forms 

of electronics. In macroelectronics, one of the key components of thin-film transistors (TFTs) is 

its channel and in the last decade there has been considerable research for materials such as 

polysilicon, organic semiconductor and amorphous silicon [96-100]. In the recent years, there is a 

great increase in the research interest for the nanomaterials including one dimensional carbon 

nanotubes, quantum dots [101-102], and two dimensional (2D) materials as they render much 

improved performance than organic semiconductors. Particularly, owing to their remarkably 

superior carrier mobility, stability and outstanding mechanical flexibility the carbon nanotubes 

(CNTs) carry on great promise for highly beneficial flexible or stretchable microelectronics. 

Carbon nanotubes molecular scale wires have high mechanical strength and stiffness [103-108].  

The seamless cylindrical single walled carbon nanotubes (SWNTs) are obtained when the 

graphene sheet is rolled along the vector Ch = na1 + ma2, where graphene with hexagonal crystal 

lattice having a1 and a2 as basis vector. Two structural parameters, such as diameter and chirality 

of the nanotubes were defined by the indices (n,m). Theoretically, the carbon nanotubes can depict 

different electrical characteristics depending on the indices (n,m) such that when the difference of 

indices (n-m) equals to the multiples of 3 than the characteristics shown is metallic and for all the 

other values it is semiconducting. Further, for the semiconducting nanotube the band gap is 

inversely proportional to its diameter [109].  

For the molecular electronic devices, the SWNTs is an ideal candidate because of its unique 

structure property-e.g., semiconducting SWNTs plays as a channel material for field effect 
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transistor (FET) while the metallic nanotubes act as interconnects [110-112]. In addition, various 

researchers have already revealed that as compared with conventional materials, the SWNTs 

exhibit very exciting electronic properties. In case of metallic SWNTs, the current carrying 

capacity can reach up to 109 A cm−2 which is much better than the best conducting metals such as 

copper and aluminium. Also, semiconducting SWNTs exhibits field effect mobility up to 104 cm2 

V−1 s−1 which is much more as compared with silicon [113-117].  

Numerous flexible substrates which are often selected for sensing applications are of 

polymers like poly (dimethyl siloxane) (PDMS), [118-120] polyetheretherketone, Polycarbonate, 

polyethersulfone (PES),[121] Polyethylene naphthalate (PEN),[122-123] polyimide (PI) and also 

of polyester resins such as polyethylene terephthalate (PET) [124-125]. Materials such as nylon 

rope [126] and paper are also used as substrate for sensing applications. The various essential 

characteristics of a material to be suitable for practical sensing applications are chemical 

resistance, flexibility, transparency and thermal resistance [127]. The critical functioning of an 

electronic device depends on the conducting material which allows the communication among the 

various components of electronic devices. The core materials for sensing application can be 

nanowires, nanoparticles, nanotube or thin films [128].  

The interactions between CNTs and polymers having large molecules with functional 

groups can be electrostatics or covalent, hydrogen bonding or π-stacking. This chemical interaction 

of polymers and CNTs leads to the formation of strong components coupling. Consequently, 

modifying the surface of the CNTs tube and inter-tube interactions. This strong coupling has been 

reported in CNTs-conducting polymer interactions. Conducting polymers are organic polymers 

with conjugated π-system and repeating monomer units. The charge transfer largely depends on 

the level of doping concentration. The typical examples are polyphenylene vinylene (PPV), 

polyacetylene and polyaniline [129]. Alternatively, the interaction between CNTs and polymers 

can be a weak van der waal force of attraction. The decoration of CNTs with polymers brings 

about entropic interactions among the layers of polymers. 

In this chapter, I analyze the latest developments in the area of flexible and stretchable 

electronics with carbon nanotubes as channel material for various sensors. Our aim is to emphasize 

on numerous types of available flexible sensors based on carbon nanotubes. Instead of compiling 

all consistent earlier work, this paper is focused on significant work that may offer essential future 



80 
 

trends of carbon nanotubes based flexible sensors. The analysis presented here is expected to 

promote a more persuasive transaction of ideas and more profound interest in this developing field. 

The choice of materials and the fabrication of devices are also covered. I also present the 

comprehensive summary of engineering technologies with a priority on fabrication of flexible 

sensors. This chapter is formulated as: "flexible electronics application based on carbon nanotube 

network," in this section I examine the progress made in the field of flexible or stretchable sensors 

based on carbon nanotubes. In the conclusion section, I have concluded with the present-day 

leftover question and future potential in the field of flexible electronics. 

According to a 2018 report of the World Health Organization (WHO), air pollution is one 

of the major environmental risks to health. Diseases like stroke and cancer are killing millions of 

people every year owing to inhalation of microscopic pollutants present in the air, which can easily 

penetrate into the circulatory and respiratory systems, damaging heart, brain, and lungs. According 

to this report, the majority of the world's population is living in places where WHO air quality 

guidelines are not met [130]. The major contributors to deteriorating air are nitrogen oxides (NOx) 

such as nitrogen dioxide (NO2) and nitrogen oxide (NO) [131]. Anthropogenic activities, especially 

combustion practices are responsible for the presence of the most prevalent and toxic form of NOx 

gases, i.e., NO2 in the atmosphere. Excessive exposure to NO2 has adverse effects on both human 

and wildlife. The trace amount detection of NO2 in the medical field is highly desirable because 

of its ability to give fingerprints for chronic obstructive pulmonary disease (COPD). The indoor 

threshold limit value (TLV) for NO2 as stated by occupational safety and health administration is 

5 ppm. Besides, the long term (LTEV) and short-term exposure (STEV) values for NO2 are 3 and 

5 ppm, respectively, as stated by ACGIH (American Conference of Governmental Industrial 

Hygienists is also known as Association Advancing Occupational and Environmental Health) 

[132]. In the modern world, with the abrupt rise of industry and rapid increments in the number of 

automobiles, NO2 has become a major contributor to pollution. NO2 is also responsible for the 

formation of acid rain and ozone-depleting substances emitted through human activities [133-136]. 

And it raises the demands for NO2 detectors. 

Over the past decades, extensive work has been done on metal oxide-based NO2 gas 

sensors. The presence of active sites on the surface of metal oxides is responsible for their gas 

sensing properties. Thus, the gas sensing mechanism mainly depends on the amount of 
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crystallinity, particle size and the number of defects present in metal oxide nanostructures. 

Different nanostructures of metal oxides such as nanorods, nanoparticles and nanoflowers, have 

been used in NO2 gas sensor fabrication because of their inherent properties like low cost, high 

chemical and thermal stabilities, nontoxicity and high chemical sensitivities which are attributed 

to the presence of high-density free charge carriers [137]. The low surface area of bulk silicon 

makes it's unsuitable for sensing applications. However, metal-assisted chemical etching method 

is used for obtaining porous silicon which shows fast response and selectivity towards NO2 [138]. 

The mechanism of resistive NO2 gas sensing based on metal oxides and TMDs is as 

follows: an electronic device whose electrical resistance is a function of ambient gas concentration 

is generally used as a resistive gas sensor. The detection of various ambient gases with variations 

of their concentration is particularly achieved by resistive gas sensors. The main part of the sensor 

is an active layer. The active layer can be made up of various materials which could be organic, 

inorganic or a hybrid combination of the two. The function of transducers is to convert variations 

in chemical interactions (i.e., electrostatic interactions, the formation of H-bonds, etc.) to a 

measurable signal (electrical, optical, etc.) or physical property (i.e., conductivity, refractive index, 

etc.) corresponding to gas concentration [139-142]. Several mechanisms are involved in a gas 

sensor operation such as sensing and transduction (optical, electrochemical, capacitive, resistive, 

etc.). However, the main disadvantage of the resistive gas sensors includes limited sensitivity and 

poor or no selectivity. Various strategies have been employed to overcome these shortcomings, 

e.g., formation of porous sensing layers, varying the operating temperature of the sensor, etc. [143]. 

In the beginning, the fascinating properties of graphene and its derivatives attracted 

researchers to develop NO2 detector based on them, but the absence of an electronic bandgap in 

graphene has forced researchers to find some alternative elements such as 2D materials with 

semiconducting properties. In this process, transition metals di-chalcogenides (TMDs) being 

semiconducting in nature and an MX2 structure, where ‘M’ stands for transition metal atoms (such 

as W, Mo, Ti, Ta) and ‘X’ stands for a chalcogen atom (such as S, Se, Te). The robustness of MoS2 

makes it the most studied TMD material. The use of TMD materials in fields such as flexible 

electronics, optoelectronics, high-end electronics, energy harvesting, personalized medicine, 

spintronic and DNA sequencing have been possible due to their strong spin-orbit coupling, a 
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unique combination of atomic-scale thickness, favourable electronic and mechanical properties 

and direct bandgap structure [144-150]. 

With progress in nanotechnology over the years, significant progress has been made in 

sensing technology with conducting polymers, carbon nanotubes and 2D materials and oxide 

nanostructures. Nowadays, in materials engineering, the use of transition metals di-chalcogenides 

(TMDs) and metal oxides has become the most impressive way for improving the performance of 

solid-state materials-based gas sensors. The use of metal oxides and TMDs is known to improve 

the selectivity, sensitivity, response and repeatability, of gas sensors [151-153]. Many solid-state 

gas sensors have been developed for detecting different toxic gases. Among these transition metals 

di-chalcogenides (TMDs) and metal oxides based chemiresistive gas sensors are quite promising. 

These sensors have low response time, high sensitivity, selectivity, cost-effective and great 

suitability for the design of movable apparatus. These unique properties make the sensor more 

suitable for advanced applications like an artificial nose, portable instruments and alarm systems 

[154-155]. 

Several strategies have been employed to enhance the performance of metal oxide-based 

sensors such as (1) one dimensional metal oxide nanostructures show improved thermal stability; 

(2) surface modification of noble metals is known to improve the response-recovery kinetics and 

sensitivity of the overall device; and (3) the morphology of deposit films and catalytic reactivity 

can be modified by doping the metal oxides with transition metals [156-159]. In recent years, 

nanostructured metal oxides have attracted huge attention to their application in NO2 gas sensors 

[160-165]. 

The mechanism behind enhancement in sensor response can be attributed to the modulation 

behaviour of p-n junction as well as the contact resistances. The total variation in sensor resistance 

during molecule desorption/adsorption processes could be ascribed to occupation modulation of 

sorption sites and periodic tailoring of p-n junctions. For example, when n-type MoS2 is exposed 

to air, the surface adsorbed oxygen will capture electrons from the conduction band to generate 

oxygen anions (O2
−), resulting in the formation of an electron shell depletion region (EDR) on the 

surface. Hence, this procedure leads to an n-type semiconducting core region as low resistance and 

EDR as high resistance regions. In the case of p-type semiconductors, the adsorbed oxygen anions 

from the hole accumulation region (HAR) as a low resistance region near the material surface 
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because of the electrostatic interaction between oppositely charged species. Prior to NO2 gas 

exposure, p-n junction results in an extension of charge depletion layer by recombination of 

electrons and holes. Considering that molecular NO2 adsorption proceeds in the form of NO2
− via 

continuous electron withdrawal from rGO or MoS2, both HAR and EDR would be extended, 

accompanying a negative and positive impact on the resistance increase, respectively. However, 

upon exposure to NO2 gas, the effect of HAR on total resistance change dominates over EDR, 

thereby leading to a net decrease of overall resistance [166-167]. This effect can be ascribed to 

more reluctance in MoS2 to its resistance change than rGO. 

The advancements in the material engineering for achieving the optimum performance or 

even possibly achieve new function for feasible utilization involve hybridization of two or more 

materials, which is the most interesting progress to vanquish the flaws of a particular material 

[168-169]. The recent success to use scalable techniques and solution precessing for preparing 2D 

TMDs nanosheets has created a great opportunity for developing functional composite 

nanostructures by exploiting them as building blocks [170]. In the last ten years, most of the studies 

have focused on the construction of functional composites of reduced graphene oxide (rGO) and 

graphene oxide (GO) for various applications. Success in the development of graphene-based 

nanostructures has inspired many researchers to explore various ways of incorporating ultrathin 

layers of TMDs in different materials [171-176]. Generally, the research based on TMDs is 

concentrated on: (1) the assembly or synthesis of TMD sheets of hierarchical nanostructures, (2) 

layered composites of TMD nanostructures, (3) developing in-plane doped or 2D alloyed 

heterostructures. 

In the last decade, NO2 sensor development has been reviewed by numerous researchers 

based on a diverse range of materials, i.e., metal oxide nanoparticles, 2D materials like MoS2, 

carbon nanotubes [177-182], nanowires [183-184], polymers [185-186], and so on. The progress 

of the NO2 gas sensor can be analyzed by the number of scientific publications in the last decade 

as shown in Figure 4.2. In this chapter, our aspiration is to provide a summary and comprehensive 

study of the promptly rising research direction and broad perspective of the crucial challenges, 

prospects and knowledge in this encouraging area of NO2 gas sensors. The gas sensors on NO2 

have been developed based on many materials and hybrid structures, but here our focus will be on 

NO2 gas sensors on 2D TMDs and metal oxide-based nanostructures. The progress in various 
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characteristics such as structure, method of preparation, concentration, sensitivity, operating 

temperature and recovery and response time for NO2 gas sensors based on 2D-TMDs and hybrid 

structure is summarized in Table 4.2. Table 4.3 shows a comparison of various sensor parameters 

for NO2 gas sensors developed from metal oxides and their composites. 

 

Figure 4. 2:  The number of publications on NO2 gas sensors from 2002 to 2018 (internet search 

of the web of science on 1st January 2019). Keywords for search: NO2 gas sensor. 

 

Table 4. 2:  NO2 gas sensors based on 2D transition metal di-chalcogenides (TMDs). 

 

Sl.

no 

Method 

of 

preparati

on 

Structure Material

s 

Concent

ration 

Respons

e 

time/Rec

overy 

time 

Resp

onse 

Operati

ng 

temper

ature 

(°C) 

Refere

nces 

1. Hydrothe

rmal 

3D flower MoS2 50 ppm −/− 78% 150 [144] 
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2. Aerogel 

conducto

metric 

Composite WS2/GA 2 ppm 100 s/300 

s 

3% 180 [145] 

3. Hydrothe

rmal-

CTAB 

3D flower MoS2 50 ppm −/− 60% 100 [146] 

4. Sulphuris

ation 

Vertically 

aligned 

MoS2/Zn

O NWs 

50 ppm 5 min/- 31.2% 200 [148] 

5. Hydrothe

rmal 

Nanosheet

s 

WS2 0.1 ppm −/− 9.3% RT [187] 

6. Wet 

chemical 

Hybrid MoS2-

RGO 

3 ppm 8 s/20 s 1.23 160 [188] 

7. Hydrothe

rmal 

Hollow MoS2 100 ppm 79 s/225 

s 

40.3% 150 [189] 

8. Two-step 

CVD 

Bilayer MoS2 1 ppm 11.3/5.3 

min 

2.6% RT [190] 

9. Solvother

mal 

Nanocomp

osite 

RGO-

MoS2-

CdS 

0.2 ppm 25 s/34 s 27.4% 75 [191] 

10. CVD Monolayer MoS2 400 ppb 16 s/65 s 670% RT (625 

nm, 4 

mW/cm

2 

[192] 

11. CVD Nanowires MoS2 5 ppm 16 s/172 

s 

18.1% 60 [193] 

12. Redox 

reaction 

Nanopartic

le 

MoS2–

Au 

2.5 ppm 4/14 min 30% RT [194] 

13. Annealin

g 

Nanocomp

osite 

NiO/WO

3 

30 ppm 2.5 s/1.1 

s 

4.8 RT [195] 
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14. Electrospi

nning 

Nanofiber WS2@M

TCNFs 

1 ppm 3.73 

min/- 

15% RT [196] 

15. Chemical 

etching + 

CVD 

Nanosheet MoS2/PS

i NWs 

50 ppm −/− 28.4% RT [197] 

16. Wet 

chemical 

Nanostruct

ure 

MoS2/Zn

O 

5 ppm 40 s/1000 

s 

3050

% 

RT [198] 

17. Nucleatio

n 

controlled 

Microflow

ers 

MoS2–

MoO3 

10 ppm ~19 

s/~182 s 

33.6% RT [199] 

18. CVD flakes VA-

MoS2 

50 ppm −/− 48.32

% 

100 [200] 

 

Table 4. 3:  NO2 gas sensors based on Metal-oxide based nanostructures. 

 

 

Sl.no Method of  

preparation 

Structure Materials Concent-

ration 

Response 

time/Recovery 

time 

Response Operating 

temperature 

(°C) 

Ref. 

1. Facile 

solvothermal 

Microspheres ZnO/SnO2 100 ppm ~33 s/~7 s 258 200  

[160] 

2. Spray 

deposition 

Heterojunction ZnO/m-

SWCNT 

10 ppm 74 s/-   RT  

[201] 

3. Surface 

etching 

Microwire 

(MW) 

ZnO 10-50 

ppm 

221 s/118 s ~411% - [162] 

4. Facile two-

step synthesis 

Actinomorphic  

flower 

ZnO/ZnFe2O4 0.1 ppm 7 s/15 s 250 200  

[163] 

5. Hydrothermal Silk Fibroin(SF) ZnO/SF 20 ppm 26 s/16 s 85 RT [164] 

6. Drop casting Heterostructures Silicon/ZnO 200 ppb 50 s/- 35% 25 [165] 

7. Modified 

polymer-

Heterostructures ZnO-Ag 0.5-5 

ppm 

~250 s/~200 s 1.545 

ppm-1 

RT (470 

nm/75 

mW/cm2) 

[202] 
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network gel 

method 

8. Thermal 

reduction 

Nanosheets ZnO/rGO 50 ppm 25 s/15 s 9.61 RT [203] 

9. Facile 

Hydrothermal 

Nanowire ZnO 1-30 ppm 25 s/21 s 3.3 250 [204] 

10. Facile three-

step process 

Nanowire ZnO-CuO 10 ppm ~400 s/~300 s 48.4 350 [205] 

11. Thermal 

evaporation 

Heterostructure ZnO/CuO 100 ppm 14 s/197 s 175% 150 [206] 

12. Sol-gel spin 

coating 

Thin film ZnO 100 ppm 3 s/137 s 12.3 200 [207] 

13. Thermal 

evaporation 

Nanorods ZnO 100 ppm 35 s/206 s 622 200 [183] 

 

  

14. Thermal 

evaporation 

Nanowires ZnO 100 

ppm 

17 s/290 s 101 200 [183] 

15. Facile Two-

step 

Hydrothermal 

Hierarchical 

nanostructures 

SnO2@ZnO 5 ppb 60 s/45 s 0.2 150 [184] 

16. Electrospinning Nanowebs SnO2-NiO 1,5,10 

ppm 

330,173,163 

s/ 

261,301,204 

s 

10.5,22.8, 

36 

300 [208] 

17. Oil bath 

precipitation 

Brick-like In2O3 500 

ppb 

114 s/49 s 402 50 [209] 

18. Precipitation- 

calcination 

Mesoporous 

sheets 

ZnO 1 ppm 3/2.5 min 130% RT [210] 

19. Hydrothermal Nanowires Pd-ZnO 1 ppm 141 s/177 s 13.5 100 [157] 

20. Thermal 

reduction 

Nanowalls ZnO/rGO 50 

ppm 

-37 s/2 s 35.31 RT(365 

nm/1.2mW/cm2 

[211] 

21. Thermal 

annealing 

Film ZnO/rGO 100 

ppm 

6.2/15.5 

min 

47.4% RT [212] 

22. Sol-gel spin 

coating 

Thin film Al:ZnO 100 

ppm 

8 s/121 s 18.5 200 [213] 
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23. Hydrothermal Nanowire Au-ZnO 1 ppm 29 s/18 s 31.4 150 [383] 

24. Sol-gel Thin film G-ZnO 5 ppm 150 s/315 s 894% 150 [214] 

25. OFET Nanostructure P3HT-

ZnO@GO 

1,5 

ppm 

-/- 32,210% RT [215] 

26. Microwave 

assisted 

hydrothermal 

Hollow 

spheres 

ZnO-BP 1 ppb 2 s/16 s 130.7% RT [216] 

27. Brush coating Nanoparticles ZnO 234 

ppm 

2 s/20 s 275% 280 [217] 

28. Thermal 

evaporation 

and sol-gel 

Nanorods Pd/ZnO-

SnO2 

5 ppm 17.74 s/60 s 5.52 300 [218] 

29. Wet chemical 

and refluxing   

Nanochains CuO-

ZnO/rGO 

40 

ppm 

40 s/- 62.9% RT [219] 

30. Soft chemical 

synthetic 

Flower shaped 

thin film 

ZnO 10 

ppm 

65 s/54 s 55 200 [161] 

 

 Procedure for developing sensors 

 Growth of CNTs 

There are three main principles for the growth of high-quality carbon nanotubes: CVD, 

laser ablation and electric arc discharge. Laser ablation and Arc discharge are essentially the 

modified version of Physical Vapor deposition (PVD) technique which comprises condensation of 

hot gaseous, carbon atoms usually achieved by heating solid carbon. However, arc discharge and 

laser ablation methods are not suitable for laboratory research because of the complex instrument 

requirement and a large amount of power consumption. In addition, this process takes place at very 

high-temperatures so the final product is accompanied with amorphous carbon impurities and 

catalysts [220-222]. Due to high operating temperatures of these two methods of CNTs growth, 

the process is difficult to control, thus MWNTs are obtained as a network of misaligned nanotubes. 

Also, by laser ablation and arc discharge techniques, I cannot deposit CNTs on a substrate, which 

is essential requirement for making any device based on CNTs. For utilizing CNTs deposited by 

arc discharge or laser ablation technique, I require several post CNTs deposit steps such as 

purification and deposition of CNTs on substrate, which increases the cost of device fabrication. 

Such kind of post treatment and steps are not required in case of CVD technique, that’s why CVD 

https://www.sciencedirect.com/topics/chemistry/carbon-nanotube
https://www.sciencedirect.com/topics/engineering/laser-ablation
https://www.sciencedirect.com/topics/engineering/arc-discharge
https://www.sciencedirect.com/topics/physics-and-astronomy/vapor-deposition
https://www.sciencedirect.com/topics/physics-and-astronomy/condensation
https://www.sciencedirect.com/topics/engineering/research-laboratories
https://www.sciencedirect.com/topics/engineering/electric-power-utilization
https://www.sciencedirect.com/topics/engineering/amorphous-carbon
https://www.sciencedirect.com/topics/engineering/high-operating-temperature
https://www.sciencedirect.com/topics/physics-and-astronomy/nanotubes
https://www.sciencedirect.com/topics/engineering/purification
https://www.sciencedirect.com/topics/engineering/fabrication
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method has become most crucial commercial method for growing CNTs [223-224]. CVD is a 

deposition process of growing solid from gases or variety of gases using a heterogeneous reaction. 

Depending on the deposition conditions, this reaction begins at the gas-solid substrate and the 

growth technique can be controlled by the contained by diffusion and surface kinematics. In order 

to fabricate a thin layer of metals, semiconductors or insulators on a different substrate, CVD is a 

preferred technique. This process can be easily calibrated up to industrial production which can’t 

be achieved by laser ablation and arc discharge method. For large turnout, and relatively pure 

growth of CNTs at a moderate temperature. Stable nature of the reaction basically convoluted in 

CVD, which offers better growth control. In addition, through a careful designing of catalysts 

pattern on the substrate, it is easier to regulate the size, shape and calibration of nanotubes. CVD 

is an irreversible deposition system in which hydrocarbons such as CH4, C2H2, benzene, CO, 

ethanol or ethylene are used as a source of carbon and as precursor gases flow into the cell [225-

226]. These hydrocarbon gases are decomposed into reactive species at a temperature around 500-

1000 °C depending on the required thickness of carbon nanotubes to be grown. CNTs formation 

takes place when the receptive species react in the existence of transition metal catalysts like Co, 

Ni, and Fe. In addition to these catalysts, other metal catalysts which have been used are: Ta, W, 

Re, Hf, Mn, Sc, V, Ti, Cr, Mo, Nb, Y, Zr, etc. Green plant extract has been used as catalyst for the 

synthesis of carbon nanotubes [227]. Besides, a combination of these metals can also be used as a 

catalyst to grow CNTs [228-229]. 

There are two different modes of CNTs growth as reported by Nessim, such as “growth 

then place” and “growth in place”. The advantages of growth in place i.e CVD technique over the 

laser ablation and arc discharge includes the growth of vertically aligned CNTs (VACNT), better 

physical interaction with the substrate, control and tuning of CNT position on catalyst dots and 

rapid growth. There are many advantages of CVD method over the Laser Ablation and Arc 

discharge methods; (1) the reactor design and reaction process are simple and also control and 

manipulation of reaction process is simple. (2) The availability of raw material in the form of gases 

are abundant. (3) In terms of unit price, the CVD process is cheap as it requires less operating 

temperature and also not difficult to produce targets. (4) This process is unique for producing 

vertically aligned carbon nanotubes and other two processes are incapable of producing aligned 

carbon nanotubes. (5) The nature of operation is similar to chemical unit operations that’s why the 

process can be designed for continuous operation and easily scaled up to large industrial 

https://www.sciencedirect.com/topics/engineering/deposition-process
https://www.sciencedirect.com/topics/engineering/heterogeneous-reaction
https://www.sciencedirect.com/topics/engineering/deposition-condition
https://www.sciencedirect.com/topics/physics-and-astronomy/kinematics
https://www.sciencedirect.com/topics/physics-and-astronomy/insulators
https://www.sciencedirect.com/topics/engineering/deposition-system
https://www.sciencedirect.com/topics/physics-and-astronomy/hydrocarbon
https://www.sciencedirect.com/topics/engineering/metal-catalyst
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production. (6) The CVD ease out the further process of further collection and separation and also 

eliminate the post refining process to at large extent because this process is capable of producing 

CNTs directly on the substrates. In some cases, refining is required for further purification [230]. 

Compared with other two methods to grow CNTs; CVD requires the relatively lower temperature 

to grow CNTs, therefore this method is suitable for scaling up the growth of SWNTs. Quality of 

SWNTs can be improved by optimizing the catalysts. The CVD synthesis process can be discussed 

into two groups: surface synthesis and bulk synthesis on flat substrates. The superiority of surface 

synthesis process is that the eventual outcome is cleaner than the one developed by bulk synthesis. 

Additionally, the most important advantage of surface synthesis which makes it more relevant for 

device fabrication is that it provides better alignment of carbon nanotubes and control over the 

diameter [231-232]. 

 

  Purification of CNTs 

As I mentioned above, in arc discharge and laser ablation technique, the growth of CNTs 

is accompanied with a number of undesired materials which can have deteriorating impacts on the 

fundamental properties of CNTs. The CNTs, produced from arc discharge and laser ablation 

methods, for sensor application require an additional step of obtaining high-quality CNTs, which 

is necessary for making CNT-based devices more reliable. Purification mechanism for as grown 

CNTs is very complex [233-234]. Carbonaceous contamination and metallic impurities are the 

most commonly found impurities. A byproduct of the reaction process is carbonaceous impurities 

while the metallic impurities are the leftover catalysts. 

Chemical oxidation is the first step of purification to remove the carbonaceous impurities. 

Acids which are frequently used in this process are nitric and hydrochloric acids. Additional steps 

which are involved in the purification are decanting, centrifugation or filtration, succeeded by 

cleaning in deionized water [235-236]. For removing the metallic impurities the sample is heated 

up to the vaporization temperature of contaminant such that the impurities are evaporated. For 

deeper refinement of gas or vapor, oxidation is useful. Finally, in order to reduce the agglomeration 

of nanotubes, the nanotubes are gently treated in an ultrasonic bath. Comprehensive purification 

and higher CNTs yield are obtained by frequently combining the above approaches. 

https://www.sciencedirect.com/topics/engineering/flat-substrate
https://www.sciencedirect.com/topics/engineering/application-of-sensors
https://www.sciencedirect.com/topics/chemistry/byproduct
https://www.sciencedirect.com/topics/engineering/chemical-oxidation
https://www.sciencedirect.com/topics/engineering/hydrochloric-acid
https://www.sciencedirect.com/topics/chemistry/centrifugation
https://www.sciencedirect.com/topics/engineering/deionized-water
https://www.sciencedirect.com/topics/physics-and-astronomy/vaporization
https://www.sciencedirect.com/topics/physics-and-astronomy/contaminants
https://www.sciencedirect.com/topics/physics-and-astronomy/agglomeration
https://www.sciencedirect.com/topics/physics-and-astronomy/ultrasonics
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The process for separating carbonaceous impurities out of the surface of carbon nanotubes 

(CNTs) includes the following steps: (1) a specimen consisting of CNTs, in which at least a 

component of the exterior surfaces of said nanotubes are partly or entirely covered with 

carbonaceous impurities, and also the structure of carbonaceous coatings is unlike from that of 

CNTs. (2) In the next step an intercalant is added to the sample, in which the said intercalant inserts 

into interstitial sites between CNTs and carbonaceous coatings, thereby generating intercalated 

carbon layers; and (3) An exfoliation initiator is added to the sample which reacts with intercalant 

in said intercalated carbon layers, the reaction between intercalant present between carbon 

nanotubes and carbonaceous coating and exfoliation initiator exfoliates carbonaceous coating, 

thereby removing carbonaceous coatings from the outer surfaces of CNTs. 

Mostly purification methods are based on “wet-chemical” treatment as this method allows 

large scale processing [237]. However, this method leads to a lot of defects in the nanotubes 

because of the involvement of strong acids. Therefore, procedures such as filtering and drying after 

the chemical etching substantially lower the quality of carbon nanotubes. Another simple way of 

purification of carbon nanostructured materials is “dry” oxidation at a high temperature in the 

presence of air. Most important use of this process is to remove the metal catalysts present by wet 

oxidation. The metal molecules cause the low-temperature deterioration of the CNT in the 

presence of oxygen, which decreases yield dramatically. 

 

 Development of CNTs-based gas sensors 

Generally, there are three different techniques applied to fabricate CNTs based gas sensor 

devices. (1) Casting technique, (2) Di-electrophoresis (DEP), (3) Screen printing. In case of casting 

technique, Resistive gas sensors were developed by Li et al. [238] by directly casting SWNTs on 

interdigitated electrodes (IDEs). Photolithography is used to fabricate electrodes by evaporation 

of Ti and Au on silicon electrodes. Before integrating SWNTs into IDEs, the as grown SWNTs 

were first purified with acids and then by air erosion. As a result, the impact of impurities on 

sensors characteristics was minimized because of the relative purity (up to 99.6%) of SWNTs. 

Dimethylformamide (DMF) is used as a dispersion medium for purified nanotubes and after that 

drop-deposited on the electrode range. The subsequent evaporation of DMF leads to the formation 

of nanotubes network. 

https://www.sciencedirect.com/topics/engineering/interstitial-site
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In case of screen printing, CNTs composition is blended with organic binders (Ethyl 

Cellulose, Terpineol) and on electrodes coated tube the glass frits are printed. Annealing is done 

under N2 atmosphere in order to remove the organic binders. This technique was first used by Lee 

et al. for developing a gas sensor based on MWNTs for detecting NO2 gas [8]. 

Dielectrophoresis (DEP) method is another technique to produce CNTs based devices. In 

this technique, a force is applied on non-conducting substance. Under the influence of non-uniform 

electric field and also, this force does not need the particle to be charged. All particles display 

dielectrophoretic exertion in the presence of electric field. However, the vitality of force bank on 

many things such as on particles shape, particle size, particles electrical properties further on the 

frequency of the electric field. DEP can also be used to influence the CNTs for separation, 

orientation, and positioning of CNTs. Consequently, the field of a peculiar frequency can be used 

to manipulate molecules with considerable selectivity. Moreover, an adjustment in DEP force as 

an operation of frequency can be used to study electrical properties of the particles. It has been 

demonstrated by Suehiro et al. [239] described that the DEP fabrication method can provide a good 

electrical network between electrodes and CNTs. Spray deposition technique and transfer printing 

were used by Ahmed Abdelhalim for developing carbon nanotubes thin film on elastic substrates 

[240]. Spray coating is the best choice when the demands are low cost and large scalability because 

it is a simple and rapid method to deposit carbon nanotube layers. In comparison with the spin 

coating and dip coating approaches, the spray deposition does not compromise with the efficient 

uses of the material nor with the surface roughness [241-242]. In spite of all these efficiencies of 

spray deposition techniques, they lack certain features which are very critical for large scale 

production of films. In the spray deposition process colloidal suspension is consistently distributed 

over the substrate and dispersing liquid is vaporized by heating, thus leaving the colloidal deposit 

to form the patina. In the case of pattern transfer, the carbon nanotube films are relocated from the 

glass to the PDMS and it is accomplished by jutting delicately the PDMs layer to the glass where 

CNTs are deposited, while ensuring that no bubbles appear on the surface. The PDMS layer with 

the relocated CNTs layer is placed on the plastic substrate and finally heated. Temperature is very 

important factor in relocating the CNT from PDMs to the plastic substrate [243-245]. 
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 Various types of CNT-based gas sensors 

Types of detection gases 

 Oxidizing gases 

An innovative gas sensor established on thin film carbon nanotubes with enhanced sub 

ppm sensitivity, selectivity and stability at rationally low temperature was successfully developed 

and tested by [246]. In this regard, carbon nanotubes narrow films were developed by rf PECVD. 

Carbon nanotubes were grown by depositing 5 nm thick Ni as a catalyst on Si3N4/Si substrate. 

The electrical resistance was measured using Keithley 2001 multimeter as a function of the 

operating temperatures, using three distinct thermal analyses. Figure 4.3 (a) displays that if the 

heating and cooling thermal period is maintained in the temperature range of 25–250 °C, then the 

sensor response is constantly varying (AA’ and CC’) but when the temperature increases more 

than 250 °C then uniform microstructural dislocation of the structure takes place. It happens 

because of the transition of the material from metal to semiconductor. This hypothesis is based on 

empirical testimony. Figure 4.3 (b) displays the dynamic response of gas sensor at operating 

temperature 165 °C at a concentration of NO2 lies in the range 10 to 100 ppb. It is evident from the 

figure that the sensor is receptive to NO2 concentration as low as 10 ppb. When the concentration 

of NO2 is decreased or increased gradually in this spectrum, the sensor feedback is reproducible 

and steady. It was also concluded that the narrow film grown by r.f PECVD demonstrates that the 

CNTs are important material for detecting toxic/harmful gases such as NO2 with detection limit as 

low as 10 ppb. By choosing appropriate thermal analysis protocols the sensitivity of NO2 thin film 

can be improved. 

 

https://www.sciencedirect.com/topics/chemistry/carbon-nanotube
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Figure 4. 3:  Fig. 1. (a) Change of the CNTs’ film resistance as an objective of temperature; (b) 

resistance change at different concentrations of NO2. Copyright permission from [246]. 

Xian Li et al. developed an innovative NO2 resistive room temperature (RT) gas sensor 

utilizing metallic single-walled carbon nanotubes (m-SWCNT) as electrodes and ZnO wire as 

sensing material. There are many studies showing that (ZnO) zinc oxide nanostructures are 

exemplary material which acapable of detecting NO2 [247]. Interestingly, it was found that ZnO 

wire gave n-type response that on Au/Ti electrodes while on m-SWNTs electrode gave p-type of 

response to NO2 gas molecules. It was fond that the ZnO/Au device depicts less response to NO2 

gas in comparison to ZnO/m-SWNTs device. SWNTs electrodes were fabricated on the substrate 

by employing airbrush by spray deposition technique. Annealing at 300 °C was done for the better 

interface contact of the substrate Si/SiO2. Applying the same spray deposition technique ZnO was 

accumulated on the m-SWNTs electrode to obtain ZnO/m-SWNTs sensing device. The standard 

photolithography process of fabrication was used to obtain Au/Ti interdigitated electrode for 

ZnO/Au gas sensor. Figure 4.4 Shows the NO2 sensing response for the ZnO/m-SWNTs device. 

(a) The real time resistance shift for the different concentrations of NO2 and (b) sensing response 

(excellent repeatability for 3 cycles of 2.5 ppm NO2). Figure 4.5 Shows the NO2 sensing response 

for the device ZnO/Au. (a) Shows the real time resistance shift for the various concentrations of 

NO2. (b) Sensing response (excellent repeatability for 3 cycles of 2.5 ppm NO2). In case of ZnO/Au 

device, the interface barrier is high so I can ignore the Relectrode and Rmaterials on the other hand 

in case of ZnO/m-SWNTs interface because of low work function the junction schottky barrier is 

weaker than that of ZnO/Au and even disappeared. In Spite of all these the resistance of m-SWNTs 

is high and makes a significant addition in the overall resistance, which cannot be neglected. That's 

why m-SWNTs plays a crucial role in NO2 sensing. After analyzing the response of the two devices 

https://www.sciencedirect.com/topics/engineering/single-walled-carbon-nanotube
https://www.sciencedirect.com/topics/physics-and-astronomy/electrodes
https://www.sciencedirect.com/topics/engineering/zinc-oxide
https://www.sciencedirect.com/topics/chemistry/nanomaterial
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I can conclude that the ZnO/m-SWNTs device has faster response to NO2 gas as compared with a 

traditional ZnO/Au device. The traditional sensing device ZnO/Au has reverse sensing response 

and may be associated with diverse schottky barrier features at ZnO/m-SWNTs interface. 

 

Figure 4. 4: ZnO/m-SWNTs device sensing properties for NO2 (a) real time resistance response 

under the different concentration of NO2 and (b) sensing response (inserted repeatability 

response for 2.5 ppm NO2). Copyright permission from [247]. 

 

Figure 4. 5: NO2 sensing properties for ZnO nanowire on Au/Ti electrodes (a) for the different 

concentrations of NO2 the real time resistance change (b) sensing response (inserted repeatability 

response for 2.5 ppm NO2). Copyright permission from [247]. 

In 2017, Choi et al. demonstrated a NO2 sensor based on SWCNTs which are highly 

selective and sensitive [248]. Sputtering and thermal treatment were used to decorate Pt 

nanoparticles (NPs) on the SWNTs under atmosphere. The dependence of operating temperature 

on the sensing capability of SWNTs were studied using NO2 as representative oxidizing gas. The 

https://www.sciencedirect.com/topics/engineering/nanowire
https://www.sciencedirect.com/topics/physics-and-astronomy/electrodes
https://www.sciencedirect.com/topics/chemistry/nanoparticle
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complete schematic process of the development of the Pt-NPs decorated SWNTs sensor is depicted 

in the Figure 4.6 As shown below. Sputtering technique was used of decorating 10 nm thick Pt-

NPs on the surface of SWNTs under Ar ambient atmosphere. The Pt-NPs decoration of SWNTs 

sensor enhanced the sensitivity and selectivity. It was found that in comparison to pure SWNTs 

sensor, the Pt-NPs decorated SWNTs sensor response was ∼5 fold higher for 2 ppm NO2 gas. In 

addition, for 2 ppm NO2 gas the PT-NPs decorated SWNTs sensor shown ∼63% response at 

100 °C. The increase in the NO2 sensing mechanism at higher temperature is mainly attributed due 

to the special catalytic role played by the Pt-NPs and there is modulation in the SWNs conduction 

channel due to the presence of Pt-NPs which also plays an integral role in sensing mechanism. 

 

Figure 4. 6: Schematic diagram of the different steps involved in the fabrication of Pt-NPs 

decorated SWNTs sensor. Copyright permission from [248]. 

Kwon et al. developed a NO2 sensor based on MWCNTs decorated with ZnO [249]. It was 

prepared by using thermal evaporation of ZnO powder in the presence of MWCNTs. The complete 

measures for the readying of ZnO decorated MWCNTs is depicted in Figure 4.7. Various gas 

sensing properties such as cross sensitivity, response and response recovery time of the 

ZnO/MWCNTs composites were studied and compared with the bare MWCNTs sensors. It was 

https://www.sciencedirect.com/topics/engineering/fabrication
https://www.sciencedirect.com/topics/physics-and-astronomy/thermal-evaporation
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demonstrated that ZnO decoration on the MWCNTs surface has resulted in the increase in the NO2 

detection capacity of the MWNTs based sensor. The presence of ZnO particles on the MWCNTs 

surface was established by structural analysis such as XRD and TEM also confirms the ZnO 

decoration on MWCNT surface. The ZnO decorated MWCNTs sensor showed better sensitivity 

of NO2 gas compared to bare MWCNTs sensors. Moreover, a stable response was found for 

different reducing gases such as ethanol, H2S, acetone, CO and H2 by the ZnO decorated 

MWCNTs sensors. Some mechanisms which leads to the increase in the sensitivity of ZnO 

decorated MWNTs gas sensor is notable change in the hole collection layer of MWCNTs. 

 

 

 

Figure 4. 7: Schematic description of development of ZnO-decorated MWNTs sensor. Copyright 

permission from [249]. 

Sharma et al. developed SnO2 modified carbon nanotubes-based gas sensors for trace level 

NO2 detection [250]. The chemical bath deposition (CBD) techniques were utilized to develop the 

composite films of SnO2 nanoparticles. The mixing of various molarities (2 mg, 5 mg, 7 mg, and 

10 mg) of functionalized MWNTs with the processed tin alloy dilution helped in the formation of 

https://www.sciencedirect.com/topics/engineering/acetone
https://www.sciencedirect.com/topics/engineering/tin-alloys
https://www.sciencedirect.com/topics/chemistry/dilution
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MWNTs-modified SnO2 thin films. Glass substrate was used for the growth of hybrid thin films 

of MWNTs-SnO2 nanoparticles by spin coating. The film used had the thickness of ∼600 nm. 

Thermal treatment was performed at 150 °C for 5 min after each coating to vaporize the organic 

precursors. Eventually, for obtaining the appropriate crystallinity in the desired thicker film, the 

sample was heated at 300 °C for 1 h. A simplified sensor network, with dimensions, is 

demonstrated in Figure 4.8. The sensors were labelled as pure SnO2, pure MWNTs, MWNTs-SnO2 

(2 mg), MWNTs-SnO2 (5 mg), MWNTs-SnO2 (7 mg), and MWNTs-SnO2 (10 mg). The output 

characteristics of hybrid sensor structures towards the NO2 were studied by changing the 

concentration of MWNTs. It is realized from Figure 4.9 that the blending of 2 mg of MWNTs in 

SnO2 leads to the decrease in initial resistance (Ra) of the hybrid sensor from 2.4 MΩ to 1.2 MΩ. 

It was also noted that as the concentration of MWNTs increases to 5, 7 and 10 mg, the initial 

resistances farther reduces to 94 KΩ, 90 KΩ and 15 KΩ, respectively. In the hybrid structures, at 

the interface a depletion layer is formed between p-type MWNTs and n-type SnO2. There is a 

decrease in the channel width of SnO2 because of the formation of depletion layer, thereby 

exhibiting high resistance (Ra) as compared to the bare SnO2 sensors. With the rise in temperature, 

both the rate of surface-assimilation and desorption of gases increases giving quicker response and 

recovery. A hybrid MWNTs-SnO2 gas sensor which is able to detect 100 ppb NO2 at room 

temperature was formulated apart from having high sensitivity and favorable recovery 

characteristics. Pure SnO2 based sensors exhibited low recovery and response time at RT. At 

higher temperature there was increase in the response of pure SnO2 sensors. However, the hybrid 

MWNTs-SnO2 sensors show good sensing response to NO2 gas at room temperature with quicker 

response and recovery rates. The maximum response was obtained for hybrid MWNTs-SnO2 

(5 mg) sensor at a temperature as low as 50 °C. As compared with traditional SnO2 based sensor, 

the hybrid MWNTs-SnO2 sensor which was proposed in this study was more capable in detecting 

NO2 gas at room temperature with increased response characteristics. 

https://www.sciencedirect.com/topics/engineering/glass-substrate
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Figure 4. 8: Schematic of the MWNTs-SnO2 hybrid sensor structure. Copyright permission from 

[250]. 

 

Figure 4. 9: Deviation of sensor resistance in the presence of air (Ra) and 100 ppb NO2 gas (Rg 

shown in inset) with temperature for pristine SnO2 and all the MWNTs-SnO2 composite sensor 

networks. Copyright permission from [250]. 

 

Nguyet et al. designed and developed n-p-n heterojunction gas sensor of CNTs and SnO2 

nanowires (NWs) to investigate their performance in the presence of NO2 gases [251]. The 

designed device is realized by firstly using thermal chemical vapor deposition technique was used 

to grow SnO2 NWs on Pt electrodes than to make the connection between two electrodes the 

MWCNTs or SWCNTs were deposited by spray deposition technique. The potential and electrical 

https://www.sciencedirect.com/topics/engineering/heterojunctions
https://www.sciencedirect.com/topics/engineering/nanowire
https://www.sciencedirect.com/topics/physics-and-astronomy/vapor-deposition


100 
 

model were used to explain the sensing response of the heterojunction sensor. In this model it was 

assumed that the heterojunction between n-type SnO2 and p-type CNTs would acts as distinctive 

p-n junction diode. The name of the structure is n-p-n because the current has to pass through two 

heterojunctions. Simultaneously, both CNTs and SnO2 NWs acts as electrical resistances; as they 

are in serial contact. The p-type CNTs has a bandgap of (∼0.1–0.5 eV) [252] which is much smaller 

than the bandgap of n-type SnO2 (Eg = 3.6 eV, at 300 K) [253]. The carrier density of CNTs film 

(2.8 × 1022 cm−3) is much higher than that of SnO2 (3.6 × 1018 cm−3) [253]. Therefore, the n-p-n 

heterojunctions can be treated as composed of two Schottky diodes in an opposite position 

agreement. The measured current is primarily dictated by the leakage current because under the 

reverse bias voltage arrangement one of the two diodes will operate in reverse bias during gas 

sensing measurements. Individual materials has great impact on the sensing functioning if there is 

no bias applied between CNTs and SnO2 junction. Nevertheless, the heterojunction potential 

barrier has remarkable contribution on sensing performance of heterojunction sensor, which is 

much higher than that of pristine sensors. This also explains why a three-junction sensor has more 

sensitivity as compared with two junctions. The results revealed that the SWCNTs/SnO2 NWs 

device showed lesser response to NO2 compared with MWCNTs/SnO2 NWs sensor. Also, with 

the increase in working temperature the sensitivity decreases because of the deformation of 

rectifying characteristics of CNTs/SnO2 heterojunction. 

Agarwal et al. developed a reliable and flexible NO2 gas sensor based on SWCNTs using 

a membrane filter substrate polytetrafluoroethylene (PTFE) [254]. The preparation of SWNT thin 

film was realized by using a cost-effective spray coating method, followed by polyethyleneimine 

(PEI) noncovalent functionalization of SWCNTs and fabrication of metal contacts using a shadow 

mask. It was found that for the concentration of 0.75 ppm of NO2 the response of the sensor was 

found to be 21.6% in 5 min, and the sensitivity of the sensor increased to 167.6% when the gas 

concentration reaches to 5 ppm. With the introduction of analyte (NO2), the response and recovery 

times of the gas sensor is measured as time to reach 90% (10%) of its final value. NO2 with 

0.75 ppm concentration, the recovery and response times were found to be 13 min and ∼4 min 

respectively. In comparison with silicon-based gas sensors the PTFE-based sensor has advantage 

of porosity in the PTFE substrate. As the relative humidity increases the performance of the sensor 

deteriorates due to the electron donating nature of water molecules. 
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Jing et al. showed that when some industrial chemicals such as HCl and Cl2 are exposed to 

SWNTs coated with various polymers, then SWNTs are capable of detecting these industrial 

chemicals [255]. Owing to chemical and physical nature as well as the nature of the interaction 

between gas molecules and nanotubes, in the form of chemiresistor the SWNTs are not able to 

sense all the vapors and gases. CNTs have shown changes in electrical conductance when it is 

exposed to NH3 or NO2, hence providing a foundation for detecting other gases. There are some 

industrial chemicals such as Cl2 and HCl which do not react with pristine SWNTs as suggested by 

various previous reports. Qi et al. found that SWNTs coated with polyethyleneimine (PEI) was 

sensitive towards NO2 while insensitive to NH3; while Nafion coated SWNTs was able to sense 

NH3 but insensitive towards NO2 [25]. Chlorosulfonated polyethylene coated SWNT sensor was 

able to sense industrial Cl2 while SWNTs sensor coated with hydroxypropyl cellulose was able to 

detect HCl. A simple sensing medium was developed using polymer coated SWNTs. Since pristine 

SWNTs was not able to detect all concerned gas species so it became obvious to search for 

different options such as doping, coating so that a broad application coverage can be achieved. In 

this paper [255], it was successfully demonstrated that polymer coated SWNTs sensors were able 

to respond via change in the conductivity upon exposure to Cl2 and HCl vapors at a sensitivity 

level of 2 ppm and above. The polymer coating used here are: Chlorosulfonated polyethylene and 

hydroxypropyl cellulose for selective sensing of Cl2 and HCl respectively. Limited selectivity of 

some analytes was achieved in this paper [255]. Further work is in the process to push the 

sensitivity at lower levels and to explore different ways to enhance the selectivity. 

In the year 2017, Sharma et al. synthesized a hybrid gas sensor of non-covalently anchored 

MWCNTs with hexa-decafluorinated cobalt phthalocyanines F16CoPc/MWCNTs−COOH for 

detecting Cl2 gas [256]. The commercially available F16CoPc and MWCNTs were procured from 

Sigma-Aldrich and acidification of MWCNTs bearing an acidic group (−COOH) were obtained 

by following the multi-step method developed by smalley and co-workers. 

F16CoPc/MWCNTs−COOH hybrid were synthesized by using solution assembly method through 

π-π stacking between MWCNTs−COOH and F16CoPc in dimethylformamide (DMF). F16CoPc 

solution with DMF were obtained by dissolving 5 ml DMF with varied amount of F16CoPc (0.1 to 

0.5 wt %) followed by ultra-sonication. In the suspensions of MWCNTs−COOH and DMF the 

solution was added dropwise, and the consequent mixture was sonicated at RT. The mixture was 

washed and filtered with DMF after proper sonication to remove the excess of F16CoPc derivatives, 
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afterwards washed with ethanol for multiple times and finally dehydrated to achieve intended 

F16CoPc/MWCNTs−COOH hybrid. It was found that the as prepared F16CoPc/MWCNTs−COOH 

hybrid chemiresistive sensor was a highly reversible, selective and sensitive towards Cl2 gas and 

also the sensor displayed sensitivity of ∼63% for 2 ppm of Cl2 gas and limit of detection as low as 

0.05 ppb. In this, cobalt metal ion was found to be playing a significant part in improving the 

sensitivity features of the fabricated hybrid sensor. The increase in the sensitivity of the hybrid 

F16CoPc/MWCNTs−COOH sensor towards Cl2 gas were described by employing various 

characterization such as X-ray photoelectron spectroscopy (XPS), Raman and electrochemical 

impedance spectroscopy (EIS) studies. These studies reveled the effective charge carry-over 

between chlorine and F16CoPc/MWCNTs−COOH sensor. These results highlight the prospect of 

such hybrid material in establishing new economical Cl2 sensors with outstanding gas sensing 

quality. 

In year 2013 Jung et al., reported the use of MWNTs for detecting oxygen molecules. A 

noble technique was used for growing MWNTs and its sensing performance was analyzed by 

exposing the sensor with O2 gas [257]. It was found that electrical resistance of the sensor 

decreases linearly with the exposure to O2 gas. The MWNTs network has large surface area and 

hence large space for MWNTs and O2 interaction which thereby increases the sensor 

characteristics such as linear sensitivity, repeatability, stability and fast response time. 

The various parameters such as resolution, functionalization ways, operating temperature, 

response and recovery time has been discussed in Table 4.4. 

Table 4. 4:  Comparison of different parameters such as resolution, response and recovery time, 

etc. 

 

Sl.no CNTs 

type 

Detecte

d gas 

Functio

nalizati

on ways 

Respon

se 

Respon

se 

time (s) 

Recove

ry 

time (s) 

Operati

ng 

temper

ature 

Referen

ces 

1. MWCN

Ts 

NO2 Chemic

al 

5.5 × 10

3 

2.3 min 6.8 min 50 °C [250] 
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solution 

depositi

on 

(CSD) 

2. m-

SWCN

Ts 

NO2 Spray 

depositi

on 

ZnO/m-

SWCN

T 

showed 

better 

respons

e then 

ZnO/Au 

120 s – RT [247] 

3. SWCN

Ts 

NO2 Sputteri

ng 

∼63% 180 s 1200 s 100 °C [248] 

4. MWCN

Ts 

NO2 Thermal 

evapora

tion 

1.023 93.1 s 285.2 s – [249] 

5. MWCN

Ts/SnO2 

NO2 

(250 pp

b) 

Spray 

depositi

on 

17.9 % 125 s 65 s 100 °C [251] 

6. SWCN

Ts/ 

SnO2 

NO2 

(250 pp

b) 

Spray 

depositi

on 

13.3 % 115 s 75 s 100 °C [251] 

7. SWCN

Ts 

NO2 

(0.75 pp

m to 

5 ppm) 

Spray 

coating 

21.58%

–

167.7% 

∼240 s 

to 

300 s 

780 s to 

900 s 

RT [254] 

8. ZnO-

T − CN

T 

NH3 Drippin

g 

procedu

re 

∼330 18.4 s 35 s RT [258] 
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9. MWCN

Ts 

NH3 

(100 pp

m, 

250 pp

m, 

500 pp

m) 

Plasma 

treatme

nt 

22.5%, 

27.9%, 

and 

31.4% 

respecti

vely 

260 s, 

312 s 

and 

330 s, 

respecti

vely 

– RT [259] 

10. CNTs CO and 

NH3 

mixing Detecte

d 7 ppm 

of CO 

and 

20 ppm 

of NH3 

16 s – RT [260] 

11. CNTs CO and 

NH3 

Dispersi

on 

38.4% 4 s and 

4.3 s 

– RT [261] 

 

 

 Reducing gases 

The study by Sanghun et al. presented that how sensitivity and selectivity of the sensor to 

detect NH3 can be manipulated by functionalizing CNTs with polymers like Nafion or 

Polyethyleneimine (PEI) without a change in the surface assimilation properties of gas molecules 

on CNTs [262]. I–V characteristics study showed that the as prepared structure exhibits p-type 

conduction even after functionalizing with PEI, inconsistent to the particular SWNTs in which PEI 

layer changes the nature from p-type to n-type [25]. Results suggested that PEI layer declines both 

hole molality as well as hole mobility because of the decrease in conductance by ten times due to 

PEI coating. Nonetheless, there was no noticeable change in I–V characteristic after Nafion 

coatings. There was a rapid increase in the conductance of PEI laminated devices when exposed 

to NO2 molecules, while there was a decrease in conductance in devices coated with Nafion when 

exposed to NH3 molecules. However, it was also noted that neither of the device exhibited 

noticeable changes when exposed to N2, O2, Ar or H2 (the dominant constituents of air) [25]; this 

https://www.sciencedirect.com/topics/engineering/molality
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study proved high selectivity of PEI coated SWNTs. Langmuir constant to ascertain the degree of 

surface assimilation at detected pressure is correlated to binding energy Eg. The functionalization 

of SWNTs network with PEI has no influence on Langmuir constant indicating that PEI coating 

does not changes neither the binding energy Eg nor the number of adsorbed molecules at given 

gas concentrations. In the event of NH3 exposure, the Nafion coating neither stabilises the surface-

assimilation of NH3 on SWNTs substrate nor modifies the carrier molarity or mobility in the 

carbon nanotubes. In the end, it was concluded that functionalizing CNTs with Nafion or PEI does 

not modify surface-assimilation properties of gases on carbon nanotubes. 

Bannov et al. developed a high performance ammonia (NH3) gas sensor based on carbon 

nanotubes using oxygen plasma treatment [259]. Plasma enhanced chemical vapor deposition 

(PECVD) technique were used to deposit MWCNTs on the Si/SiO2 substrate followed by plasma 

co-polymerization of maleic anhydride and acetylene, achieving core-shell carbon nanotubes 

covered with functional groups. The presence of D and G bands in the Raman spectrum of the 

sample confirms the presence of MWCNTs. In case of untreated sensor, the response to 100 ppm, 

250 ppm and 500 ppm in the presence of NH3 was 7.1%, 9.0% and 11.7%, respectively. On the 

other hand, plasma treated sensors response to 100 ppm, 250 ppm and 500 ppm of NH3 was 22.5%, 

27.9% and 31.4%, respectively, which is almost 3 times increase in the sensor response. Response 

time for the various concentration of NH3 such as 100 pm, 250 ppm and 500 ppm were found to 

be 60 s, 72 s and 247 s respectively in case of untreated samples. In case of plasma treated samples, 

the response were found to be 260 s, 312 s and 330 s respectively. Plasma modification of sample 

has increased the response time and the reason for this could be the coverage of active carbon layer 

which in turn plays a role of barrier for the Ammonia gas. The two successively plasma treatment 

of MWCNT has led to significant increase in the response in wide range of NH3. The modification 

of MWCNTs to core-shell carbon nanostructures is by the oxygen plasma treatment while the 

deposition of functional groups C=O, C-O and COOH is due to plasma co-polymerization 

technique. The role of functional group is to capture the electrons from the adsorbed gas on the 

sensor substrate, while the core shell structure forms the conductive network. The combination led 

to significant improvement in the sensing response. 

Schütt et al. developed a hybrid sensing material (ZnO-T − CNT) which are extremely 

effective for selective, ultrasensitive and fast sensing of NH3 gas at RT [258]. In this work, the 

https://www.sciencedirect.com/topics/engineering/adsorbed-molecule
https://www.sciencedirect.com/topics/chemistry/ammonia
https://www.sciencedirect.com/topics/engineering/plasma-treatment
https://www.sciencedirect.com/topics/physics-and-astronomy/copolymerization
https://www.sciencedirect.com/topics/engineering/maleic-anhydride
https://www.sciencedirect.com/topics/chemistry/acetylene
https://www.sciencedirect.com/topics/engineering/core-shell
https://www.sciencedirect.com/topics/engineering/raman-spectrum
https://www.sciencedirect.com/topics/engineering/carbon-layer
https://www.sciencedirect.com/topics/engineering/carbon-nanostructures
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highly efficient material was developed by functionalizing the hybrid material tetrapodal ZnO 

(ZnO-T) networks with the CNTs. The improvement in the response to NH3 gas was found to be 

of 1 order of magnitude (from 37.5–330) due to the presence of 2 wt. % of CNTs. Further increase 

in the wt. % of CNTs lead to decline in the gas response to ∼110, which is still greater than the 

pristine ZnO-T networks (∼38). The hybrid sensor ZnO-T-CNT also established excellent 

selectivity which is more significant for environment observing in which unlike gases are present. 

A long-time stability was obtained for the developed ZnO-T-CNT sensing material owing to the 

operation at RT. 

Hyang et al. developed a sensor for detecting poisonous gases using CNTs with Pd 

nanoparticles [260]. Drop-casting method was used, wherein reduced carbon nanotubes with Pd 

nanoparticles were spread on electrodes of a network for detection of CO and NH3 at room 

temperature. After exposing toxic gases on the CNT-Pd sensor, the particles are adsorbed 

transferring electrons between the adsorbed gas particles and the CNT-Pd sensor. It was argued 

that due to the formation of Schottky contact by Pd nanoparticles on carbon nanotubes, it changes 

the hole-carrier mobility of CNTs. The other possibility of Pd nanoparticles may be spillover which 

in turn enhances the sensing capabilities of CNT-Pd sensors. There is a surge in the electrical 

resistance of the CNTs due to decrease in hole carrier concentration in CNTs when a reducing gas 

such as NH3 interacts with p-type semiconducting CNTs. On the other hand, electrical resistance 

decreases upon exposure to CO molecules. Purification of CNTs with carboxylic acids lead to the 

formation of defects and consequently the defect sites and COOH functionality play a crucial part 

in CO sensing, consequently there is decrease in electrical resistance even though CO is an electron 

donating gas. The carboxylic group and imperfectness of sites play a significant role in electrical 

variation when there is CO exposure on CNT sensor. However, there is an increase in electrical 

resistance of CNT-Pd sensor when the exposed gas is NH3. Contrary to the pure CNTs sensors, 

Pd-CNT sensors exhibit a rapid response, linear sensitivity, good repeatability and a low sensitivity 

extent over different concentrations of CO and NH3. 

Lin et al. developed a hybrid sensor at room temperature with the sensitivity of CoP CNTs 

for CO was 5 times faster than that of pure Co3O4 nanoparticles based on 

Co3O4/polyethylenimine-carbon nanotubes composites (CoP CNTs) for detecting gases such as 

CO and NH3 at room temperature [261]. Hydrothermal technique was used for synthesizing 

https://www.sciencedirect.com/topics/engineering/purification
https://www.sciencedirect.com/topics/physics-and-astronomy/carboxylic-acids
https://www.sciencedirect.com/topics/engineering/defect-site
https://www.sciencedirect.com/topics/engineering/hydrothermal
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Co3O4 nanoparticles supported on Polyethyleneimine (PCNTs). It was found that under an 

optimized condition, the CoP CNTs composites show fast response, higher sensitivity and lower 

detection limit. Similarly, the response to NH3 gas by CoP CNTs was faster than that of pure Co3O4 

based device. It is believed that in future, CoP CNTs may have applications in the fields of catalyst 

and fuel cell. 

In the same year, Huang et al. developed a three-terminal CNT gas sensor for N2 detection 

[263]. Vertically aligned CNTs were grown by thermal vapor deposition (CVD) technique, RF 

sputtering was used for depositing 5 nm thick layer of Fe which acts as a catalyst on the (100) n-

type of a silicon substrate. The typical cross-sectional SEM image shows that the length and 

diameter of grown MWNTs are 47 nm and 30 nm respectively. The electrical resistance variation 

study of p-type CNTs under the exposure of N2 molecules was studied. N2 has been classified as 

reducing gas species [20]. It was established that under negative gate bias voltage the sensitivity 

exhibited by the sensor was higher than when the gate voltage was positive. This tendency was 

more evident when the N2 pressure was higher. Hence, I can say that negative gate bias voltage 

not only provided more holes to the CNTs but also enhanced the gas binding locations inside the 

CNTs mat. CNTs absorbed more N2 molecules when there was a high pressure of N2 molecules, 

this leads to the high resistance contributing to the increase in the sensitivity. It was also observed 

that under the positive applied gate voltage the sensitivity decreases. CNTs based three terminal 

gas sensors was used for exploring N2 absorption characteristics. After monitoring N2 gas it was 

seen that at the high drain-source voltage the sensitivity of sensor increased as compared to a low 

bias voltage. Sensitivity was further improved by supplying more negative gate voltage which in 

turn adds more holes to CNTs mat. In terms of sensitivity, three terminal CNTs gas sensors have 

more sensitivity as compared to two terminal CNTs based gas sensors. The reasons for this 

behavior can explained by the well-established device physics, e.g., change in threshold voltage 

(Vt), variation in drain current (Id), mobility, etc. [264]. 

Sayago et al. developed a hydrogen sensor based on carbon nanotubes in which four 

different sensors were developed with metallic catalysts Nickel (Ni) and Yttrium(Y) in various 

ratios, such as (1) SWNTs (Ni/Y = 2:0.25) doped with Pd using sputtering (2) SWNTs 

functionalized with Pd (1:1); (3) pristine SWNTs; (4) SWNTs functionalized with Pd (1:4) [265]. 

The SWNTs were grown by arc discharge method and used as sensing material for the detection 

https://www.sciencedirect.com/topics/physics-and-astronomy/fuel-cells
https://www.sciencedirect.com/topics/engineering/silicon-substrate
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of H2. Contrasting behavior has been observed for various types of sensors prepared. It was 

observed that at room temperature SWNTs and Pd doped SWNTs don’t detect H2 molecules. 

Sensor (2), as well as Sensor (4), has shown a response to H2 gas molecules but Sensor (4) has an 

improved response than Sensor (2) possibly because of the greater concentration of Palladium. 

The dependency of H2 sensing has been noticed with increase in temperature. Sensor (3) starts 

detecting H2 molecules only when the temperature reaches 250 °C. It was found that Pd doped 

SWNTs sensor detects H2 molecules neither at room temperature nor at a higher temperature. It 

was concluded that at the hydrogen concentrations used, all the sensors demonstrate poor 

responses and their resistance change with H2 concentration was not considerable. The sensor (3) 

represents the best sensitivity (20%). The temperature response needs to be analyzed for H2 sensing 

of Pd doped SWNTs sensor. 

Alshammari et al. developed an ethanol sensor based on carbon nanotubes inkjet printed 

on flexible substrate [266]. The fabrication of the sensor involves two steps: Firstly, the carbon 

nanotube an active layer and electrodes were printed on PET substrate. Secondly, the carbon 

nanotubes were functionalized with poly (3, 4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT: PSS) and carboxylic acids (COOH). Schematic development of flexible CNTs sensor is 

shown in Figure 4.10 as shown below. An enhanced ethanol sensing carbon nanotube sensor based 

on inkjet printing were demonstrated. It was found that the polymer functionalized sensor showed 

better sensitivity and response to ethanol as compared with other functionalization method. 

Important reasons for improvement in sensing performance are nanocomposite element good 

dispersion, network configuration and the effect of gas molecules on the electronic properties of 

carbon nanotubes and polymer. The performance of the gas sensor can be tuned according to the 

properties of carbon nanotube, properties of composite material and polymer. 

https://www.sciencedirect.com/topics/engineering/palladium
https://www.sciencedirect.com/topics/engineering/flexible-substrate
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Figure 4. 10: Ink printed CNTs based flexible gas sensor, (a) shows functionalization of CNTs 

with carboxylic acid and PEDOT: PSS, (b) Printing of Ag electrodes, (c) CNTs printing process, 

(d) sensor on flexible substrate photograph, (e) shows the optical image of the interdigitated 

silver electrode, (f) the printed carbon nanotube SEM image. Copyright permission from [266]. 

 

D.W.H. Fam et al. formulated a sensor formed on CNTs decorated with silver nanoparticles 

for selective sensing of hydrogen sulphide. In this paper [267], a selective detection of H2S gas 

was achieved by coating silver (Ag) layer on the SWNTs as conducting channel. It was observed 

that Ag decorated SWNTs gave strong electrical conductance upon the exposure to H2S gases in 

comparison to other intrusive gases such as CO and NO. H2S will form Ag2S when it is in the 

contact with the nanotube surface because it is assumed that Silver has a firm attraction towards 

H2S gases. Figure 4.11 Shows that for Ag decorated SWNTs sensors, Id decreases when there is 

an exposure to H2S gas. On the other hand, for the undecorated SWNTs gas sensors, Id increases 

upon the exposure of H2S gas. The interaction of Sulphur (S) with the Ag nanoparticles has led to 

the generation of more electrons which in turn increases the current density around the Ag particles 

which attributes to the decrease in Id. At the nanoparticle-SWNTs interface there is an electron-

hole recombination which leads to the decrease in the hole density and hence decreases Id. Figure 

4.12(a) shows the response of devices coated with gold Ag-SWNTs and COOH-SWNTs upon 

exposure to NO and CO, respectively. It can be seen from the figure that for the sensor Ag-SWNTs, 

https://www.sciencedirect.com/topics/engineering/functionalization
https://www.sciencedirect.com/topics/physics-and-astronomy/carboxylic-acids
https://www.sciencedirect.com/topics/physics-and-astronomy/electrodes
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the Id decreases under NO exposure. There is a charge transfer between SWNTs and NO particles 

mainly due to decrease in Id. It can also be noticed that there is almost no response from the 

functionalized SWNTs upon the exposure to NO. This may be by the virtue of high attraction 

among NO particles (alongside single unpaired electrons) and Ag (alongside a lone electron). 

Large difference found between the response of Ag-SWNTs and functionalized SWNTs. Figure 

4.12(b) shows that there is an increase in Id when there is CO gas exposed upon the Ag-SWNTs 

and it is mainly due to the existence of electropositive species around the SWNTs structure. 

Additional charge carriers induced on the SWNTs network are mainly due to physisorption of 

gaseous molecules such as CO, NO, and H2S on the SWNTs network. In conclusion, an 

uncomplicated resistive sensor which works at room temperature, where SWNTs decorated with 

Ag nanoparticles is selective to the H2S gas. One most important thing which can be concluded 

from Figure 4.11, Figure 4.12 is that among all the fabricated devices, only Ag-SWNTs device 

showed a significant decrease in Id due to a bond between S and Ag molecules. Furthermore, shift 

in Id values was considerably larger for H2S in comparison to that for NO and CO particles. This 

shows that the interaction among H2S and Ag-coated SWNTs is stronger than that for CO and NO 

particles. The empirical conclusion proved that a simple resistive sensor based on SWNTs with 

low operating power can be achieved by proper functionalization. 

 

Figure 4. 11: Gas exposure upon device structure: In comparison with undecorated SWCNT 

device the Ag decorated SWCNT device displays unretrievable decline (of 20 A) in the current 

due to Ag2S formation. Copyright permission from [267]. 

https://www.sciencedirect.com/topics/engineering/physisorption
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Figure 4. 12: The interfering plot analysts of Drain current–time: (a) NO and (b) CO shows H2S 

selectivity of Ag decorated SWCNT owing to negligible Id shift upon NO and CO exposure as 

compared to H2S exposure. Copyright permission from [267]. 

 

A room temperature sensor based on CNTs and cobalt oxides was developed by Jung et al. 

for detecting Hydrogen (H2) gas [268]. Hydrogen has so many promising features which makes it 

suitable for many applications. Nonetheless, one of the main challenges of using H2 is safety 

because of its undesirable properties such as being odorless, colorless and flammable. Early 

detection of H2 is very essential because H2 can cause explosion, if present in the air with the 

concentration higher than 4%. CNTs were grown by CVD techniques in which He and C2H2 were 

used as carrier and as main component gases, respectively. Co3O4 was deposited by 

https://www.sciencedirect.com/topics/engineering/thermal-sensor
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electrodeposition technique and after deposition thermal treatment was carried out at 300 °C for 

30 min as shown in Figure 4.13. It was observed that the thermally treated CNTs/Co3O4 composite 

sensor at room temperature has significantly higher response as compared to one which was not 

heated. The increase in response was almost 40%, whereas in case of unheated composite, it was 

only 8% at 35% of H2 concentration. Typically, pristine CNTs has minimum reaction to H2 at 

room temperature. But Kim et al. found that the room temperature sensing of CNT based sensor 

for H2 sensing is possible after functionalization of CNTs with OH or COOH groups [269]. The 

possible reason for increased response is the annealing treatment of composite Co3O4/CNTs. 

Annealing treatment to the CNTs/Co3O4 composites has led to the formation of defects and the 

presence of defects or oxygen functional group plays an essential part in maximizing the feedback 

of CNTs/metal composites. The Co3O4/CNTs composites at room temperature display good H2 

detection properties such as reliable reversibility, stable repeatability, high gas response and fast 

response and recovery time. 

 

Figure 4. 13: SEM images of (a) and (b) a CNT sheet plucked from the CNT forest, (c) 

fabricated sensor and (d) CNTs/Co3O4 composites. Copyright permission from [268]. 

 

Various CNT sensors were analyzed in this section. A survey of sensing capacity of different 

gases/agents is shown in the Table 4.5. 

https://www.sciencedirect.com/topics/physics-and-astronomy/electrodeposition
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Table 4. 5:  Survey of CNT detection strength to various gases/agent. 

Agents/gas Reference Agents/gas Reference 

NO2 [247,248,251,254] NH3 [261,284,285,286] 

CO2 [270,271] O2 [287,276] 

CH4 [272,273] H2 [288, 289] 

N2 [274,275] Ar [290,291] 

CO [276, 277] NO [292,293,294] 

He [278,279] SF6 [295,296] 

DNA [280] Methanol [297,298] 

Humidity [281] Cancer [299,300] 

Supercapacitor [282] Ethanol [301,302,303] 

Chlorine [283] Glucose [304] 

 

 Development of Carbon Nanotubes Based Flexible Sensors 

 Flexible Electronic Applications Based on Carbon Nanotubes: Development and 

Physics 

Tasaltin et al. (2014) developed an innovative flexible volatile organic compound (VOC) 

sensor. The electrospraying technique was employed for depositing amine altered multi-walled 

carbon nanotubes (MWNT-NH2) and gold nanoparticles (AuNP) on polyimide (PI) substrate 

[305]. Photolithography was used for fabrication of interdigitated electrodes (IDE) on polyimide 

substrate. Then, the substrate was administered with oxygen plasma etching followed by the 

deposition of AuNP and MWCNT-NH2 solution by electrospraying. The chemical behaviour of 

the sensor were studied for polar (ethanol, propanol; water) and non-polar (CHCl3, hexane, toluene 

and trichloroethylene) VOCs. As indicated in Figure 4.14 there are 16 finger pairs for IDE with 

dimensions: electrode thickness of 100 nm, electrode width of 5 mm and spacing between the 

electrodes as 100 μm. It was observed that at room temperature the MWCNT-NH2 and AuNP 

composite films had the highest sensitivity towards Chloroform (CHL) and Trichloroethylene 

(TCE). The sensing mechanism was shaped for the electrical charge translocation between 

adsorbed VOC molecules and MWCNT-NH2 networks. The sensing mechanism of the sensors 

occurs in two stages. In the first stage, the AuNPs to be wrapped around MWCNT-NH2 behaves 
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as filter and determine the gases that will reach the surface of MWCNT-NH2. In the second stage, 

the interactions of the organic functional group and VOCs on the MWCNT-NH2 determine the 

sensing behaviour. For example, AuNPs assumed to adsorb HEX vapour and do not allow it to 

reach MWCNT-NH2, small resistance change was observed. The sensor was bent at various angles 

to examine the mechanical flexibility of the sensor. The I-V curve was obtained by the manual 

bending of the sample by hand at 90° upto 100 times and it was observed that there was a minor 

increase in the resistance, this indicates the bending of the sensor had a very negligible effect on 

the sensing performance of the sensor. 

 

Figure 4. 14: (a) IDE electrodes image prepared on the flexible substrate and (b) Electrospraying 

system schematic diagram. Copyright permission from [305]. 

 

A simple and low-cost flexible sensor was developed in the year 2015 by Zhang et al [306]. 

The sensor was fabricated on the poly-dimethylsiloxane (PDMS) substrate based on carbon 

nanotubes and nanoparticles (NPs) of Ag composites. Synthesis of Ag nanoparticles was achieved 

by reducing AgNO3 particles with sodium citrate. The colloidal solution consists of Ag 

nanoparticles altered CNTs were obtained by the addition of 0.5 mg CNTs into the AgNO3 

solution. The strain sensor fabrication process is depicted in Figure 4.15. Firstly, the Ag NPs 

modified CNTs solution containing drip was dropped on the glass slides and the excess liquid 

present in the solution was evaporated by keeping the slide in air for 2 h. This followed by 

fumigation in culture dish using trimethylchlorosilane (TMCS). The silylation of the sample by 

TMCS is the most important process, during this process a successful relocation of the Ag 

nanoparticles altered CNTs nanocomposites takes place from slide to PDMS. The developed 

sensor displays high stability, stretchability and sensitivity. The stretchability of the strain was 

found to be 95.6% and the gauge factor was found to be in the range of 2.1 to 39.8 and both are 
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higher than the typical strain sensors. It was also found that by manipulating the concentration of 

Ag NPs the linearity and stretchability of the sensor can be changed. The high sensitivity 

characteristics of the developed strain sensor can be used for highly sensitive strain sensors 

applications and also for capturing human body motions. To understand the change in the 

resistance of the strain sensor during the stretching and releasing process, a simple method is used 

to describe the sensing principle. A conductive network is formed by depositing plenty of Ag NPs 

modified CNTs and dispersive Ag NPs on PDMS. The resistance of the nanocomposite is constant 

and will not change during the deformation, whereas the junction resistance acts as a variable 

resistor and its value is affected by deformation. Hence the total resistance of the whole sample 

will change with the deformation. 

 

Figure 4. 15: The strain sensor fabrication process over PDMS substrate with CNTs modified of 

Ag NPs. The final product is illustrated at the center of the figure. Copyright permission from 

[306]. 

In the same year 2015, yaqoob et al., (2015) explore the fabrication and evaluation of a 

highly flexible NO2 gas detector on a polyethylene terephthalate (PET) substrate with hybrid 

tungsten trioxide (WO3) NPs-MWNTs [307]. The hybrid viscous gel of WO3 -MWNTs NPs is 
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obtained with the help of α-terpineol by blending the commercial MWNTs and hydrothermally 

synthesized WO3 NPs. The hybrid gel was casted on the PET substrate for the fabrication of 

flexible sensor. Figure 4.16a show the complete schematic diagram of sensor fabrication 

technique. Two gold electrodes were deposited by using magnetron sputtering with radio 

frequency on a PET substrate with the dimension of 3 cm long, 1.5 cm wide and 0.1 mm thick. 

Later on, the as prepared viscous gel is casted between the electrodes. The residual α-terpineol 

solvent was removed by heating the device to 100 °C on a very hot lamina for one night after 

casting the fabricated device. Figure 4.16b shows the FESEM image of the MWNTs-WO3 NPs 

hybrid fabricated on the PET substrate. MWNTs are properly dispersers and it is mainly credited 

by the good colloidal stability of α-terpineol and its enhanced dispersity property [308]. Due to the 

presence of long MWNTs which can cover the small size WO3 NPs hybrid, there are very few 

amounts of visible WO3 NPs. Figure 4.16c explained the mechanical dynamic flexibility of the 

sensor under bent and unbent situations for 5 ppm NO2. During the unbent condition the maximum 

response of 14% was obtained and when the bending angle reached to 90° there was small (1.4%) 

degradation in response of sensor. Owing to degraded binding energy and little charge relocation 

between NO2 gas molecules and strained carbon atoms at 90° might be responsible for degradation 

in response. On the other hand, there was subsequent enhancement in recovery time mainly due to 

the maximizing angles which causes the adsorbed NO2 molecules on the detecting material surface 

vacate quickly in comparison with unbent. Good repeatability of all bending angles was obtained 

with very less drift. At room temperature, the gas sensing properties of the fabricated sensors were 

carried out in an open atmosphere. NO2 is a highly oxidizing gas that traps electrons and 

subsequently decreases or increases the conductance of the sensing layer. In this case, the 

conductance increases when NO2 gas interacts with the sensing layer. The sensing mechanism can 

be explained as when the sensor was placed in an open atmosphere, oxygen molecules trap the 

electrons from the surface of the sensing layer and leaves oxygen absorbents (O2
−). The NO2 gas 

takes the electrons from the interacting surface, dissociates in the form of NO and leaves oxygen 

absorbents (O2
−). This O2

− anion becomes the active sites for the absorption NO2 gas molecules. 

Subsequently, NO again converted into NO2 after reacting with half O2 molecules. However, 

MWCNTs-WO3 NPs hybrid can create p-n heterojunction with the n-type WO3 and p-type 

MWCNTs. Later, this p-n heterojunction forms a depletion layer. This depletion layer plays an 

important role in the sensing mechanism by providing more space for the adsorption of NO2 
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molecules. The interaction of NO2 gas molecules with WO3 NPs causes the withdrawal of electrons 

from nanojunction thereby making it unstable. The WO3 NPs fill the electron vacancy by collecting 

loose electrons from MWCNTs and become stable again. This phenomenon occurs continuously 

following by NO2 gas exposure resulting in a remarkable increase of sensing response. 

 

 

Figure 4. 16:  (a) The flexible sensor Schematic diagram. (b) Hybrid sensor FESEM images with 

(a). Showing lower magnification and (b). Showing higher magnification. (c) Flexibility analysis 

of sensor at 5 ppm NO2. Copyright permission from [307]. 

 

A sensitive flexible gas sensor based on Cu-SWNTs operating at room temperature 

presented by Asad et al., (2015) [309]. The SWNTs are decorated with reduced Cu NPs and 

deposited on a PET flexible substrate by spin coating method in order to achieve a cheap and facile 

sensor. Figure 4.17 shows the schematic diagram of the Cu-SWNTs sensor based on a flexible 

substrate PET. Interdigital transducers (IDTs) of aluminium are used as electrodes for Cu-SWNTs 

gas sensors. To fabricate IDTs on the flexible substrate micro-scale patterning is employed on PET 

substrate. Magnetron sputtering, a photolithography technique was used to pattern the photoresist 

layer on the substrate and Al layer was coated on the substrate followed by the lift off process, by 

the immersion of substrate in the sonicated acetone. At last, as prepared Cu-SWNTs were spin 
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coated on the substrate followed by annealing at 80 °C for 30 min. It was found that as developed 

sensor Cu-SWNTs showed an enhanced response to various concentrations of H2S gas between 5 

ppm and 150 ppm. For 5 ppm concentration of target gas a fast recovery time and response time 

of 15 s and 10 s, respectively were achieved. At room temperature for 20 ppm H2S, the as 

developed sensor showed stable, reproducible and fast responses. Flexibility performance of the 

sensor was performed by bending the samples at various radii and it was found that neither the 

sensing performance degraded, nor the resistance of the sensor changed. This fabricated sensor 

can be integrated with the microelectronics circuits because of its low power consumption and 

high sensitivity. The Cu decoration modifies the electronic structure of the system i.e., the fermi 

level is raised into the conduction band and SWNTs becomes electrons rich. The results indicate 

that fermi level of H2S/Cu-SWNTs system shifts 0.5 eV towards higher energy in comparison to 

pristine SWNTs. After the adsorption process, in comparison to Cu-SWNTs, the H2S/Cu-SWNTs 

becomes n-type with more occupied conduction bands. Owing to the large overlap between the 3p 

and 4s orbitals, H2S is strongly hybridized with Cu. As a result, a SWCNT decorated with Cu NPs 

is an excellent candidate for H2S gas sensing. 
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Figure 4. 17:  The schematic diagram of the flexible sensor based on Cu decorated SWNTs. 

Copyright permission from [309]. 

 

In the year 2015, Cagatay et al. developed a flexible thin film capacitive sensor based on 

carbon nanotubes, by spray deposition techniques, for wearable smart skin [310]. Polyimide 

polymer was used as a flexible substrate and micro-structured PDMS as dielectric spacer between 

the electrodes. Wearable smart skin development largely depends on set of requirements. 

However, the general interest is to develop large area fabrication of flexible device economically. 

Considering, the above important criteria, in this paper the author revised an elastic capacitive 

tactile sensor composed of micro-structured PDMS as dielectric spacer which is wrapped between 

two transparent conducting sheets. The capacitance was measured during the sensor operation and 

it was found that the sensor can detect pressures lower than 0.5 KPa and forces lower than 10 mN. 

The complete evaluation of the sensor was done by measuring different physical dimensions of 

the sensor. It was found that under the influence of 1 N force the change in the capacitance of up 

to 20% was accomplished. Good reliability was demonstrated with long term cyclic tests. To 

examine the flexibility performance of the sensor, under various bending radii the mechanical 

characterization of the sensor was performed, and it was found that response was quite stable 

throughout the measurement. This work stands for the realization of low-cost flexible sensors 

which fully works under different bending and temperature conditions, for advance electronic 

applications such as wearable smart skin. 

A flexible and transparent chemical sensor based on PANI/FMWCNT has been developed 

by Wan et al. (2015) [311] with 85% transparency and excellent performance even after 500 

bending/extending cycles. The carbon nanotubes network was deposited on nanostructured 

polyaniline (PANI) nanorods. The nanocomposite film is incorporated by in situ, the oxidative 

polymerization of aniline in the presence of functional multi-walled carbon nanotubes (FMWNT) 

suspension and simultaneous deposition over the flexible polyethylene terephthalate substrate. 

Different quasi-one- dimensional and one-dimensional nanomaterial have been explored for the 

development of transparent and flexible electronic devices. Carbon nanotube (CNT) based 

network films are widespread used owing to their outstanding electrical conductivity, good 

flexibility, optical transparency, chemical stability, high surface area and intrinsic mobility 

[312,313]. There are many encouraging properties of organic polymers which makes it suitable 
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for use in organic electronic devices such as inherent compatibility with plastic substrates, scalable 

and low-cost manufacturing and low temperature synthesis process, which make them worthy for 

wearable sensing devices [314]. However, there are some drawbacks of conducting polymers such 

as limited environment instability and optical transparency. For example, the transparency of 

polyaniline (PANI) is 65% which is not sufficient to replace indium tin oxide (ITO) films for 

wearable electronics applications. It was found that at room temperature, the as prepared PANI/F-

MWNT nanocomposites assembled portable electronic device showed splendid transparency of 

(85% with 500 nm thickness) along with sufficient flexibility. The schematic diagram flow of the 

flexible sensor based on nanocomposite PANI/F-MWCNT on flexible PET substrate is illustrated 

in Figure 4.18. The high surface-to-volume ratio of the CNT and PANI composites and also the 

synergistic properties of CNT and PANI a quasi-one-dimensional nanostructure which perform as 

a dependable and productive sensing channel are responsible for transparency, good sensing 

performance and flexibility of sensor. It is likely that this research will be continued to other 

conducting polymer containing nanocomposites, initiating the space for developing sensitive, low-

cost and reliable sensors which can be integrated with flexible, wearable and transparent electronic 

devices. It has been widely investigated that NH3 is a strong electron donor chemical. The 

emeraldine salt form of PANI transforms into its emeraldine base form in the presence of NH3 

atmosphere, resulting in dramatic decrease in conductance. The particle like PANI aggregates, 

FMWCNT film devices with different polymerization time upon exposure to 100 ppm NH3 at 

room temperature. It was found that the PANI/FMWCNT nanocomposite network film devices 

have higher gas sensitivity than the particle-like PANI aggregates and FMWCNT film devices. 

 

Figure 4. 18: Schematic graphical representation of the development of flexible sensor based on 

nanocomposite PANI/F-MWCNT on flexible polyethylene terephthalate (PET) substrate. 

Copyright permission from [311]. 

 

Lin et al. (2015) developed a carbon nanotube (CNTs) based CO2 sensor on a flexible low-

cost polyimide (PI) substrate which provides fast response at room temperature [315]. The Si 



121 
 

substrate was oxidised to form SiO2 layer. A catalyst Fe layer of 10 nm was deposited on SiO2 

substrate by using sputtering technique. Subsequently, carbon nanotubes (CNTs) were grown on 

the Si substrate by standard chemical vapor deposition technique. Then, the flexible substrate 

polyimide (PI) was coated with acrylic adhesive. Now the transfer of CNTs grown on the SiO2 

surface will take place by stacking the acrylic adhesive deposited polyimide substrate. Ultimately, 

the Si substrate is removed, and the CNTs transferred on flexible sensor. It was found that the 

flexible sensor possesses a high sensitivity of 2.23% at room temperature when the ambient gas 

was 800 ppm. This article presents the feasibility of flexible CNT gas sensor using the transfer 

process. 

In the following year 2016, Yaqoob et al., [316] investigated the fabrication of elastic NO2 hybrid 

gas sensor supported on a tungsten trioxide (WO3) nanoparticle (NPs) decorated on MWNTs and 

reduced graphene oxide (RGO) on a PET/PI (polyimide) substrate. The α-terpineol was used to 

mix the commercially available MWNTs and synthesized GO powder using sonication for 1 h. 

Additionally, after adding WO3 NPs powder of 3 mg, the solution was sonicated for another one 

hour. The complete sensor fabrication method is demonstrated in Figure 4.19. A commercial PI 

tape was fixed on the Si substrate. Magnetron sputtering with radio frequency and 

photolithography techniques was employed to deposit two finger gold electrodes on PI/Si 

substrate. The as prepared hybrid solution was drop casted on the electrode between the fingers 

and subsequently dried by placing on 100 °C heated hot plate. Each sample was dried for 1 h at 

different temperatures (100, 150, 200 and 250 °C). Finally, the PI is transferred to the PET 

substrate by cautiously peeled off from the Si substrate. Figure 4.19 depicts the schematic diagram 

and the optical image of the sensor. It was found that at room temperature as developed flexible 

sensor had superior mechanical flexibility and increased sensing properties. The fabricated flexible 

sensor is relevant contender for high performance fabrication of practical NO2 sensors and is also 

feasible for diverse fields such as automobiles, aircraft, portable electronic devices and aeronautics 

because it has less humidity effect on the sensing surface and excellent resulting selectivity. At 

room temperature, the gas sensing properties of the fabricated sensors were carried out in open 

atmosphere. NO2 is a highly oxidizing gas that traps electrons and subsequently decreases or 

increases conductance in the sensing layer. In this case, the conductance increases when NO2 gas 

interacts with sensing layer. The sensing mechanism can be explained as when the sensor was 

placed in an open atmosphere, oxygen molecules traps the electrons from the surface of sensing 
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layer and leave oxygen absorbents (O2
−). The NO2 gas takes the electrons from the interacting 

surface and dissociates in the form of NO and leaving oxygen absorbents (O2
−). This O2

− anion 

becomes the active sites to absorb NO2 gas molecules. Subsequently, NO again converted into 

NO2 after reacting with half O2 molecules. This phenomenon occurs continuously following NO2 

gas exposure. 

 

Figure 4. 19:  (a) Sensor schematic diagram and (b) Optical image of the hybrid NO2 sensor. 

Copyright permission from [316]. 

The study by Chiou et al. (2017) investigates the behaviour of the flexible polymer/multi 

walled carbon nanotubes (MWCNTs) composite sensor array as a function of operating 

temperature [317]. Copper was used as sensing electrode with 35 μm, line spacing was 220 μm 

and 220 μm line width. The flexible polymer/MWCNTs gas sensor offers many benefits which 

includes reproducibility, cost effectiveness, low power consumption, lightweight, and flexibility 

specific to its application in the electrical nose and mobile consumer products. In 

polymer/MWNTs composite films the gas adsorption and interaction mechanism are mainly 

governed by two principles: namely, chemisorption and physisorption. These two principles 

depend on the operating temperatures. In this paper the effect of operating temperature was studied 

on the polymer/MWCNTs sensor. There is a reduction in the influence of the ambient temperature 

but also reduces the response because of the higher operating temperature. Both these factors could 

impact the sensitivity polymer/MWCNTs gas sensor array. 

Hua et al. (2017) developed a flexible gas sensor based on Fe2O3 composite film and single 

walled carbon nanotubes (SWNTs) [318]. High performance gas sensors can be fabricated using 

SWNTs, but the sensitivity and the number of gas molecules detected needs more enhancements. 

Standard chemical vapor deposition technique was used to grow large area SWNTs. The as grown 
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SWNT sensor was placed inside the furnace and heated up to 600 °C at 10 °C min−1 and held for 

1 h in air. The SWNT-Fe2O3 composite is transferred on the plastic substrate and connected with 

two electrodes of silver wire as shown in Figure 4.20. It was found that at room temperature, the 

composite film of SWNTs-Fe2O3 shown clear sensing to H2S gas and an improved response to 

NO2 gas as compared with pristine SWNTs. The flexibility of the sensor was studied at room 

temperature for different bending angles with the exposure of 20 ppm of H2S gas and it was found 

that there was no change in the response of the sensor under either with straightened or different 

bending angles. The gas sensor showed stable sensing response and mechanical robustness during 

large degree deformation cycles. 

 

Figure 4. 20: The response of SWNTs-Fe2O3 composite sensor ay different bending angle under 

the exposure of 20 ppm H2S gas. (a) Illustration of gas sensor response at various bending angles 

0°, 90 °and 180°. (b) The behavior of gas sensor when the bending angles varies from 0° to 180° 

and returned to 0°. Copyright permission from [318]. 

 

Xue et al. (2017) developed a polyaniline/carbon nanotube composite flexible gas sensor 

[319]. A sensor was fabricated for the real time detection of ammonia in anaerobic digestion. The 

sensor was bringing together from a packing order CNT/PANI nanocomposite network film 

fabricated by adding ammonium persulfate (APS) into CNT which consists of aniline solution for 

PANI polymerization and film deposition. It was found that at room temperature as developed 

flexible sensor display high sensitivity towards NH3, sensing from 200 ppb to 50 ppm. Also shows 

splendid selectivity to NH3 gas as compared to other volatile gases and also shows dependable 

flexibility. The increase in sensitivity of the sensor is mainly attributed by the collaborative effect 
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of CNT and PANI, the high surface area of the nanocomposite film and functional network sensing 

channels. The electronic device embedded with the film having high sensitivity, strong flexibility 

and small size, could be suitable for NH3 monitoring in anaerobic digestion in real time for the 

high efficiency and also for better stability of anaerobic digestion of renewable energy sources. 

Wang et al. using wet spinning process established the fabrication of flexible organic vapor 

gas sensor based on carbon nanotubes/poly (styrene-butadiene-styrene) (CNT/SBS) hybrid fiber 

[320]. The complete fabrication and characterization of flexible pure SBS fiber and CNT/SBS 

hybrid composite fiber is shown in Figure 4.21. The CNTs were mixed with the commercially 

available SBS polymer via a two-step mixing method in order to obtain better hominization 

mixture, which includes melt mixing and subsequent solution mixing. After this CNT/SBS melt 

mixed is added to tetrahydrofuran and properly mixed at room temperature for 24 h. The spinning 

solution was loaded to the plastic syringe as shown in Figure 4.21. The flow rate of spinning 

solution was kept at 6 ml h−1. The composite fiber was drawn out vertically and wound onto a 

spool which was stick on to the revolving drum. The sample denoted as SBS/xCNT indicates the 

content of CNT in weight percentage. For example, SBS/1CNT indicates the composite fiber retain 

1 wt% CNT. At room temperature the SBS/1 CNT vapor sensor displays enchanting achievement, 

including high sensitivity, splendid mechanical reliability, fast response, good reproducibility and 

larger detection range. The outstanding benefits can be accredited to the higher surface area of 

fiber and nature of triblock SBS polymer. Capabilities of this device demonstrate their prospects 

of application in flexible and wearable microelectronics for Volatile organic compounds (VOC) 

monitoring. 
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Figure 4. 21:  The flexible pure SBS fiber and CNT/SBS hybrid composite fiber fabrication and 

characterization is shown. (a) The schematic interpretation of wet spinning method. (b) Images 

of pure SBS and CNT/SBS composite fiber (c) Typical FESEM image of pure SBS fiber (d) Pure 

SBS fiber cross section FESEM image (e), (f) Cross sectional SEM image of SBS/1 CNT 

composite fiber (g), (h) Enlarge Cross sectional image of SBS/1 CNT composite fiber. Copyright 

permission from [320]. 

 

Paul et al. (2017) developed a disposable, lightweight and flexible resistive malaria 

biomarker HRP2 biosensor for label free sensing based on nanofiber Zinc-oxide and multi-walled 

carbon nanotubes [321]. The device stepwise fabrication process is schematically depicted in 

Figure 4.22. The stretchable gear was concocted by drop casting of MWNT-ZnO nanofiber slurry 

between micro-fabricated gold electrodes. The MWNT-ZnO nanofiber suspension was prepared 

by sonication in DMF for 1 h. The trapped water molecules into the drop cast device were removed 

by annealing for 1 h at 60°. A linker solution consists of 0.1 M NHS (activator) and 0.4 M EDC 

coupling agent were used for processing the MWNT-ZnO nanofibers for antibody (anti-HRP2) 

functionalization for 4 h so as to stimulate the carboxylic (–COOH) group on nanofiber substrate. 

The PBS was used for washing the device and 10 μl of antibody anti-HRP2 (200 μg ml−1) at 4 °C 

was used for overnight development of required device anti-HRP2/MWNT-ZnO. Owing to the 

firm amide bonds established among the activated carboxylic groups of the MWNT-ZnO nanofiber 

and the amine group of the antibodies, the antibodies were covalently immobilized on the 

nanofiber surface. The PBS with pH 7.0 was used for washing the device to remove unbound 

antibodies. The device was further incubating with 1 wt. % of bovine serum albumin (BSA) for 1 
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h at 37 °C followed by washing with PBS for blocking nonspecific binding sites. The device was 

incubated with various concentration of target antigen HRP2 for an enhanced span of 30 min 

followed by rinsing with PBS, air drying and resistance measurement for investigating the sensing 

performance of the device. The composite nanofiber channel has a rare property which has been 

utilized by the device without any further surface variation to provide novel matrix for one step 

covalent conjugation of the malaria HRP2 antibody. In the wider detection spectrum of 10 fg ml−1 

− 10 ng ml−1 of HRP2, the fabricated chemiresistor displays excellent 8.29 kΩ g−1ml of sensitivity. 

It was also found that for the targeted malaria antigen HRP2 the fabricated sensor demonstrated 

good reproducibility and specificity. The sensing mechanism can be postulated in two possible 

ways as the origin of change in conductance of nanofiber on biomolecular functionalization: one 

is owing to the alteration of electrostatic gate potential as a result of the adsorbed charged 

molecules and other is owing to the adsorption of ionized atoms present on the biomolecule's 

surface, which may modify the deletion region of the nanofiber depending on the net charge 

polarity. 

 

Figure 4. 22:  Schematic depiction of the flexible device step wise fabrication process of resistive 

biosensor malaria biomarker HRP2 detection. Copyright permission from [321]. 

 

Huang et al., (2017) developed a radical view of the stretchable IR detector where CNTs 

were incorporated on Si/SiO2 and polymethyl methacrylate (PMMA) substrate for realizing the 

detection mechanism of infrared [322]. The MWCNTs-based IR detector fabrication process flow 

is shown in Figure 4.23a. The anisole solution with concentration of 0.08 mg ml−1 was used to 
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dissolve PMMA so as to produce the flexible IR detector on PMMA. The PMMA was solidified 

on the surface of the CNTs arrays after the as prepared PMMA solution was dropped on CNTs 

surface and dried in an oven at 150 °C for 20 min. PMMA solution only covers the surface of the 

CNT only with gnomish trickling into CNT arrays because of the high surface tension. Due to the 

stickiness of the PMMA, after solidification the PMMA sticks onto the CNT arrays. The CNT 

arrays originally on SiO2/Si was carefully pilledoff to obtain CNT arrays on PMMA substrate as 

shown in Figure 4.23c. The schematic diagram for testing the sensors is shown in Figure 4.23b. 

The semiconductor laser module with wavelength of 850 nm is used as source of infrared. The 

spot diameter of 3 mm was focused on one of the electrodes and other electrode acts as reference. 

The infrared laser with the on/off were employed to supervise the voltage across the electrodes. In 

conclusion, two IR detectors were developed with PMMA and SiO2/Si substrates. In the presence 

of IR radiation even at IR power as low as 0.1 mW mm−2, both the detectors exhibited a direct 

relationship with light power density and have evident feedback. Owing to the interface traps 

between SiO2 and CNTs, the detector with SiO2 substrate exhibited fast response (40 ms) and high 

sensitivity. The detection of human finger movements has made IR detector as a possible likely 

utilization of CNT based sensors for the sensing of far IR or weak thermal. A radical view of 

stretchable IR detector fabrication was accomplished by relocating CNT/SiO2 structure on the 

PMMA substrate, which exhibited sequence of high sensitivity, flexibility and quick response (50 

ms) time. 
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Figure 4. 23: (a) Schematic fabrication process flow of the IR detector. (b) Schematic diagram of 

the measurement of IR response. (c) The image of IR sensor relocated from SiO2/Si substrate to 

PMMA substrate. Copyright permission from [322]. 

 

Franklin et al., (2017) developed a carbon nanotube thin film transistor (CNT-TFT) 

pressure sensor for measuring environmental pressure for a broad pressure spectrum [323]. The 

aerosol jet printer was used for printing pressure sensor on the flexible substrate polyimide. 

Acetone and isopropyl alcohol were used for ultrasonication of the flexible substrate polyimide 

followed by rinsing in DI water. To take out whatever molecular impurities and to boost ink 

stickiness, the glass slide was exposed to O2 plasma at 100 W for 4 min. A backgate was printed 

on the substrate with silver nanoparticle (Ag NP). The single walled carbon nanotubes ink was 

used to print semiconducting channel. In situ electrical properties of the sensors were measured in 

custom-build pressure chamber. A linear variation in the transconductance of the pressure sensor 

over a pressure spectrum precisely correlates to common tire pressure values. The internet-of-

things (IoT) capabilities of the printed sensor were demonstrated by using bluetooth 

communication and simple circuitry for smart tire applications. The printed smart tire sensor is 

capable of sensing both pressure and treads depth in real time thereby have supreme value for both 

the manufacturers and customers alike. 
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A composite of carbon nanotubes (CNT) as electrodes on gold flexible substrates were 

developed by Xuan et al., (2018) which are flexible and miniaturized lead and cadmium ion 

detector sensor supported on fully integrated electrochemical sensor integrated with micro-

patterned rGO [324]. There are many advantages of this process such as decreased cost, reduced 

sensor size and decreased sample volume. Also, geometrically uniform, identical and well-defined 

electrode structures can be developed. In Figure 4.24, along with differently shaped electrodes the 

flexible micro-Electromechanical systems (MEMS)—based electrochemical sensor is 

demonstrated. The schematic illustration of the modified Au/rGO CNT/Bi composite electrode for 

sensing Cd and Pb ions mechanism is depicted in Figure 4.25. The surface area of electrodes was 

improved by mixing CNT with rGO so as to enhance the achievement of the sensor. Specific and 

individual stripping peaks for Cd and Pb ions were obtained in the fabricated sensor by in situ 

bismuth film plating. For achieving the best stripping performance, various empirical parameters, 

comprising electrodeposition conditions and electrolyte environment were carefully optimized. A 

favorable detection limit of 0.2 ppb (Pb) and 0.6 ppb (Cd) as well as high sensitivities of 926 

nA/ppb cm2 (Pb) and 262 nA/ppb cm2 (Cd) were achieved under optimal conditions respectively. 

The fabricated sensor exhibited good response to both Cd and Pb ions in the concentration 

spectrum of 20 ppb to 200 ppb. The developed Au/rGO CNT/Bi altered electrode shows a 

significant improvement in the determination efficiency towards target ions because of the 

enlargement of electrode surface area. It was found that the developed sensor showed improved 

stability, sensitivity and reliability for the target heavy metal ions and also the detection of ions of 

heavy metal in the water was satisfactory. 

 



130 
 

Figure 4. 24:  The photograph of integrated, miniaturized and flexible heavy metal ion sensor 

with MEMS patterned CNT composite working electrode and reduced graphene oxide (rGO). 

(a), (d) Photographs of the fabricated heavy metals ion flexible sensor. (b) Microscopic images 

of 3 electrodes. (c) Working electrode photograph. (Working area: 1.5 mm2, gap size: 50 μm and 

electrode thickness: ~1 μm). Copyright permission from [324]. 

 

 

 

Figure 4. 25:  The schematic illustration of the modified Au/rGO CNT/Bi composite electrode 

for sensing Cd and Pb ions mechanism is depicted. Copyright permission from [324]. 

 

A flexible and reliable chemiresistive NO2 gas sensor was developed on 

Polytetrafluoroethylene (PTFE) membrane filter substrates based on SWNTs by Agarwal et al. 

(2018) [325]. The fabrication process of the sensor includes the development of SWNTs thin films 

by spray deposition technique, followed by using shadow mask for metal contact fabrication. The 

flexible substrate of PTFE membrane filter with diameter 47 mm, millipore omnipore, 0.2 μm were 

chosen for spray deposition of SWNTs. The complete spray deposition setup for the deposition of 

SWNT film on the flexible substrate is shown in Figure 4.26a. After spray coating, integrated 

metal electrodes were fabricated by sputtering the Gold metal over the SWNTs using metal shadow 

mask, which is cost effective patterning technique to develop chemiresistive gas sensors as shown 

in Figure 4.26b. The developed chemiresistive gas sensor had p-type of SWNTs. The change in 

the conductance responsible for sensing mechanism mainly depends upon the adsorption of analyte 

between the SWNT surface the oxidizing and reducing gases on the SWNT network. It was found 
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that for various concentrations of NO2 extending from 0.75 to 5 ppm, the sensitivities were found 

to be in the range 21.6% to 167.7%. The PEI functionalization of the SWNT surface has led to the 

transition of p-type SWCNTs to n-type because of the presence of amine group which is rich in 

electron concentration. Owing to the high densities of amine group in PEI, the sticking of amine 

group on the side walls of SWNTs is irreversible and hence n-type behaviour of SWNTs. In 

presence of electron accepting nature of NO2, the PEI functionalized SWCNT sensor resistance 

increases which decrease the current of n-type SWNT sensor after donating electron. To check the 

reproducibility and flexibility of the developed sensor, the mechanical experiments were 

performed by a bending sensor for various curvatures of diameters 75 mm, 12.5 mm and 6 mm. It 

was found that under bending conditions the resistance of the sensor remains within ±5% of 

resistance of the sample under horizontal position. 
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Figure 4. 26:  (a) Spray deposition setup for the deposition of SWNT film on the flexible 

substrate. (b) Metallic shadow mask fastens with the SWCNTs covered PTFE substrate. (The 

integrated electrodes of single device can be viewed in image, after metal deposition through 

mask). Copyright permission from [325]. 

 

Jung et al., (2018) proposed a unique approach of highly sensitive flexible pressure sensor 

which is capable of measuring enforced pressure employing a change in the contact resistance 

[326]. The sensor was fabricated on the flexible substrate of poly- dimethylsiloxane (PDMS) 

comprising CNTs. To boost the sensitivity of the developed sensor the CNTs were made to appear 

on the surface of cone shaped microstructures. The sensor is fabricated by pouring a liquid PDMS 

precursor comprising CNTs on the silicon mold. The CNT/PDMS precursor is covered with film 

and a weight of 1 kg is put on it followed by applying pressure to separate air bubbles. After 



133 
 

solidification from silicon mold the elastomer CNT/PDMS is separated. The CNTs are exposed to 

the outer surface of pyramids after PDMS is selectively etched out. It was observed that the 

developed flexible pressure sensor had high sensitivity but not exceeding the value of 250 Pa. In 

addition, the developed sensor is capable of detecting very small force and fast response 

characteristics and good reliability. 

At cellular level pH monitoring in environment is very important because minute pH 

change impact every living organism. Yeong et al., (2018) developed a flexible and low-cost 

carbon nanotubes pH sensor for live cell applications using aerosol jet technology [327]. Polyimide 

with a thickness of 150 μm was used as a flexible substrate. Ethanol is used for cleaning the 

substrate by sonication for 10 min, on the polyimide substrate the silver electrode is first printed. 

The sensing element sinuous CNT is then printed on the surface of silver electrode followed by 

drying at 200 °C for 2 h. Figure 4.27a show the bending cycles test for the flexible pH sensor. 

Bending and release motion of the sensor during this bending test is shown in Figure 4.27b and 

Figure 4.27c. The developed sensor was studied for in vitro biocompatibility. The surface of 

murine myoblasts was used for directly placing sensor. After 7 d of culture, it was found that a 

layer of cells started to grow on the edge of the top surface of the sensor. The developed flexible 

pH sensor showed high reliability, sensitivity, high mechanical stability, good response time, also 

the in vitro biocompatibility shows that the pH sensor is suitable for wearing on human skins. The 

Table 4.6 would give an idea about the various parameters for flexible gas sensors such as 

substrates, operating temperature, response time, recovery times and various other important 

properties which are essential for developing flexible sensors based on carbon nanotubes. 
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Figure 4. 27:  (a) Flexibility test for the printed CNTs based pH sensor interpreting the 

fluctuation in measured resistance with bending cycles. Bending tests motion of bend and release 

is shown in inset photograph. (b) Sensor attached with gloves showing released motion. (c) 

Sensor attached with gloves showing bend motion during flexibility test. Copyright permission 

from [327]. 

Table 4. 6:  Survey of flexible sensors based on carbon nanotubes. 

Sl.no Agents/

gases 

sensors 

Flexible 

Substrates  

Flexibility/ 

Stability 

Temper-

ature 

Response 

/Sensitivit

y  

Response 

time 

Recovery 

time 

Ref.  

1. H2S Polyethylene 

terephthalate 

(PET)  

yes RT 20 ppm 10 s 15 s [309] 

2. NH3 Polypyrrole/ 

Polyaniline 

(PANI) 

800  RT 50 ppm 85 s 20 s [319] 

3. H2S Polypyrrole/ 

Polyaniline 

(PANI) 

90° to 180°  RT 20 ppm 300 s 300 s [318] 
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4. Pressure Poly (dimethyl 

siloxane) 

(PDMS) 

35000  - 19.8 kPa−1  16.7 ms - [328] 

5. NH3 Polyaniline 

(PANI) 

45° to 90° RT 25 ppm, 

200 ppm, 

1000 ppm  

213 s, 

191 s and 

179 s 

respective

ly 

98 s, 121 

s and 229 

s 

respective

ly 

[329] 

6. Organic 

vapors 

Poly(styrene-

butadiene-

styrene) (SBS) 

1000  - 256% ≤ 40 s - [320] 

7. Humidit

y 

Polyimide (PI) yes RT Ultrahigh 

sensitivity 

102 s Several 

seconds 

[330] 

8. NH3 Polyaniline 

(PANI) 

0° to 80° RT 42% to 

385% 

115 s 44 s [331] 

9. NO2 Polyethylene 

terephthalate 

(PET) 

0°, 45° and 

90° 

RT 14% 10 min 27 min [307] 

10. Pressure Poly (dimethyl 

siloxane) 

(PDMS) 

>50,000 - >1.14 kPa-

1 

<17 ms - [332] 

11. NO2 Polyimide/Polyet

hylene 

terephthalate 

(PI/PET) 

106 RT 17% 7 min 15 min [316] 

12. NO2 Polytetrafluoroet

hylene (PTFE) 

membrane 

6, 12.5, 75 

mm 

diameter 

RT 21.58% to 

167.7% 

4 min 13 min [325] 

13. IR polymethyl 

methacrylate 

(PMMA) 

yes 

  

RT 0.1 

mW/mm2 

50 ms -  [322] 

14. pH  Polyimide (PI) yes - 59 kΩ/pH 20 s - [327] 

15. NO2 Polyimide (PI) yes RT 24.82% (5 

ppm) 

65 s - [333] 

16. Strain 

sensor 

Poly (dimethyl 

siloxane) 

(PDMS) 

yes RT 1.98 MPa - - [334] 
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17. Strain 

sensor 

Poly (dimethyl 

siloxane) 

(PDMS) 

1000 RT 100 400-700 

μs 

- [335] 

18. Humidit

y 

Nano-fibrillated 

cellulose (NFC) 

yes - 69.9% 

(ΔI/I0) 

330 s 377 s [336] 

19. Strain 

sensor 

polyacrylamide 

(PAAm) 

300 RT 0.7 MPa 300 ms - [337] 

20. Strain 

sensor 

Poly (dimethyl 

siloxane) 

(PDMS) 

1000 RT 58.7 - - [338] 

  

 

 2D transition metal di-chalcogenides and metal oxide nanostructures based NO2 gas 

sensors 

 

Materials for NO2 gas sensors 

 2D transition metal dichalcogenides (TMDs) 

TMDs, having an ultrathin thickness and 2D morphology, present some exceptional 

chemical, electrical and physical properties as compared with their bulk equivalent and hence carry 

an immense assurance for diverse applications [149,187,188, 189,339]. There are many methods 

employed to prepare one or few-layered TMD nanosheets, such as chemical vapor deposition 

(CVD) process, liquid-phase exfoliation, wet chemical synthesis, mechanical cleavage method and 

electrochemical exfoliation using Li-intercalation [340-344]. The electrical and chemical 

properties of 2D nanostructures have made them relevant for their use in numerous applications, 

e.g., sensors, electronic/optoelectronic apparatus, energy storage and electrolysis [345-355]. Some 

structural properties of TMDs are similar to graphene. In addition to this, they exhibit some 

complementary properties and features which make them suitable for sensing applications. A 

typical example is the fabrication of electronic transistors. Although at room temperature graphene 

has remarkably high carrier mobility, it has poorly defined bandgap, which makes it difficult to 

turn off the transistors. Clearly, graphene in its pristine form is not suitable for fabricating logic 
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gates. On the contrary, many TMDs (such as MoS2, MoTe2 and WS2) depict semiconducting 

behaviour, have a wide range of bandgap and are better suited for their use as electronic devices. 

 

 MoS2 based NO2 gas sensors 

Among all TMDs materials, MoS2 has got special attention for gas sensing applications. 

Its layered structure, high surface to volume ratio, scalability, high yield production, and cost-

effectiveness make it special for gas sensing. The liquid exfoliation technique is emerging as an 

excellent approach for the synthesis of single or few-layered MoS2. Furthermore, it is inherently 

suited for gas sensing applications owing to the introduction of a significant concentration of S 

vacancies in MoS2 basal plane, which can be either functionalized via substitutional doping or 

behave as adsorption sites for target gases. N-Methyl Pyrrolidone (NMP) has emerged as the most 

suitable solvent to effectively exfoliate MoS2. Also, MoS2 is a natural reservoir of N atoms that 

can potentially dope the solute if the system is heated in the 150–200 °C temperature range and it 

can also play the role of doping agent, allowing to finely tune the response of MoS2 to target gases 

[356,357]. 

MoS2 has exceptional sensing properties but it also shows some limitations. A most serious 

issue with MoS2 based sensor is its stability which is caused by fast oxidation of its top layer. MoS2 

is readily oxidized to MoO3, which decreases the sensitively. In order to counter the oxidation 

problem, Lingmin et al. made hierarchical MoS2 spheres like a 3D flower for NO2 sensing (see 

Figure 4.28 (a) and (b) and (c)) [144]. They reported that MoS2 flowers can remain stable for a 

long time as compared to MoS2 films. Another advantage of using MoS2 flowers is their porous 

nature which enhances the surface area and also provides additional channels for gas molecule 

absorption. The BET surface area of spheres like a 3D flower was found to be around 27.7 m2/g 

(see Figure 4.28 (d)). The gas detection of as-developed flower-like MoS2 for 50 ppm of NO2 was 

done in variable temperature conditions (from 100 to 250 °C) to attain the optimum operating 

temperature. It was found that the maximum response of 78% was obtained at a temperature of 

150 °C as depicted in Figure 4.29 (a). The MoS2 sensor response curve towards NO2 of 50 ppm is 

shown in Figure 4.29 (b) which shows that as-developed MoS2 spheres act as a p-type 

semiconductor. The p-type behaviour is attributed to a reduction in sensor resistance on exposure 

to NO2, where NO2 behaves as the oxidizing gas. The dynamic sensing response of the sensor for 
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various concentrations of NO2 (5–50 ppm) is depicted in Figure 4.29 (c), showing an increase in 

the sensitivity with increasing concentration of NO2. The sensitivity and selectivity of the sensor 

for various gases are demonstrated in Figure 4.29 (d). Figure 4.29 (e) demonstrates good 

repeatability of the sensor response. The stability of the MoS2 spheres like a 3D flower was 

checked for various days and the results as depicted in Figure 4.29 (f) indicate the high stability of 

the sensor. The adsorption of NO2 as oxidizing gas molecules on the surface of MoS2 led to large 

p-type doping of MoS2, which significantly increases the conductance of MoS2 [358,359]. 

 

 

Figure 4. 28:  (a) Low magnification SEM images of as-prepared MoS2 spheres like 3D flower, 

(b) High magnification SEM photograph, (c) TEM photograph, (d) BET photograph. Copyright 

permission from Ref. [144]. 
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Figure 4. 29:  (a) Temperature dependence study of 3D flower-like MoS2 spheres, (b) The MoS2 

spheres like 3D flower acts like semiconductor of p-type, (c) Dynamic response for 5–50 ppm 

NO2, (d) The sensitivity and selectivity analysis for various gases, (e) The repeatability analysis 

of MoS2 spheres like 3D flower, (f) Stability analysis. Copyright permission from Ref. [144]. 

 

A unique technique was developed by Zeng et al., in which the surface morphology of the 

developed MoS2 was tailored by changing the concentration of cetyltrimethyl ammonium bromide 

(CTAB) during hydrothermal treatment [146]. The hierarchical porous microspheres of MoS2 

exhibited good response and recovery properties along with high selectivity and reversibility. 

CTAB was found to play a very important role in deciding the morphology of resulting MoS2. An 

increase in the concentration of CTAB was observed to create different shapes such as flowers, 

sheets and spheres. The perfect 3D spherical morphology of MoS2 was obtained at an optimum 

concentration of 6 g/L. The process of adsorption and desorption of oxygen molecules on the 

surface of MoS2 is responsible for gas sensing properties of the hierarchical 3D flower-like MoS2 
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nanospheres. MoS2 acts as n-type semiconductors such that in the presence of air, oxygen 

molecules adsorb on the surface of MoS2 nanospheres and form ionic species (O2−, O−, O2−) by 

capturing free electrons from the conduction band of MoS2. This results in a decrease in the 

electrical conductivity or an increase in the resistance of the sensor. Oxidizing gases such as NO2 

with higher electrophilic properties capture electrons of MoS2. Further, NO2 also reacts with 

adsorbed oxygen ions to form NO2
−. Hence the resistance of the gas sensor increases on exposure 

to NO2. The authors achieved better gas sensing response in this work than some of the hybrid gas 

sensors as reported in Refs. [144,360,361]. 

The surface area can be improved in a hybrid structure. In this context, Bon-Cheol 

fabricated an extremely stretchable and transparent NO2 gas detecting thin films using soft 

lithographic patterning on MoS2-rGO composites [147]. A facile solution mixing process was used 

for preparing the MoS2-rGO composite thin films. The composite thin film was spin-coated on the 

surface of the substrate followed by annealing in N2 atmosphere for 1 h. A soft lithography 

technique was used for line patterning of hydrothermally reduced GO (rGO), and the MoS2-rGO 

patterned composite thin films were again transferred on a PET substrate. The complete fabrication 

and patterning of MoS2-rGO composite thin film are depicted in Figure 4.30. The MoS2-rGO 

composite was prepared by mixing various concentrations of both MoS2 and rGO. Sensing 

properties of different sensors with changing concentrations of both MoS2 and rGO are shown in 

Figure 4.31. In comparison with pure rGO sensor, the sensitivity of MoS2-rGO composite thin film 

towards NO2 was 4 times higher. The electric characteristics of the MoS2-rGO composite film 

sensor were maintained even when the sensor was bend about 70%. In comparison with pure rGO 

films, the sensitivity of the gas sensor developed on MoS2-rGO composite film was found to be at 

least 300% more. 
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Figure 4. 30:  The complete schematic diagram for the fabrication and patterning of MoS2/rGO 

composites. Copyright permission from Ref. [147]. 

 

Figure 4. 31:  Variations of characteristics pattern (a) rGO, (b) MoS2/rGO (1:10), (c) MoS2/rGO 

(1:5), (d) MoS2/rGO (1:2.5) wiry film gas detector with NO2 gas concentration. Copyright 

permission from Ref. [147]. 
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Another way of obtaining a large surface area for a gas sensor is the development of 

vertically aligned nanostructures. Zhengcao et al. achieved highly enhanced NO2 gas sensing 

performance using vertically aligned MoS2/ZnO nanowires in the year 2018 [148]. The vertically 

aligned structure of MoS2 nanosheets was produced by sulphurisation of Mo films predeposited 

by magnetic sputtering on hydrothermally synthesized ZnO nanowires. The dynamic response of 

the MoS2–ZnO NWs sensor measured for 50 ppm of NO2 gas with varying temperature is 

demonstrated in Figure 4.32 (a). It can be seen that the sensor repeatability at RT and 100 °C was 

zero while the sensor recovers 70–100% at 200 °C. This observation was also found for graphene-

based sensors [362] and also in MoS2 based sensors [363]. The sensing response as a function of 

gas concentration is depicted in Figure 4.32 (b). According to the response and recovery curves, 

the optimum operating temperature was found to be 200 °C. The comparative sensing response of 

pure MoS2, ZnO NWs and MoS2/ZnO nanowires at 200 °C is exhibited in Figure 4.32 (c). It was 

found that the sensing response of MoS2/ZnO nanowires is superior to that of both MoS2 and ZnO 

NWs. The response and repeatability of the MoS2/ZnO nanowires sensor towards 50 ppm NO2 are 

demonstrated in Figure 4.32 (d). The results show that in comparison to as-processed MoS2 and 

ZnO NWs, the MoS2/ZnO nanosheets demonstrated outstanding repeatability, recovery, 

selectivity, sensitivity, as a function of working temperature and also efficient to detect as low as 

200 ppb of NO2 gas. 
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Figure 4. 32:  (a) Dynamic sensing response of MoS2/ZnO NWs nanostructures for the various 

temperature to 50 ppm of NO2. (b) Sensor dynamic response as a function of gas concentration, 

(c) The sensing response comparison for pure MoS2, ZnO NWs and MoS2–ZnO nanowires at 

200 °C, (d) The repeatability and response of MoS2–ZnO nanowires sensor. Copyright 

permission from Ref. [148]. 

 

Donarelli et al. presented another way of changing the semiconducting behaviour of MoS2 

flakes by changing the annealing temperature. The chemically exfoliated MoS2 based gas detector 

response was examined in the presence of NO2 and other gases [149]. The chemical exfoliation of 

MoS2 flakes was carried out in N-methyl pyrrolidone (NMP) followed by annealing at 150 °C or 

250 °C in air. The formation of percolation paths in MoS2 flakes as a result of interconnection 

between the sensing device and the electrodes is revealed by SEM analysis of the exfoliated MoS2 
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flakes. The crystalline nature of the MoS2 flakes before annealing confirmed by Raman 

spectroscopy while there were no appreciable bulk impurities in MoO3 after annealing. Under the 

exposure of NO2 gas, the detector processed with thermal annealing displayed a unique response 

of p-type. This behaviour can be attributed to nitrogen doping of “s” vacancies in MoS2 surface, 

where the nitrogen atoms are possibly contributed by NMP during chemical exfoliation. The 

thermal annealing of sensor exhibits the n-type behaviour under exposure of NO2. This behaviour 

can be attributed to significant existence of “s” vacancies in MoS2 annealed flakes and to the 

surface coexistence of MoO3 arising from the limited chemical exfoliation of the surface of the 

flake. 

Yong's group, in 2017, developed a unique way of p-n junction tailoring and occupation 

modulation of sorption sites of rGO-MoS2 nanocomposite for ultrasensitive sensing of NO2 gas at 

a low operational temperature [360]. In his article, both rGO and rGO-MoS2 hybrid thin-film 

sensors were fabricated for the detection of NO2 gas at low operating temperature. The electrical 

response of both rGO and rGO/MoS2 composite sensors exhibited p-type characteristic response 

as demonstrated in Figure 4.33 (a and b). The characteristic response of the rGO sensor is p-type 

because of the presence of oxygen and water doping [364]. The periodic tailoring of the p-n 

junction and occupation modulation of sorption sites can be attributed to the total resistance 

variation of the rGO-MoS2 sensor during molecular desorption/adsorption process. When n-type 

MoS2 is exposed to air, the surface adsorbed oxygen will capture electrons from its conduction 

band to generate oxygen anions (O2
−), resulting in the formation of electron shell depletion region 

(EDR) on the surface. This results in the formation of the n-type semiconducting core region with 

low resistance and EDR with high resistance. Similarly, in the case of p-type semiconductors, the 

adsorbed oxygen anions from the hole accumulation region (HAR) with low resistance near the 

material surface owing to electrostatic interaction between oppositely charged species. The 

formation of p-n junction leads to an increase in the width of the space charge layer resulting in 

enhancement of sensor response and it is expected for rGO-MoS2 junctions. The adsorption of 

NO2 gas molecules creates NO2
− through continuous recombinations from both MoS2 and rGO. 

Hence both EDR and HAR would be continued, followed with both positive and negative 

influences on the resistance increase, respectively. The p-type response of rGO-MoS2 is 

predominantly contributed by rGO. In the presence of 2 ppm of NO2 gas, the sensing response of 

the rGO-MoS2 composite sensor was found at an optimum temperature. In comparison with pure 
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rGO sensor, the response of the composite rGO-MoS2 sensor is 200% higher as demonstrated in 

Figure 4.33 (c and d). In addition to sensitivity, other sensor parameters were also analyzed such 

as operating temperature, long term stability, humidity effect, selectivity, and detection limit of the 

rGO-MoS2 composite sensor. The developed rGO-MoS2 composite detector was able to detect 

NO2 gas with a sensitivity of 59.8% which is 200% higher than pure rGO sensor and also the 

detection limit of the detector was found as 5.7 ppb. 

 

Figure 4. 33:  (a) Dynamic resistance response of rGO sensor towards 2 ppm of NO2 at 60 °C, 

(b) Dynamic resistance response of MoS2 sensor towards 2 ppm of NO2 at 60 °C, (c) Dynamic 

detecting response of the rGO-MoS2 composite sensor, (d) Histogram of the sensing response of 

both rGO and rGO-MoS2. Copyright permission from Ref. [360]. 
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Sen developed another method for obtaining a high response with fast response and 

recovery of the sensor by increasing the operating temperature. A two-step wet-chemical method 

was used for fabricating NO2 gas sensor by decorating rGO on the surface of MoS2 NPs [188]. 

Firstly, a modified liquid exfoliation method was used for preparing MoS2 NPs from the bulk 

MoS2 powder. The self-assembly of MoS2-NPs and GO sheets were employed for obtaining MoS2-

rGO hybrid sensor, followed by a hydrothermal treatment process. A certain number of functional 

groups still exists in rGO after the synthesis of rGO and MoS2 using hydrothermal synthesis. 

Furthermore, some structural defects and vacancies can be introduced during this process, which 

can also act as adsorption sites for gas molecules. These sites can contribute electrons and holes to 

the hybrid structure of MoS2-rGO and hence change the carrier concentration. The p-type rGO and 

n-type MoS2 forms a p-n junction resulting in an increase in the sensing performance of the hybrid 

MoS2-rGO sensor. The characteristics analysis revealed that the MoS2 NPs with the size of 3–5 

nm is consistently spread over rGO nanosheets. The MoS2-rGO hybrid sensor was able to detect 

NO2 gas even at RT. The typical response curve of the hybrid MoS2-rGO sensor towards various 

NO2 concentrations is shown in Figure 4.34 (a). The relationship between the NO2 gas 

concentrations with the response is demonstrated in Figure 4.34 (b). The sensing response of the 

MoS2-rGO hybrid detector was examined by elevating the operating temperature. It was found that 

with an increase in operating temperature, the MoS2-rGO hybrid sensor shows improved response 

along with fast response and recovery. 

 

Figure 4. 34:  (a) The typical response curve of the hybrid MoS2-RGO sensor, (b) The 

relationship between the NO2 gas concentrations with the response. Copyright permission from 

Ref. [188]. 
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Recently in 2019, Hairong et al., developed the most efficient method of improving the 

performance of gas sensing by controlling the surface structure at the atomic scale. Hierarchical 

MoS2 microspheres hollow structures were synthesized using a facile hydrothermal approach 

which offered enhanced NO2 detection [189]. The active edge sites of MoS2 were improved by the 

influx of micro-nano hierarchical design, which favours carrier exchange and increases the kinetics 

of gas adsorption, eventually resulting in improved sensing behaviour. In comparison to plane 

solid structure, the hierarchical hollow MoS2 microspheres with added active sites exhibit 

outstanding detection capability with 3.1 times improvement. The formation of MoS2 shell is 

followed by the nucleation on PS spheres surface facilitated by the polystyrene (PS) templates [see 

Figure 4.35(a)]. The hierarchical morphology is formed as the absorption continues and MoS2 will 

nucleate and collect on the nanosheets shell surface [see Figure 4.35(b)]. To obtain hierarchical 

hollow spheres, annealing was done to vaporize the PS spheres template as shown in Figure 

4.35(c). With increasing the reaction time, shell thickness, roughness of the surface and size of the 

sphere of spheres also increased. The nucleation of small spheres on the MoS2 hollow spheres 

surface occurs and eventually with the reduction in surface energy results in the formation of solid 

spheres as the reaction time increases to 10 h [see Figure 4.35(d)]. The already nucleated small 

spheres of micrometre size start to grow and eventually separated from the hollow spheres as the 

time reaches 18 h [see Figure 4.35(e)]. The improvement in surface permeability, high surface area 

promotes gas diffusion, exchange and transportation of the hollow surface area can be associated 

with the nanosheets comprising the hierarchical micro-nano structure. Consequently, the sensor is 

capable of working at a lesser temperature with improvement in sensing response. The nanoscale 

and micro-level surface morphology can be controlled by the introduction of hierarchical 

structures thereby rendering new possibilities for improving the detection capability of MoS2. 
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Figure 4. 35:  (a) MoS2 nanosheets nucleate on the PS template. (b) MoS2 nanosheets nucleate 

and develop constantly. (c) The PS spheres template to form the hierarchical hollow spheres, (d) 

The surface energy reduces because small spheres start to nucleate on the MoS2 hollow spheres 

surface and develop into solid spheres, (e) The small spheres grow to micrometre size and 

separate from the hollow spheres. Copyright permission from Ref. [189]. 

 

The change in the lateral grain size of MoS2 is also found to improve the sensitivity of the 

sensor. Junmin et al. developed a high response resistive NO2 gas sensor by employing a two-step 

CVD method for growing bilayer MoS2 [190] [see Figure 4.36(a)]. The lateral grain size of the 

grown bilayer of MoS2 was 50–100 μm. The response-recovery curve of the as-developed resistive 

MoS2 bilayer at RT with varying adsorption of NO2 is depicted in Figure 4.36(b). The response of 

as-synthesized bilayer MoS2 resistive gas sensor as a function of NO2 concentration is depicted in 

Figure 4.36(c). The response of the as-synthesized sensor to 50 ppm of NO2, CH4, O2, NH3, and 

H2 at RT is demonstrated in Figure 4.36(d). The as-synthesized bilayer MoS2 with high lateral 

grain size is associated with high surface mobility and increased surface evaporation. The 

developed resistive sensor showed p-type response and reached a super sensitivity at RT. The 

developed sensor has far better performance in comparison to various previous works [365,366]. 

The sensing mechanism of the as-developed p-type MoS2 can be explained as follows. The initial 

exposure to air of p-type MoS2 leads to the adsorption of oxygen molecules on the surface, taking 

away some electrons from the valence band leading to the formation of oxygen species (O2
−, O−). 
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This causes an increase in the hole concentration and a decrease in the resistance. The exposure of 

oxidizing NO2 gas to the p-type MoS2, NO2 molecules were adsorbed on the surface as NO2
− ions, 

which further extracted electrons from the valence band leading to an increase in hole 

concentration. The adsorption of NO2 gas molecules leads to an accumulation of holes, resulting 

in the formation of the hole layer on the surface of MoS2. The formation of the hole layer makes 

the p-type MoS2 more conductive. When the supply of NO2 gas is stopped and the p-type MoS2 is 

exposed to air again, the adsorbed NO2
−species evaporated leaving behind the captured electrons 

in p-type MoS2. The following electron-hole recombination process resulted in a decrease in the 

hole concentration and an increase in the resistance. At the end of the electron-hole recombination 

process, the resistance of the p-type MoS2 returned to the original value. Inversely, when the 

reducing gases NH3, H2, CH4 are exposed to p-type MoS2, the electrons chemisorbed by the oxygen 

species (O2
−, O−) were released back to the valence band of p-type MoS2 and combined with holes 

in the valence band, resulting in the increase of resistance. 

 

Figure 4. 36:  (a) The schematic diagram of MoS2 bilayer based resistive gas sensor, (b) The 

recovery-response curve of the as developed resistance MoS2 bilayer at various concentrations of 

NO2 at RT, (c) The response of as-synthesized bilayer of MoS2 resistive gas sensor as a function 
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of NO2 concentration, (d) The response of the as-synthesized sensor to 50 ppm of NO2, CH4, O2, 

NH3, H2 at RT. Copyright permission from Ref. [190] 

Recently in 2019, Shaofeng et al., synthesized an extremely selective NO2 gas sensor based 

on a novel rGO-MoS2-CdS nanocomposite film by facile solvothermal treatment [191]. A new 

heterostructure is formed where CdS nanocones were grown on the 2D layered rGO-MoS2 

substrate by employing a facile solvothermal treatment. The developed hybrid nanocomposite of 

rGO-MoS2-CdS displayed an exquisite selectivity towards NO2 gas and this can be associated with 

the structural combination of MoS2/CdS heterostructure on rGO layer. The detecting capability of 

the synthesized heterostructure rGO-MoS2-CdS nanocomposite towards numerous concentrations 

of NO2 gas has been analyzed. The three different nanocomposites response towards various 

concentrations, i.e., 0.1–11 ppm of NO2 is depicted in Figure 4.37(b). In all concentration ranges, 

the repeatability of the sensor was very good. Three different nanocomposite rGO-MoS2-CdS-a, 

rGO-MoS2-CdS-b, rGO-MoS2-CdS-c sensors with different concentrations of CdS were obtained 

by solvothermal treatment at 120 °C for 6 h, 12 h and 24 h, respectively. In the solvothermal 

treatment, increase in time from 6 h to 12 h leads to the homogeneous dispersion of CdS nanocones 

on the surface of rGO-MoS2 and hence the formation of more p-n junctions. The sensing response 

of nanocomposite rGO-MoS2-CdS-b increased from 10.3% to 25.7% for the same concentrations 

of NO2 gas as depicted in Figure 4.37(c). However, the increase in time of solvothermal treatment 

results in the formation of many hemispheres composed of nanocones and the sensitivity decreases 

from 25.7% to 16.1%. The nanocomposite sensor before and after NO2 exposure is depicted in 

Figure 4.37(a). In comparison with other rGO based sensor, the nanocomposite rGO-MoS2-CdS 

with lots of heterojunctions, higher specific surface area and more adsorption sites showed an 

excellent response of 25.7% in the presence of 0.2 ppm of NO2. Moreover, the hybrid detector 

depicted an outstanding gas detecting constancy at the operating temperature of 75 °C. This 

enhanced gas sensing has been explained on the basis of an assumption that O2
− and NO2

− 

formation takes place on the surface of nanocomposite films. The electron shell depletion region 

is formed on the surface when nanocomposite film is exposed to air, as surface adsorbed oxygen 

will capture electrons from the conduction band of CdS and MoS2, forming oxygen anions (O2
−). 

This process is responsible for the formation of n-type MoS2/CdS electron shell depletion region. 

In the case of rGO, adsorbed oxygen anions cause hole accumulation near the surface of sensing 

material owing to the electrostatic interaction between opposite charge species. The interaction of 
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NO2 to rGO is weak and hence NO2 would be preferentially adsorbed onto the rGO/MoS2/CdS 

heterojunctions. The NO2 molecules adsorption takes place in the form of NO2
−, and electrons are 

continuously withdrawn from rGO/MoS2/CdS heterojunctions. 

 

Figure 4. 37:  (a) The nanocomposite sensor before and after NO2 exposure, (b) The three 

different nanocomposites response towards various concentrations 0.1–11 ppm of NO2, (c) The 

sensing response of the three-nanocomposite sensor for same 0.2 ppm of NO2 gas. Copyright 

permission from Ref. [191]. 

In the same year 2019, Zhong et al., employed piezo-phototronic effects and photogating 

for obtaining single-layer MoS2 for an enhanced NO2 gas sensing [192]. The authors irradiated the 

sensor with a red light-emitting diode (LED) and compared the sensor response in light and dark 

conditions. The sensor response was also compared by in tensile strain and no strain conditions. 

In this article [364], an individual layer MoS2 based NO2 gas detector with simple and reliable 

flexibility is presented. The 2D semiconductor characteristics and the ultra-high specific surface 

area are attributed to the high sensitivity of flexible sensor towards NO2 gas. The as-developed 

single-layer MoS2 sensor showed better performance in terms of sensitivity, recovery and response 

towards NO2 as compared to different works done on single-layer MoS2 [359, 367]. The surface 

charge transfer in the direct bandgap of ultrathin Schottky contacts of MoS2, photo electricity and 
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also coupling among piezoelectricity can be associated with the sensitivity modulation of the 

flexible NO2 sensor. 

The enhanced sensitivity and selectivity of the sensor can be achieved by a suitable 

combination of large active edge sites with a large surface area. Kumar et al. have developed a 

one-dimensional MoS2 nanowire network (NW) for enhanced NO2 gas sensing [193]. The one-

dimensional MoS2 NW network was obtained by using controlled turbulent vapor flow from the 

chemical transport reaction. At different temperatures, the sensing behaviours of the developed 

MoS2 NW network were investigated in the presence of discrete molarity of NO2. The MoS2 NW 

network sensor demonstrated 2-fold enhanced sensitivity for NO2 at 60 °C in comparison with 

sensitivity at RT and also a very low detection limit. The recovery and response time for the MoS2 

NW network sensor was 172 s and 16 s, respectively at 60 °C while the sensitivity of the sensor 

deteriorated at 120 °C. The enhanced sensitivity and selectivity towards NO2 gas can be associated 

to a combination of the large surface area along with sufficient active edge sites and calibration of 

the high voltage barrier at the junction of nanowires during adsorption and desorption of gas 

molecules. The sensing mechanism of the developed MoS2 nanowire sensor can be attributed to a 

change in carrier concentration of MoS2 owing to chemisorption or physisorption or both, of 

gaseous molecules. The two factors which are responsible for the variation in the carrier 

concentrations are the active site density at the surface of MoS2 and the behaviour (reducing or 

oxidizing) of gases. At RT both humidity and oxygen occupy a large number of active sites, 

thereby extracting electrons from the exposed sites of S edge (‾1010) and Mo edge (10 ‾1 0) of the 

MoS2 nanowires. Also, due to high vacancy density of the MoS2 nanowires oxygen is chemisorbed 

on the sulfur vacancy. This results in a decrease in the concentration of electrons and the creation 

of the depletion layer. Thus, due to the presence of oxygen and humidity on the surface of MoS2 

nanowires, a smaller number of active sites are available for NO2 gas molecules adsorption, 

resulting in a reduction in the response of sensor at RT. Annealing of the device at 60 °C leads to 

desorption of both humidity and oxygen gas molecules, resulting in the availability of a large 

number of active sites and electron concentration in MoS2 nanowires. 

Furthermore, Yong et al. developed a unique UV light stimulated room temperature NO2 

gas sensor based on few-layered MoS2 film decorated with Au nanoparticles [194]. Under dark 

conditions, MoS2 sensor in comparison to the as-processed MoS2–Au depicted a response of 10% 
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in the presence of 2.5 ppm NO2 which is two times more. The increase in the sensitivity of MoS2–

Au can be attributed to the increase in the reaction sites because of the interfaces and spillover 

effect and smaller baseline effect due to Au decoration. Incomplete recovery was obtained for all 

the sensors. The MoS2–Au based NO2 sensor under the illumination of UV light depicted three 

times better response, favourable repeatability and full recovery was accomplished in contrast with 

the absence of UV light conditions. Two conditions cause the above event. One of the conditions 

is the effective charge separation at MoS2–Au interface resulting in repeatable and reversible 

reactions. The second condition is the additional photo introduced charge carriers which ensure 

adequate solid-gas interaction between target gas molecules and sensing layer. The author was 

able to achieve room temperature, UV light assisted, sensitive, reversible and highly selective NO2 

gas sensing based on a few layers of MoS2–Au nanocomposites serving as sensing layer. 

The major challenge regarding sensors based on MoS2 is that the sensor suffers from long 

recovery and response time, specifically at room temperature. Kumar et al. developed the photo-

activated extremely reversible and quick sensing of NO2 at RT by employing improved p-MoS2 

flakes with blend in edge and plane [368]. The detector depicted a fast response with a sensitivity 

of about 10.6% for 10 ppm NO2 without complete recovery. However, full recovery was achieved 

by UV light illumination at RT. The UV aided NO2 sensing showed enhanced sensing in terms of 

fast recovery and response with increased sensitivity towards 10 ppm NO2 at room temperature. 

In the year 2018, Yang et al. fabricated a hetero-nanostructure of MoS2/ZnO for enhanced 

NO2 gas detection at room temperature (RT) [198]. Hetero-structure fabrication is an impressive 

approach to alter the electronic behaviour of intrinsic MoS2 nanosheets, thereby accomplishing 

high sensitivity and outstanding recovery properties. A simple wet chemical method was employed 

to fabricate a novel p-n hetero-nanostructure on MoS2 nanosheets using surface modification. The 

surface modification of MoS2 with nanoparticles of zinc oxide (ZnO NPs) results in the formation 

of hetero-nanostructure of MoS2/ZnO which is capable of outstanding performance of 3050% to 5 

ppm NO2, which is eleven-fold more than that for pure MoS2 NPs sensor. The hetero-

nanostructures of MoS2/ZnO exhibit p-type characteristics, which shows that the major charge 

carriers are MoS2 NSs and ZnO NPs act as active decorations. In case of pristine p-type MoS2 NSs, 

the defects on the surface of MoS2 act as active sites for NO2 gas molecules. The response and 

recovery are slow due to the defect dominated process owing to high adsorption energy. During 
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the sensing process, the electrophilic NO2 molecules capture electrons from the conduction band 

of MoS2, leading to an increase in the conductivity of the sensor. The as-developed hetero-

nanostructure is capable of more than 90% recovery at RT. Also, the sensor possesses a very fast 

response time of the 40 s, great stability, outstanding selectivity and lower detection limit of 50 

ppb. The as-developed MoS2/ZnO hetero-nanostructure showed better performance in comparison 

with many previously reported articles [144,149,369]. 

In the same year, Kumar et al. employed a controlled vapor transport process for obtaining 

hybrid microflower of MoS2–MoO3 for an efficient gas sensing at RT [199]. Various 

characterization techniques were used for studying crystal structure and morphology of the 

developed hybrid micro flower. The hybrid micro flower analysis with a cathodoluminescence 

mapping revealed that the flower petals, as well as nanosheets, are composed of MoS2 while the 

core of micro flower comprises of MoO3. Without any external stimulus (like thermal or optical), 

the hybrid MoS2–MoO3 sensor exhibited a sensitivity of 33.6% towards 10 ppm NO2 gas with 

complete recovery at RT. In comparison with various earlier reports on MoS2, the as-developed 

MoS2–MoO3 sensor showed a low response time of 19 s with total recovery and an outstanding 

selectivity towards NO2 against different other gases at room temperature. The sensing mechanism 

is associated with a build-up of modulation of a potential barrier at the interface of MoS2–MoO3 

during desorption/adsorption of NO2 and high hole injection from MoO3 to MoS2. Also, this article 

demonstrates that by controlling the micro and nanostructures the properties of 2D materials can 

be altered toward utilization in modern electronics. Energy band diagram is used to explain the 

sensing mechanism of MoS2–MoO3 hybrid. The work function of MoO3 and MoS2 are 5.3 and 4.7 

eV, respectively. This energy offset band of 0.6 eV forms a potential barrier and leads to efficient 

electron-hole separation at the n-MoS2/n-MoO3 junction. The potential barrier at the n-n 

heterojunction plays an important role in the modulation of the conduction channel width that is 

essentially responsible for the fluctuation of the device resistance. 

It was found that at room temperature, in comparison to horizontally aligned MoS2 flakes, 

the vertically aligned (VA) MoS2 flakes exhibited two times higher response to NO2. Kumar et al., 

developed the VA-MoS2 flakes network-based highly sensitive and reversible NO2 resistive gas 

sensor [200]. A kinetically restrained fast growth approach of CVD process was used for 

synthesizing vertically and horizontally aligned MoS2 flakes on SiO2/Si substrate. At an optimized 
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operating temperature (100 °C), the detector depicted complete recovery upon NO2 exposure. The 

sensing behaviour of VA-MoS2 sensor was studied for various gases such as CO2, H2S, NH3, CH4 

and H2. The VA-MoS2 sensor exhibited great selectivity towards NO2 gas with a high response as 

well as good reversibility. These responses can be associated with the large aspect ratio, high 

adsorption energy on exposed edge sites, strong interaction between gas molecules and the 

exposed edge sites at the interface. 

 

 Miscellaneous TMDs based NO2 gas sensors 

Tingting et al. introduced a new material for NO2 gas sensing, i.e. WS2 nanosheets. The 

developed resistive gas sensor based on WS2 demonstrated a p-type behaviour and the sensor was 

able to achieve a superior response of about 9.3% for 0.1 ppm NO2 at room temperature. The 

detector showed superb stability in low and moderate humidity. The increase in the sensitivity of 

WS2 gas sensor towards NO2 gas can be attributed to the rough surface and ultrathin nanostructure 

of WS2 nanosheets. Hydrothermal and calcination processes were employed for developing ultra-

thin WS2 nanosheets for ultra-high sensing response of NO2 gas [187]. A thickness of about 5 nm 

of ultra-thin WS2 nanosheets was achieved by employing cost-effective hydrothermal approach 

followed by calcination technique. The interconnection of WS2 nanosheets led to the formation of 

a three-dimensional wall like the design. The typical response-recovery characteristics 

demonstrated that in the presence of NO2, the resistance decreases rapidly, and the response of the 

gas detector elevated with NO2 concentration as depicted in Figure 4.38(a). With varying the 

concentration of NO2, the corresponding responses also changed significantly. The relationship 

between the gas sensing response and concentration of NO2 gas is depicted in Figure 4.38(b). The 

repeatability of the gas sensor towards 5 ppm NO2 gas is demonstrated in Figure 4.38(c). The 

response of WS2 sensor in this work is better as compared to the previous works [190,370]. The 

cycling response for 5 ppm NO2 shows no decline in sensor response for five cycles, thus, 

substantiating good repeatability of WS2 detector. 
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Figure 4. 38:  (a) The typical response-recovery curve with various concentration of NO2, (b) 

The relation between response and concentration of NO2, (c) The repeatability of the WS2 gas 

sensor in the presence of 5 ppm of NO2. Copyright permission from Ref. [187]. 

 

In the year 2018, Roya et al. proposed unique structures of WS2/graphene aerogel hybrid 

to enhance the selectivity of NO2 gas detection. They investigated the influence of temperature 

and ambient humidity on the NO2 detecting tendency of WS2/graphene sensor [145]. Two 

electrodes were microfabricated on the surface of WS2/graphene hybrid aerogel in order to probe 

its gas detecting performance. The characterization of hybrid WS2/graphene aerogel composite 

establishes the existence of both graphene and WS2. The continuous 3D nanostructure material 

deposited on sensor material is established. Also, it has been confirmed that in hybrid aerogel 

composite, WS2 and graphene are distinguished by lattice spacing indicating WS2 is one to five-

layered and graphene being one to six-layered. At room temperature, with an increase in humidity, 

sensing response and recovery towards NO2 gas also increase. In a dry atmosphere, with an 

increase in temperature till 180 °C, recovery and response rates also increase, and signal recovery 

is enhanced, however, signal feedback is decreased. The hybrid WS2/graphene aerogel composite 

sensor showed excellent selectivity towards NO2. 
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Alexander et al. fabricated gold decorated WS2 nanotube photoresistive sensor for NO2 gas 

detection [371]. An aqueous solution of HAuCl4 was used to prepare a composite of gold 

nanoparticles (AuNPs) and WS2 nanotubes. Plasmonic features of the obtained nanocomposites 

were confirmed with the help of electron energy loss spectroscopy in scanning transmission 

electron microscopy regime (STEM-EELS) and Optical extinction spectroscopy. It was found that 

at room temperature the NT-WS2 and Au-NT-WS2 depicted a remarkable sensitivity towards NO2 

under illumination from 530 nm light-emitting diode. In the range of 0.25–2.0 ppm of NO2, the 

Au-NT-WS2 nanocomposites sensor exhibited an enhanced sensitivity and higher photo-response 

as compared to pristine NT-WS2. 

Yongxiang et al. developed SnS2 based wireless gas sensor which demonstrates extreme 

selectivity towards NO2 gas. For fabricating sensor, they used a low temperature co-fired ceramic 

technique (LTCC) and a resonant antenna circuit [372]. The sensor structure designed as LC were 

both IDC (Cs) and a planar square spiral inductor (Ls) integrated on LTCC structure. A resonant 

circuit was obtained by connecting both capacitor and inductor into LTCC body. In order to 

determine the resistance of the LC sensor through physisorption-based charge transfer and 

polarization effect after NO2 adsorption, a sensitive film of 2D SnS2 was laminated on the IDC 

electrodes. The highly selective and sensitive behaviour of 2D material SnS2 towards NO2 gas 

makes it a suitable material for sensing film. A comprehensive analysis of the developed wireless 

sensing mechanism was done for NO2 gas. The variation in the resistance and dielectric properties 

of the sensing film is attributed to the physisorption based interaction between 2D SnS2 surface 

and NO2 gas, influencing the physical response of the LC antenna sensor which is in complete 

agreement with previous work [373]. Investigations under the influence of various concentrations 

of NO2 at different temperatures found the wireless gas sensor to exhibit the highest response at 

120 °C with a low detection limit of 0.6 ppm. In the wireless gas sensing and analysis, the 

developed sensor could be very useful as it has good response and response profiles. Moreover, 

this work also demonstrated the feasibility of integrating various other sensitive materials on 

LTCC platform for various gas species. 

Khan et al. developed an extremely selective and ultra-sensitive NO2 gas detector 

employing quasi physisorption 2D tungsten oxide (WO3) [374]. The first step of the analysis was 

to find out an optimum temperature which gives a maximum response with fast response and 
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recovery. It was found that the rise in temperature boosted the sensor response, but recovery and 

response times decreased. The optimum temperature for the developed sensor was found to be 150 

°C as with the further increase in temperature the response decreases. The reason for this behaviour 

can be interpreted by the fact that at higher temperatures, the rate of adsorption becomes less than 

the rate of desorption and consequently the response decreases [375]. Two samples heated at 450 

°C and 225 °C give a response factor of ~4 and ~15, respectively at 20 ppb of NO2 gas 

concentration. The reversibility of both sensors was excellent as both sensors recovered their 

baselines fully. However, recovery of the sensor heated at 225 °C was faster in comparison to the 

sensor heated at 450 °C. The NO2 gas molecules adsorbed on surface act as an electron acceptor 

and accept electrons from WO3 [373]. Owing to the charge transfer mechanism, the number of free 

electrons is reduced and the resistance increases, which is the n-type behaviour. The increase in 

sensitivity of the sensor annealed at 225 °C can be accredited to the better synergy between NO2 

gas molecules and stronger dipole material WO3. The semiconducting nature of 2D sheets of WO3 

annealed at 225 °C have been established by XPS analysis. However, the sample annealed at 450 

°C and the unannealed sample showed metallic behaviour and hence require more electrons for 

full-on/off switching. The other reason in case of unannealed is sample hydration while in case of 

the sample heated at 450 °C is not a fully monoclinic structure of the sample. In the case of the 

sample heated at 225 °C, a combination of semiconducting nature, hydration, degraded oxygen 

vacancies and monoclinic crystal structure is responsible for higher selectivity and sensitivity 

towards NO2 gas. 

The 2D transition metal dichalcogenides (TMDs) based sensor performance for sensing 

NO2 gas has been discussed. These sensors are more durable and convenient in terms of methods 

of preparation, structure, materials used, the concentration of NO2 gas, response and recovery 

times, and operating temperature. Numerous samples and progress in the development of NO2 

based gas sensors using TMD nanostructures and its hybrid have been enumerated in Table 4.2. 

 

 Metal-oxide based nanostructures 

A detailed research on sensing applications based on metal oxides have shown that the 

sensing phenomenon is very complicated and it depends on many parameters of metal oxides such 

as thickness, porosity, grain size, catalytic reactivity, grain network, agglomerations, bulk 
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conductivity, surface stoichiometry, surface architecture, bandgap and so on 

[143,376,377,378,379]. Analysis of gas sensors based on metal oxides has shown that there is a 

great influence of above-mentioned factors on gas sensing behaviour of the developed sensors. 

With respect to the above-mentioned parameters, the optimization of gas sensors has been 

achieved by applying many technological approaches [195]. It has been shown that all the 

important properties of metal oxides for gas sensing applications can be really influenced by the 

control of the deposition parameters, doping during synthesis or deposition and post-deposition 

treatments. 

 ZnO nanowire based NO2 gas sensors 

ZnO has may shape and structural forms under various growth conditions. Wurtzite is 

thermodynamically the most favoured form of ZnO under ambient conditions. Oxides of Zinc, Tin, 

Titanium, etc., are usually used in metal oxide-based semiconductor sensors as sensing element. 

Moreover, nanostructured metal oxides are promising candidates as a gas sensor due to their large 

surface-to-volume ratio which is more desirable for the diffusion of target gases in sensor material. 

A highly selective NO2 gas sensor with fast response and recovery and high sensitivity was 

developed using ZnO nanowires (ZNW) array [204]. A seed layer deposition technique was used 

for preparing arrays of ZNW on the surface of the detection electrode. A facile hydrothermal route 

was followed by Shen et al. for developing arrays of ZNW in-situ grown on detecting electrode 

for NO2 gas detection [204]. In seed growth system, a Zn (CH3COO)2·2H2O ethanol solution was 

used with Zn (NO3)2·6H2O-HMTA (C6H12N4) as a hydrothermal route in a dipping process. The 

gas detecting response of the ZNW arrays revealed that the detector had good selectivity and 

reproducibility, as well as the response of the sensor, showed a linear dependence on NO2 

concentration in 1–30 ppm range. The ZNW array sensor was highly selective to NO2 with fast 

recovery time, fast response and high sensitivity. At the optimum temperature of 200 °C, the ZNW 

array sensor showed a maximum response towards 3.3–5 ppm of NO2 gas with fast recovery and 

response times of 21 s and 25 s, respectively. The developed ZNW array by facile hydrothermal 

route is favourable for commercial applications. The electron depletion theory is used for 

explaining the sensing mechanism of ZNW arrays to NO2. The oxygen molecules are adsorbed on 

the surface of ZNW arrays when exposed to air. These oxygen molecules then capture electrons 

from the conduction band of ZNW and transform into ionic species (O2−, O−, O2
−). This electron 
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transfer forms an electron depletion region on the surface of ZNW arrays. Hence the resistance of 

the ZNW arrays is increased as major charge carriers in n-type ZnO semiconductor are electrons. 

When NO2 molecules adsorb on ZnO nanowires surface, they continuously capture electrons from 

the conduction band. This is because the electron affinity of the NO2 gas is higher than oxygen. In 

this way, the concentration of electrons in the conduction band decreases drastically, resulting in 

the larger electron depletion region and higher resistance. Upon NO2 desorption, the resistance of 

ZNW arrays returns to its initial value. 

In the following year 2018, Cui et al. developed a unique and path-breaking technique to 

reduce the operating temperature of metal oxide-based NO2 gas sensors [205]. A three-step facile 

process was used for preparing two different structures, i.e., ZnO–CuO NWs (ZnO nanowires 

decorated with CuO nanoparticles) and nanowires of ZnO–CuO core-shell (C–S NWs). The 

response for both reducing gas benzene and oxidizing gas NO2 were analyzed. Heterostructures of 

ZnO–CuO were obtained by a thermal oxidation process from heterostructure of ZnO–Cu C–S 

NWs in the temperature ranges from 300 to 600 °C for 1 h. The heterostructures of ZnO–CuO 

were investigated by FESEM in the presence of various oxidizing conditions. The top layer is the 

ZnO–CuO heterostructures; the middle layer is the ITO film, and the bottom layer is the glass 

substrate. Thermal oxidation at a relatively low temperature of around 300 and 400 °C maintains 

the C–S structures of NWs while thermal oxidation at higher temperatures of around 500 and 600 

°C reduces the roughness of the sample which is mainly attributed to the increase in the 

crystallinity of CuO at higher temperatures. At higher temperatures (500 °C & 600 °C), the C–S 

composition changed to nanoparticles named as ZnO–CuO NWs. The optimum operating 

temperature in the presence of benzene for ZnO–CuO C–S NWs was 250 °C while for an oxidizing 

gas like NO2, it was around 300 °C for ZnO–CuO NWs and 350 °C for ZnO NWs. The p-type 

response of ZnO–CuO NWs indicates that ZnO NWs influence carrier transportation within the 

sensing layer. On the other hand, ZnO–CuO C–S NWs demonstrate n-type behaviour indicating 

the dominance of CuO shell in sensing performance. In conclusion, it was found that ZnO–CuO 

NWs and pure ZnO NWs show increased sensing performance while ZnO–CuO C–S NWs exhibit 

poor sensing behaviour. 

For increasing the response of NO2 sensor at low operating temperature, Shen et al. 

proposed Pd doping in ZNWs. They observed that the response of sensor increased with increment 
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in Pd doping. They made Pd-functionalized ZnO nanowires (Pd-ZNWs) by exploiting a facile 

hydrothermal one-pot approach [157]. Post hydrothermal process, the Pd was self-configured on 

ZnO nanowires surface (ZNWs). The characteristics analysis of the developed Pd-ZNWs 

demonstrates that the Pd functionalization has not influenced the morphology and size of ZNWs. 

In comparison to pure ZNWs, the functionalized Pd-ZNWs sample showed lower operating 

temperature, higher response, faster recovery and response towards NO2. A combination of 

chemical and electronic sensitization of Pd is responsible for the sensing mechanism of Pd-ZNWs. 

The dissociation of NO2 into ionized or nonionized species such as NO, NO+ and O on the surface 

of ZNWs can be facilitated by the chemical sensitization of Pd/PdO nanoparticles. The dissociated 

species are transferred on the surface of ZNWs by means of a spillover effect. Hence, the electrons 

from the conduction band of ZNWs can be readily captured by the dissociated species, resulting 

in wider electron depletion layer and large resistance variation. 

Lingmin et al. developed a 3D hybrid optoelectronic NO2 gas sensor with enhanced sensing 

capabilities in 2018 [211]. In this work, the facile solution method, thermal reduction and spray 

deposition techniques were employed for obtaining ZnO nanowalls grown in-situ on the surface 

of porous rGO (PG). The result showed that 3D ZnO-PG hybrid nanocomposites composed 

homogeneously interconnected 3D ZnO nanowalls network on the surface of PG films. The 

developed 3D hybrid is responsible for providing channels for gas diffusion. The ZnO-PG hybrid 

nanocomposite sensor exhibited good photodetecting response of 7.4 under 365 nm UV 

irradiation. The sensitivity of the sensor towards 50 ppm NO2 was found to be 35.31 at RT under 

the UV illumination of 1.2 mW/cm2. In comparison with pure ZnO sensor, the sensitivity of 3D 

ZnO-PG hybrid sensor was 2.24 folds higher [380,381]. For 50 ppm of NO2, the recovery and 

response times for the hybrid sensor were ~2 s and ~37 s, respectively. In the ambient atmosphere, 

oxygen molecules adsorb on the surface of ZnO nanowalls and ionize to O2
− by capturing free 

electrons from the surface of ZnO to generate a high depletion region with high resistance at the 

surface. The energy bandgap of ZnO is 3.2 eV which is lower than photo energy of UV irradiation 

(3.4 eV). Electron-hole pairs are photo-generated when UV light is irradiated on ZnO nanowalls, 

followed by migration of holes to the surface and the O2
− species are photo-desorbed. As a result, 

the remaining unpaired electrons will contribute to the decrease in electrical resistance and the 

depletion layer is diminished. In the presence of NO2 gas, the adsorbed NO2 gas molecules capture 

the photo-generated electrons and react with adsorbed oxygen ions thereby, increasing the 
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resistance of the sensing material. In the case of hybrid structure, the Fermi energy level of ZnO 

is lower than rGO owing to the difference in work functions of n-ZnO (5.20 eV) and PG (4.75 eV). 

This facilitates the charge transfer from PG to the conduction band of ZnO and further increases 

the adsorption of NO2. 

In the same year, Nguyen et al. proposed another technique for developing metal oxide-

based gas sensor [382]. Thermal evaporation process was used for on-chip growth of Zn2SnO4 and 

ZNW. In this report, the effects of distance between the microelectronic chip and the source on the 

gas on sensing behaviour of the developed sensors Zn2SnO4 and ZNW were investigated. It was 

found that the alignment of microelectrode chips of 2–6 cm size results in the identical 

consequence for ZnO nanowire detectors but an order of degree change in response for Zn2SnO4 

as deliberated at 10 ppm of NO2 gas. The response of Zn2SnO4 nanowire sensor towards 10 ppm 

of NO2 in comparison with ZNW sensor is significantly higher. The comparative gas sensing 

studies of both Zn2SnO4 and ZNW sensors revealed that the former exhibits better sensitivity and 

selectivity towards NO2 gas. With an increase in the growth time duration of Zn2SnO4, the 

sensitivity towards NO2 gas increases. However, the sensitivity decreases if the growth time is 

prolonged beyond. The sensing mechanism can be explained on the basis of reaction of reduced 

gases with adsorbed oxygen on the surface of NWs. 

In the following year, Yanbai et al. demonstrated a unique technique for obtaining better 

selectivity towards NO2 gas as well as the sensing response approaching the theory of power laws. 

They used a hybrid structure of ZNW and Au nanoparticles for enhancing the sensing of NO2 gas 

[383]. A facile one-pot hydrothermal approach was used for the synthesis of ZNWs with various 

concentrations of Au nanoparticles to obtain hybrid Au-ZNWs and ZNWs. The structural analysis 

of Au-ZNWs revealed that Au nanoparticles self-assembled on the surface of ZNWs and addition 

of HAuCl4 have suppressed the c-axis growth of ZNWs in the synthesis of Au-ZNWs. The gas 

detecting performance of the hybrid sensor was analyzed and it was found that in comparison with 

pure ZNWs sensors, the Au-ZNWs sensors showed better sensitivities [384,385]. The maximum 

response for 1 mol% Au-ZNWs hybrid sensor at 150 °C was 31.4 which is 4 times higher in 

comparison with the pure ZNWs sensor response of 8.2. Also, it was found that 1 mol% Au-ZNWs 

hybrid sensor has the shortest recovery and response time of 18 s and 29 s for an extended spectrum 

of performing temperature. A hybrid sensor of Au-ZNWs sensor with various concentrations of 



163 
 

Au has shown better selectivity towards NO2 gas in comparison to pure ZNWs sensors. The 

relationship between the concentration of Au in the hybrid Au-ZNWs sensor and the sensing 

response follows the theory of power laws. The modulation of the electron depletion layer is 

responsible for the NO2 gas sensing mechanism of pure ZNWs. In the ambient air, oxygen 

molecules will be adsorbed on the surface of ZNWs by trapping the free electrons in the conduction 

band of ZnO semiconductor. This results in the formation of an electron depletion region. In the 

presence of strong oxidizing gas, e.g. NO2, NO2 gas molecules adsorb on the surface of ZnO and 

O2 gas molecules are removed from the surface with the release of free electrons. In comparison 

to oxygen, NO2 gas molecules have higher electron affinity. Therefore, the NO2 gas molecules will 

trap more electrons and convert to NO2
−, thereby facilitating the formation of a larger electron 

depletion region with higher resistance. Self-assembly of Au nanoparticles on the surface of ZNWs 

creates more active sites for NO2 molecules adsorption, which is known as a spillover effect. 

Besides, Au nanoparticles also facilitate the dissociation of NO2 gas molecules into ionized or 

neutral species, possibly including O, NO, NO+. These disassociated species are transported to the 

surface of ZNWs by spillover effect, which is the main reason for faster recovery and response 

after Au functionalization. 

Another group led by Tai et al., in 2017 developed a light aided NO2 gas sensor based on 

ZnO–Ag nanoparticles for enhanced gas sensing response at room temperature [202]. A modified 

polymer structure gel technique was used for preparing hybrid ZnO–Ag nanoparticles. They 

observed an enhancement in surface oxygen vacancies, which was attributed to the formation of 

heterojunction between the two materials. In comparison with pure ZnO, the sensitivity of ZnO–

Ag to NO2 gas (0.5–5 ppm) is increased under the influence of different irradiations (λ = 365–520 

nm). The room temperature resistive response under the illumination of 430 nm light of ZnO–Ag 

heterostructured nanoparticles to NO2 gas from 0.5 to 5 ppm is displayed in Figure 4.39(a). 

Similarly, the response curve for the ZnO–Ag hybrid structures is displayed in Figure 4.39(b). 

Figure 4.39(c) demonstrates the responses of ZnO and ZnO–Ag nanoparticles for the concentration 

variation from 500 ppb to 5 ppm under the influence of 430 nm of light at RT. The various sensor 

responses to NO2 under the influence of various wavelengths of light is described in Figure 4.39(d). 

These analyses revealed an excellent heterojunction between AG-NPs and ZnO particles. The 

enhanced gas sensing is mainly because of the synergism developed due to the Ag deposition and 

oxygen vacancies. The SPR effect of Ag-NPs produced on the surface of ZnO under the influence 
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of UV illumination holds great potential for ZnO–Ag nanoparticles as an application for gas 

detection. Enhancement of charge separation is mainly done due to the formation of electron sink 

of surface oxygen vacancies and AgNPs. The positive impacts of moisture on the sensing 

performance of NO2 of the as developed heterostructures can be associated with the photocatalytic 

reception associated with water molecules. 

 

Figure 4. 39:  (a) Resistance plots, (b) Response plots, (c) Response curves for ZnO–Ag in the 

range of 500 ppb to 5 ppm under the illumination of 430 nm light at RT, (d) The sensitivities of 

various sensors to NO2 gas under the illumination of various wavelengths of light. Copyright 

permission from Ref. [202]. 

 

Chongmu et al. also developed a highly sensitive gas sensor by adopting a unique method 

of increasing the surface area. A composite structure of Pd–ZnO co-decorated SnO2 nanorod 

sensor was fabricated for enhanced NO2 gas sensing performance [218]. A three-step process was 

used for synthesizing SnO2 nanorod co-decorated with Pd–ZnO: the thermal evaporation of Sn 

powder was used for SnO2 nanorod synthesis persuaded by a sol-gel accumulation of Pd and ZnO 

NPs. The response of the developed nanorod sensor is examined in the presence of NO2 gas. The 
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Pd and ZnO NPs were composed of face centred cubic structured Pd single crystal and wurtzite-

structured ZnO single crystal, while the nanorods comprised primitive tetragonal structured single-

crystal SnO2. TEM and corresponding electron diffraction of co-decorated ZnO–Pd on SnO2 

surface are shown in Figure 4.40(a–d). The temperature dependence of the sensor response in the 

case of both pristine SnO2 and Pd–ZnO–SnO2 is shown in Figure 4.40(e). The dynamic sensing 

response of different detectors for NO2 gas at 300 °C is shown in Figure 4.41(a–d). The comparison 

of dynamic sensing response of pristine SnO2 nanorods, the response of ZnO decorated SnO2, Pd 

decorated SnO2 nanorods and Pd–ZnO co-decorated SnO2 nanorod is shown in Figure 4.41(a–d). 

It was found that in comparison with ZnO or Pd decorated SnO2 nanorods, the Pd/ZnO co-

decorated SnO2 nanorods showed a remarkably improved sensing response towards NO2 gas. Also, 

Pd–ZnO co-decorated sensor has a fast response and higher selectivity in comparison to pristine 

sensors. The SEM morphology analysis displayed that both ZnO and Pd touched each other in Pd–

ZnO co-decorated SnO2 nanorods. The main reason for the difference in the sensing response 

between pristine and co-decorated SnO2 sensor is the formation of ZnO–SnO2 and Pd–SnO2 

interface. The gas sensing mechanism of the Pd/ZnO co-decorated SnO2 nanorod is based on ZnO–

SnO2 and Pd–SnO2 interface. Electrons transfer from SnO2 to ZnO in a vacuum after contact, 

owing to higher fermi level of SnO2 than that of ZnO resulting in the formation of accumulation 

and depletion on the SnO2 and ZnO sides, respectively near the ZnO–SnO2 interface. In ambient 

air, the adsorbed oxygen molecules capture electrons from the conduction band of SnO2 and ZnO 

and transform into oxygen ions, depending on the operating temperature. This results in the 

formation of the depletion layer on both SnO2 and ZnO sides of ZnO–SnO2 interface. In addition 

to the formation of a depletion layer, a potential barrier with a height of E1 is also formed at the 

interface. In the presence of NO2 gas molecules, more transfer of electrons from the conduction 

band of SnO2 and ZnO to the adsorbed oxygen takes place, leading to the formation of wider 

depletion layer on both sides of SnO2 and ZnO. This results in the formation of smaller channel 

width (W2) and hence increase in the resistance. Therefore, the enhanced electrical response of 

the nanorod sensor to NO2 gas was found. In addition to the depletion layer, a potential barrier 

with height E2 also forms at both sides of the interface. The potential barrier E2 is higher than E1, 

a larger potential modulation takes place in the presence of gas and hence an enhanced electrical 

response of the nanorod sensor to NO2 gas was reported. 
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Figure 4. 40:  (a) Low magnification TEM images of Pd/ZnO–SnO2, (b) Medium resolution 

TEM of Pd/ZnO–SnO2, (c) High-resolution TEM of Pd/ZnO decorated SnO2, (d) corresponding 

electron diffraction of co-decorated ZnO/Pd on SnO2 surface, (e) The temperature dependence 

on the sensor in case of both pristine SnO2 and Pd/ZnO–SnO2. Copyright permission from Ref. 

[218]. 
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Figure 4. 41:  The dynamic sensing response of different sensor in the existence of NO2 gas at 

300 °C. (a) the response of pure SnO2 nanorods, (b) the response of ZnO decorated SnO2 

nanorods, (c) the response of Pd decorated SnO2 nanorods, (d) and the response of Pd/ZnO co-

decorated SnO2 nanorods. Copyright permission from Ref. [218]. 

In 2017, Qin et al. developed a unique surface etching method of ZnO micro/nanowire 

which had led to an increase in the sensitivity, response and recovery time [162]. The etching of 

the microwire surface area leads to an increase in the surface density of single ionized oxygen 

vacancies and specific surface area and hence the increase in the adsorption sites for gas molecules. 

This surface etching ultimately results in an increase in sensitivity by about ~20%. Under the 

influence of UV light of 148.8 mW/cm2, the sensitivity of the sensor further increased to 411% 

and recovery and response time decreased to ~2% and ~20% under dark and light conditions, 

respectively. The surface etching method of microwire of ZnO leads to an increase in the 

sensitivity from 3.6% to 71.8% in the presence of 20 ppm of NO2. By controlling the etching time, 

the sensitivity of the sensor can be controlled. The ZnO MW based sensor showed an increase in 

the sensitivity and reduction in response and recovery time under UV illumination at room 

temperature. 

In the following year 2018, Betty et al. proposed a highly selective gas sensor based on a 

hybrid structure of porous silicon and ZnO [165]. The chemically processed ZnO nanoparticles 

were drop casted upon single crystalline silicon (p-type) substrate (Si) and also on 

electrochemically processed p-type porous silicon (PS). At room temperature, the PS-ZnO sensor 

showed an increase in the current for NO2 gas while there was no significant change in the presence 

of other oxidizing and reducing gases. The sensor displayed a response time of 50 s while the 

sensitivity of 35% in the presence of 200 ppb of NO2 at 25 °C. The temperature dependence was 

also studied, and it was found that the suitability of the sensor is up to 60 °C only. The PS-ZnO 

sensor showed a maximum response to NO2 gas while very less response to NH3 and SO2. Two 

different heterostructures, i.e., planar silicon-ZnO (Si–ZnO) and ZnO on electrochemically 

processed porous silicon (PS–ZnO) were prepared. The gas sensitivity of PS-ZnO sensor is 

extremely high to NO2 in ppb range with high specificity while Si–ZnO sensor has higher 

sensitivity with precise responses to NH3 and SO2. 

In the same year, Yu et al. proposed a highly sensitive NO2 gas sensor based on the 

heterostructures of ZnO-rGO [203]. The soft solution and thermal reduction processes were used 
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for fabricating ZnO nano-walls modified with rGO nano-sheets. The ZnO layer was 

homogeneously deposited on the surface of rGO. The sensing performance of the developed sensor 

was studied. At room temperature, the authors observed an increase in the electrical carrier 

concentration from 0.04 × 1015 cm3 to 3.148 × 1015 cm3 and decrease in the electrical resistances 

from 998.8.cm−1 to 16.01.cm−1 for the ZnO-rGO heterojunction. It was also found that the ZnO-

rGO heterojunction exhibited good sensitivity, selectivity and response to NO2 gas. The 

remarkable connection between a 3D planar network of ZnO nanowalls with porous nature and 

rGO is responsible for the enhancement in the performance of ZnO-rGO heterostructures at room 

temperature in comparison with ZnO nanowalls or rGO. Also, the as-developed ZnO-rGO 

heterostructures at room temperature have good repeatability and stability. In the ambient 

atmosphere, the oxygen molecules adsorbed on the surface of ZnO and ionized to O− by capturing 

free electrons from the ZnO, result in the variation of sensor resistance. When exposed to NO2 gas, 

the adsorbed NO2 gas molecules will capture the electrons from ZnO surface as it has higher 

electron affinity then pre-adsorbed oxygen. Hence, the overall resistance increases when exposed 

to NO2 gas. In case of heterostructures of ZnO-rGO, the fermi level of n-ZnO (5.20 eV) being 

higher than rGO (4.75 eV), allows charge transfer from rGO to the conduction band of ZnO, further 

increasing the adsorption of NO2. Hence, the increase in the sensitivity can be attributed to the 

electron transfer between rGO and ZnO. 

Another group in 2018, developed a visible ultraviolet (UV) photodetector based on ZnO 

nanorod which is highly sensitive and selective towards NO2 gas [386]. The sensing material ZnO 

nanorod was obtained by using a two-step chemical method. The large surface area for sensing 

mechanism was provided by well-aligned one-dimensional (1D) network of ZnO nanorods. The 

UV photodetector in A region (364.81 A/W) possess fast photo-switching analysis at 5 V bias 

voltage and high responsivity. It shows the junction formed between metal and semiconductor is 

good ohmic contact. The sensing performance of ZnO nanorods was monitored at a temperature 

of about 175 °C. The maximum sensing response at 40 ppm of NO2 was found to be 35. The ZnO 

nanorod detector also shows high selectivity for NO2 gas. Good repeatable characteristics of the 

as-developed sensor can be seen at the lower concentration of 2 ppm of NO2. Simple and cost-

effective sensor technology was employed for developing extremely ordered ZnO nanorod as 

highly sensitive NO2 sensor and highly sensitive UV photodetector. 
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The recent advancement in the material refining methods has allowed scientists to explore 

research and record the properties of nanostructured metal oxides. One of the better options is the 

multitude application of ZnO. In this regard, Vanalakar et al. employed a hydrothermal route for 

synthesizing ZnO nanorods for an enhanced sensing response towards NO2 gas at low temperature 

[387]. In this paper, the hydrothermal method is used for developing ZnO on the silicon substrate 

and both chemical and physical properties were thoroughly characterized. Different samples were 

obtained with different concentrations of zinc nitrate. FESEM images revealed the formation of 

vertically aligned ZnO nanorods by hydrothermal method. Also, with increasing concentration of 

zinc nitrate, nanorods become denser and grow larger in size. However, as compared with other 

samples, the ZnO-d becomes slightly shorter. They observed that the prepared ZnO nanorods are 

vertically aligned and show the wurtzite type structure. The PL analysis of as-prepared sample 

confirms the presence of defects. These defects come into picture due to the oxygen vacancy 

concentration. These defects in conjunction with a high surface area of the nanorods and optical 

inter rod spacing create conditions for high adsorption and diffusion. The developed ZnO gas 

detector exhibited a superior response of about 570 for 100 ppm NO2 at 150 °C. Along with high 

sensing response, the ZnO sensor also exhibits high selectivity at a lower temperature. 

Recently, V.B. Patil et al. developed an outstanding sensor with a high response, fast 

response and recovery, high stability and reproducibility based on heterostructure of ZnO NWs-

CuO nanoparticles [206]. The design of the device technology working at low temperature with 

highly sensitive performance using heterostructure materials is very crucial. The sensors were 

named as NWA and NWG after thermal evaporation process via annealing in air and argon, 

respectively. The topology at various magnifications of ZnO–CuO heterostructure clearly shows 

the creation of ZnO–CuO heterostructure between n-type ZnO and p-type CuO NPs. Also, surface 

morphology study revealed well-aligned porous nature of NWG-type ZnO–CuO heterostructures 

in contrast to NWA heterostructures. The high surface-to-volume ratio of the NWs type 

morphology is beneficial for gas detection. The developed heterostructures of ZnO–CuO showed 

remarkable response to NO2 gas having fast response and recovery, high stability, high response, 

and outstanding reproducibility. The general gas sensing mechanism of metal oxides 

semiconductor is well understood. In the case of heterostructures of ZnO–CuO, the sensing comes 

from the top of the ZnO layer and depletion layer formed between ZnO and CuO. In an ambient 

atmosphere, oxygen gets adsorbed on the surface of the depletion layer in the forms of O, O2−, O2
− 
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by accepting electrons from the surface matrix. Also, the positioning of the ZnO NWs on the top 

of CuO NPs is advantageous to enhance the response towards NO2 due not only to increased 

surface-to-volume ratios but also to a spatially heterogeneous surface matrix, as such type of 

matrix is appropriate for improved adsorption/desorption of NO2 gas molecules. 

 

 Miscellaneous metal oxide-based NO2 gas sensors 

In 2018, Fu et al. adopted a facile two-step synthesis approach was used to synthesize 

actinomorphic flower-shaped core-shell structured ZnO–ZnFe2O4 composites for an enhanced gas 

sensing response [163]. In analogy with pure ZnO, the flower-shaped ZnO–ZnFe2O4 composite 

was found to be highly sensitive, with shorter recovery and response times and more selective to 

a low concentration of NO2 at an operating temperature of 200 °C. The XRD analysis of the 

composite confirmed the wurtzite ZnO structure and also the residual peak attributed to the spinel 

ZnFe2O4 structure. The highly crystalline nature of ZnO–ZnFe2O4 composites was indicated by 

the sharp and narrow diffraction peaks. The deficiency of any other peak confirms the purity of 

ZnO–ZnFe2O4 composites. The sensing mechanism of ZnO–ZnFe2O4 based sensor can be 

attributed to the flower-like core-shell structure and the formation of p-n heterojunction at the 

interface of ZnO and ZnFe2O4 composite. In the presence of ambient air, oxygen adsorbs on the 

surface and two conjugated electron depletion layers are formed on the surface of ZnFe2O4 

nanoparticles and the interface between ZnO and ZnFe2O4. The adsorbed oxygen molecules (O, 

O2
−, O2−) not only capture electrons from the ZnFe2O4 shell but also capture electrons from ZnO 

core, making ZnO–ZnFe2O4 based sensor highly resistive in comparison to pure ZnO. When a 

highly oxidizing NO2 gas is exposed to the heterostructures of ZnO–ZnFe2O4, the NO2 gas acts as 

an electron acceptor to capture more electrons due to their high electron affinity than that of 

oxygen, leading to the remarkable increase of the sensor resistance and electron depletion width. 

This result makes the actinomorphic flower-shaped ZnO–ZnFe2O4 composites a perfect contender 

for NO2 gas sensing. 

In the same year, Sheng et al. developed a gas sensor for room temperature NO2 detection 

under UV light based on ZnO-silk fibroin (ZnO/SF) using hydrothermal method [164]. The UV 

light-activated sensor was efficient and able to trace NO2 gas very fast at RT. Under the influence 

of UV light of 365 nm, the ZnO-SF detector demonstrated the response of 85 and average recovery 
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and response time of 16 s and 26 s, respectively towards 20 ppm of NO2 at RT. Also, the as-

developed ZnO-SF sensor showed excellent linearity in response toward NO2 at RT under UV 

illumination. The SEM investigation validated the existence of small block-shaped and small 

particles while XRD investigations indicated the existence of wurtzite ZnO structure and the 

absence of any impurities. 

Gosavi et al., in 2017 provided a breakthrough in the field of ZnO metal oxide-based gas 

sensors with high sensitivity towards NO2 gas. They developed flower-shaped ZnO thin films for 

resistive sensing of NO2 gas [161]. A cost-effective, soft chemical solution synthesis technique 

was employed for uniform deposition of jasmine flower-shaped thin films. X-ray diffraction study 

of the ZnO revealed the hexagonal wurtzite structure. It was also found that at all deposition 

temperatures, a large jasmine flower-shaped structure of ZnO is uniformly maintained. The 

elemental investigation of the sample confirms the presence of Zn and O with no impurities. The 

combined analyses of Raman spectroscopy, resistivity analysis and elemental analysis confirmed 

the presence of oxygen vacancies and wurtzite structure of ZnO. The as-grown jasmine flower-

shaped ZnO thin film-based detector exhibits a high sensitivity towards 10 ppm of NO2 with rapid 

recovery and fast response time of 54 s and 65 s, respectively. 

A sol-gel method was used for developing ZnMgO thin films for studying structural, NO2 

gas sensing and optical properties [388]. The sol-gel processed thin films of ZnO and ZnMgO was 

spin-coated on a glass substrate. The thin film ZnMgO absorption spectra analysis shows a 

bandgap variation from 3.19 to 3.36 eV which agrees well with PL emission measured at low 

temperatures. The gas sensing measurements of the ZnMgO samples were performed in air 

containing 100 ppm of NO2. The incorporation of magnesium into ZnO leads to decreased sensor 

response towards NO2. However, on increasing the concentration of magnesium in the sample, the 

response and recovery times drop significantly. 

In another approach, Patil et al. prepared a highly selective NO2 gas sensor with a low 

detection limit. Thin films of ZnO were synthesized using sol-gel and spin coating procedures for 

detecting NO2 gas [207]. The sensing performance of as-prepared ZnO thin films towards different 

gases, e.g., H2S, CH3OH, NO2, Cl2 and NH3 were studied at various operating temperatures. At a 

temperature of 200 °C and 100 ppm of NO2, the as-developed ZnO thin film sensor exhibited a 

response of 12.3. The as-processed ZnO thin film sensor depicted a highly selective response to 
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NO2 gas besides the detector is capable of detecting NO2 concentration as low as 5 ppm with a 

response of 4.1. Most of the metal oxide-based gas sensors detect gas at high operating 

temperatures. This requires an additional requirement of heating the sample in order to attain the 

detection temperature. The thermal treatment of the sensor produces oxygen which plays a vital 

role in gas sensing mechanism. The oxygen molecules adsorb on the surface and grain boundary 

of the metal oxide sensor to create a depletion region. The adsorbed oxygen changes into O− ions 

by capturing electrons from the metal surface. This increases the number of electrons in the sensing 

layer. 

Katz et al. fabricated a hybrid structure combining a polymer with metal oxide which 

provides high sensing response to NO2 gas. The hybrid structure, i.e., P3HT-ZnO@GO composite, 

was obtained from zinc oxide-graphene oxide (ZnO@GO) and (P3HT) poly (3-hexylthiophene) 

nanoparticles [215]. The ionic aggregation was used to prepare core-shell nanostructure particles 

of zinc oxide (ZnO) and graphene oxide (GO). The organic field-effect transistors (OFETs) for 

gas sensing were fabricated by spin coating the prepared mixtures of ZnO@GO and P3HT on the 

oxide deposited silicon substrate. The gas sensing properties of the developed composite structures 

of ZnO@GO and P3HT composite as semiconducting material for OFETs were investigated in the 

presence of nitrogen dioxide (NO2) gas. In comparison with pure P3HT, the developed hybrid 

P3HT-ZnO@GO composite has sensing response up to 210% under the exposure of 5 ppm of NO2 

gas. As the amount of weight fraction of ZnO@GO rises, the sensing response of the sensor also 

increases accordingly at RT. The sensor response was also found to increase with the increase in 

exposure time and NO2 concentration. 

In 2018, Tian et al. proposed another approach in which multilayered black phosphorus 

(m-BP) was incorporated in ZnO, forming composite structures of ZnO-BP which exhibit 

outstanding selectivity, higher response as well as rapid response behaviour [216]. In hollow 

spheres of zinc oxide (ZnO) the multilayers of black phosphorus (m-BP) were effectively 

incorporated and the resultant composite structure was named as ZnO-BP. The incorporation of 

BP into ZnO-BP composite leads to the large surface area, enhanced charge transfer and excellent 

carrier mobility in comparison with BP, graphene and ZnO based sensors. The developed ZnO-BP 

composite sensor exhibits the ultra-high sensing limit, i.e., 1 ppb of NO2 gas. 
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Recently, Aziz et al. developed an advanced approach for synthesizing polycrystalline, 

self-supporting ZnO nanofibers, which are capable of detecting very low levels of NO2 [389]. The 

developed polycrystalline ZnO is able to detect 1 part per billion (ppb) of NO2 gas. The core-shell 

electro-spinning of the inorganic metal precursor such as zinc neodecanoate is used for creating 

ZnO nanofibers for NO2 detection. The use of this new and innovative method resulted in the 

formation of self-supporting, contamination-free, polycrystalline ZnO nanofibers with average 

grain size and diameter of 8 and 50 nm, respectively. These properties are ideal for gas sensing 

purposes. The core-shell electrospinning method used in this paper is very cost-effective and can 

be easily scaled. The sensitivity of the device can be enhanced by employing interdigitated 

electrodes and aligned electrospun fibres. This simple technique can be easily used for various 

metal precursor solutions, thereby assisting the formation of other metal oxides. The functionalities 

and properties of these materials could be very useful in many fields including energy generation 

and storage, sensing and wearable technologies. The polycrystalline nature of synthesized ZnO 

and the presence of nanograins may be suitable for application in spintronics where 

ferromagnetism in ZnO has been associated with the ZnO grain boundaries; other uses may 

comprise syngas cleansing water and air. 

In a unique approach, the assembly of the smallest nanoparticles with mesoporous ZnO 

sheets was obtained which depicted a high response at room temperature towards NO2 gas. Wang 

et al. constructed small nanoparticles to develop mesoporous ZnO sheets using facile synthesis for 

increased NO2 gas detection at RT [210]. At low temperature such as 100 °C, calcination of δ-Zn 

(OH)2 precursor was performed for facile synthesis of nanoparticles assembled mesoporous ZnO 

sheets. Ultrasmall ZnO nanoparticles with a high surface area of 87.63 m2 g−1 and an average 

crystal size less than 10 nm were assembled for developing mesoporous ZnO sheets. The 

enhancement in the sensitivity response of the sensor towards NO2 gas can be accredited to the 

high surface area, oxygen vacancies and rich mesopores which facilitate the diffusion and 

adsorption of NO2 molecules. The assembly of nanoparticles to obtain mesoporous ZnO sheets 

depicted a high response of about 135% at room temperature towards 1 ppm NO2. Also, the 

developed sensors exhibited full reversibility, good selectivity towards NO2 and superior 

recovery/response times. The nanoparticles of ZnO with small crystal size increases radical 

modulation in the conduction channel for NO2 gas sensing operations. 
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In 2018, Yi et al. developed a method for increasing the sensing area to enhance sensitivity. 

Synthesis of ZnO–SnO2 composite was done by a facile solvothermal method in order to decorate 

ZnO onto SnO2 microspheres [160]. The study displayed that the developed sensor was highly 

sensitive to NO2 gas molecules. It was found that in comparison with pure SnO2 microspheres, 

ZnO–SnO2 microspheres-based sensor response was 3 times higher at optimum temperature 

towards 100 ppm of NO2. The recovery and response time were also reduced remarkably. The 

increase in the sensitivity is attributed to the extra area available for adsorption of NO2 molecules 

provided by ZnO decoration. The SEM images obtained clearly show the porous structure of SnO2 

microspheres (see Figure 4.42). The deposition of ZnO on SnO2 completely retains the porous 

structure of pristine SnO2 without any disturbance on the structure. They observed the coexistence 

of both ZnO and SnO2 particles and the tetragonal structure of SnO2 (See Figure 4.42). 

 

Figure 4. 42:  (a) & (b) Typical SEM photographs of pure SnO2 microspheres. (c) & (d) SEM 

photographs of ZnO–SnO2 hybrid material microspheres. (e) ZnO–SnO2 composites EDX 

spectrum. (f) Pristine SnO2 and ZnO–SnO2 composite XRD pattern comparison. Copyright 

permission from Ref. [160]. 
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Verma et al. developed a highly selective NO2 gas sensor by synthesizing a ternary 

complex of CuO–ZnO/rGO from ZnO nanosheets and CuO 1D nano chains, which were 

synthesized via reflecting and wet chemical method, respectively [219]. The influence of 

individual ZnO and CuO material composition on the sensing behaviour of the composites of 

CuO–ZnO/rGO towards NO2 gas have been investigated. The drop-casting method is used for 

synthesizing composites of CuO–ZnO/rGO with different concentrations of both ZnO and CuO on 

glass substrates. It was found that at room temperature (RT), the developed hybrid CuO–ZnO/rGO 

with a composition (CuO: ZnO = 1:1) have a sensitivity of ~62.9 towards NO2 of 40 ppm 

concentration. In comparison with ZnO/rGO and CuO/rGO sensors, the composite sensor CuO–

ZnO/rGO sensitivity towards NO2 gas is 1.3 and 3.1 times higher respectively. The developed 

composite sensor is highly selective towards NO2 gas and moreover, this sensor shows good 

stability for a period of 5 weeks. 

Wang et al. developed a unique approach for enhancing the sensitivity, response and 

recovery speed of the sensor to many folds. For achieving a mentioned enhancement in sensor 

characteristics, they simply annealed the sensor at high temperature. The highly sensitive gas 

sensor for detecting ppb levels of NO2 at low operating temperature was made by In2O3 nanobricks 

[209]. Oil bath storm and consequent calcination process without any surfactants or templates were 

used for synthesizing brick-like In2O3 nanomaterials. Internal defect structures and surface states 

of the material can be influenced by the different temperatures of calcination process. The 

influence of internal defects and material surface states on gas sensing is illustrated by XPS and 

photoluminescence spectra (PL). It was found that the 400 °C annealed In2O3 nanomaterial sample 

has a high sensing response of 402 towards 500 ppb NO2 gas with fast recovery and response time 

at relatively low performing temperature of 50 °C. Also, the sensor has a great stability period of 

over 30 days and a good linear response. The reasons for such superior gas sensing properties can 

be accredited to good electrical properties, large surface area and sufficient chemically adsorbed 

oxygen. The developed In2O3 sensor outperforms many other works on NO2 gas sensing based on 

hybrids of In2O3 [390,391,392,393]. 

Table 4.3 enlists the performance parameters such as preparation method, structure, materials used, 

the concentration of NO2 gas, response and recovery times, and operating temperature for NO2 gas 

sensors based on various oxide nanostructures and their hybrids. 
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 Graphene-based nanostructures 

The addition of reduced graphene oxide (rGO) into SnO2 not only improved the response 

and recovery speeds but the response of the sensor also increases with temperature. Wang et al. 

developed a composite of rGO and SnO2 nanoparticles for enhanced NO2 gas sensing [394]. A 

hydrothermal method with facile one-pot microwave assistance was used for obtaining rGO/SnO2 

composites. The optimal operating temperature for both rGO/SnO2 composite and pure SnO2 were 

found to be 75 and 65 °C, respectively. The peak response for the rGO/SnO2 composite sensor was 

found to be 227.6 while in case of pure SnO2 sensor response was 34.6 for 350 ppb of NO2 gas. 

Temperature greatly affects the surface reactions and thus, can be responsible for the temperature-

dependent property of the sensor. The sensing gas particles (e.g., NO2) fail to interact with oxygen 

species pre-adsorbed on sensor surface at lower temperatures owing to inadequate thermal energy. 

The sensor responses considerably increase with increase in temperature as the gas particles attain 

sufficient thermal energy to overcome the activation energy boundary of surface reactions. 

However, with further increase in temperature, the response is limited by difficulties in gas 

adsorption and low utilization rate of the sensing layer [395]. The utilization rate and the gas 

adsorption were found to be in balance at 75 °C, resulting in a maximum response of the composite 

sensor at this temperature. The addition of rGO helps in improving both recovery and response 

speeds. In case of pure SnO2 sensor, the recovery and response time were 54.7 and 39.2 min, 

respectively; which in case of rGO/SnO2 composites were 1 and 6.5 min, respectively. The 

increase in surface area of rGO/SnO2 composites due to the addition of rGO leads to the increase 

in sensitivity of the sensor. 

Flexible sensors hold great promise for various innovative applications in fields such as 

environment, medicine, biology and most importantly, healthcare. Considering the fact that most 

of the healthcare electronics, wearable systems and laboratory on-chip testing tools can be 

expected to come in contact with arbitrarily curved interfaces, the flexibility of the sensor is 

essential for improving the interactions. Zhang et al. reported a flexible sensor based on direct laser 

writing technology (DLW) for the fabrication of composite films of graphene oxide (GO) and 

In2O3 for NO2 sensing flexible arrays working at RT [396]. The photoreduction of GO is achieved 

by laser treatment which led to the creation of porous structure allowing the removal of oxygen 
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groups. The laser treatment also enables mask free patterning in a programmable manner, resulting 

in the assimilation of flexible sensor arrays on any substrates. In general, both In2O3 and GO are 

not conductive and hence the composite In2O3@GO is insulating in nature with resistance found 

to be ~7.6*108 Ω. Laser treatment of the In2O3@GO composites decreases the resistance to ~230 

Ω. Under the controlled environment, the sensitivity of rGO based sensor is low in comparison to 

the sensitivity of In2O3@GO composites. The developed In2O3@GO composite sensor showed an 

admirable selectivity toward NO2 gas and offers a linear dependence to the NO2 concentration 

[397]. 

Ching-Ting et al. developed a membrane-based gas sensor. One advantage of membrane-

based gas sensors is their applicability for differing gas components. A highly sensitive NO2 gas 

sensor using rGO and ZnO membrane was developed [398]. In addition, an installed sensor cell 

can be calibrated without dismounting under an unknown background concentration. The GO-ZnO 

complex films were processed by coating the GO-ZnO solution on glass substrates. The rGO-ZnO 

composite films were obtained by removing the oxygen-containing functional groups residing on 

GO-ZnO composite by employing a thermal annealing method. In comparison to rGO and ZnO 

sensing membrane, the sensitivity of the rGO-ZnO film is better and the reason for this increase in 

composite sensor response can be accredited to the elimination of oxygen-containing functional 

groups. The increase in sensitivity of rGO-ZnO composite films can be accredited to the structure 

of C–O–Zn bonds and supply of electrons from the oxygen vacancies of ZnO material. The effect 

of GO/ZnO ratio on the sensing performance was also studied where 0.08 was found to be the 

optimized ratio. The various parameters for the rGO-ZnO composite sensor such as response time, 

sensing responsivity and recovery time were found to be 6.2 min, 47.4% and 15.5 min, respectively 

for 100 ppm NO2 environment at RT. In the case of rGO sensor, the response time, sensor 

responsivity and recovery time were 10.3 min, 19.0% and 75.9 min, respectively. The detection 

limit for the composite sensor was found to be 5 ppm with linear sensing responsivity from 10 

ppm to 100 ppm. 

Zhang et al. reported the impact of oxygen-containing groups on the rGO based NO2 gas 

sensor at room temperature [399]. The modified hummers method was employed to obtain 

graphene oxide (GO). Hydrothermal reduction method was used to obtain a series of rGO from 

the graphene oxide at oxidation temperatures of 65–95 °C. The sensitivity of the sensor first 
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increases with a rise in the oxidation temperature of GO and then decreases with the further 

increase in the temperature. The rGO sample obtained by the oxidation of GO at 85 °C exhibited 

the highest sensitivity of 36.7% at 5 ppm of NO2 at RT. This increase in sensitivity of the sample 

oxidized at 85 °C can be accredited to the presence of C–O bonds in large number in the sample. 

It has already been reported that the sheet edges of rGO are occupied by carboxyl and carbonyl 

groups, while the basal plane is occupied by epoxy and hydroxyl groups at both sites [400, 401]. 

The rGO edges occupied by carbonyl group and vertical to the basal plane is occupied by hydroxyl 

group which possess higher adsorption energies −0.504 eV and −0.238 eV than the other functional 

groups and it is more important for adsorption of NO2 gas molecules. Hence the sensitivity of the 

rGO sensor depends on the presence of several C–O bonds. 

Richard et al. proposed a unique material to enhance the sensitivity of NO2 gas sensors, 

i.e., TiO2. A sol-gel technique was employed to synthesize both pure TiO2 and graphene/TiO2 

hybrid to monitor and neutralize the effects of NO2 gas [402]. The hybrid structure of 

graphene/TiO2 was obtained by the addition of graphene in the reaction vessel before the beginning 

of the sol-gel reaction followed by annealing (GTiO2S). In another method, the graphene was 

added to already annealed TiO2 nanoparticles (GTiO2M). GTiO2S derived sensor exhibited more 

sensing response than the sensor fabricated from GTiO2M. In the presence of low power UV 

illumination, the sensor showed strengthened response to 1750 ppb of NO2 which is two-fold the 

response in dark. The detection limit of the sensor was found to be 50 ppb of NO2. In comparison 

to other NO2 sensors based on TiO2 which work at high temperatures, the gas sensor based on 

GTiO2S works at RT. Also, the detection limit for GTiO2S is lower (in ppb level) with a short 

response and recovery times. 
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 Conclusion 

Investigation attempts in the field associated with CNTs have shown tremendous improvement 

in the last two decades. In this chapter, an effort has been made to furnish the latest analysis of 

CNT-based sensors and their possible utilization. In this review, the extraordinary unique features 

of CNTs have been emphasized which can be used for numerous possible utilizations of CNT- 

supported gas sensors. In addition, various stages have been established to detect several gases for 

instance NO2, CO2, NH3, H2, CO, H2S and Ethanol. Every single method which are compiled 

above have their own imperfection and benefits. The bare CNTs can be functionalized with 

different metal nanoparticles or polymers which can be helpful for the production of various gas 

sensors with better selectivity and sensitivity. Even though in the last two decades CNTs gas 

sensors have revealed considerable prospects experimentally, there are still numerous challenges 

and limitations which needs to be looked upon in the time ahead for pragmatic implementation 

Also, I have highlighted the state of the art of emerging wearable and flexible physical 

sensing platforms. Among all the emerging technologies, the development of flexible and wearable 

devices is vital for healthcare and medicine fields. Over the past decade, there was a rapid advance 

in the processing methods, materials and platforms which has led to the increase in the 

development of stretchable and flexible sensors for different functions. 

The well-known CMOS silicon-based devices are manufactured using a complicated 

fabrication process which are expensive, time consuming, and involves several steps. Also, these 

devices are brittle, rigid with thick layers and limited to small areas. Printing technology appears 

to be a solution to these technological disadvantages, offering several advantages such as low cost, 

high seed, possibility of room temperature processing and most importantly applicability to 

flexible substrates. Printing technology also provides direct patterning on substrate eliminating the 

need for expensive masks and opening the door to complex patterns and choice of materials. In 

spite of having lots of advantages of printed photodetectors, the vast majority of the current 

commercially available optical devices are not based on printed technologies. Photodetectors can 

be easily integrated into polymer films solutions which can be applied to flexible surfaces. 

The novel properties of the thin film flexible and wearable technologies such as economical, 

less power consuming, biocompatible, multifunctional, mechanical flexibility and simple device 

integration allow them to be utilized in a wide range of applications from water purification to 

https://www.sciencedirect.com/topics/engineering/metal-nanoparticles
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space exploration and many more. In future, there are diverse challenges and opportunities for the 

researchers in the area of development of stretchable and flexible sensors. Biocompatibility 

analysis of the stretchable and flexible sensors which are attached to the human body in terms of 

its toxicity is of great importance. Innovative approaches such as design of devices, surface 

manipulation, material selection, methods of assembly and also surface engineering can play a 

crucial role in solving the above-mentioned challenges. 

The gas sensor fabrication has experienced a radical transformation into a thin film from 

powder-based thick films formed by chemical and physical vapor deposition techniques. Both 

deposition techniques facilitate the use of porous structures which are relevant for gas sensing and 

also help in controlling the material microstructures such as grain boundary and size. Literature 

survey on materials for gas sensor helps us in identifying the major three different classes of 

materials which are essential for gas sensing. The three classes of materials are 2D transition metal 

dichalcogenides (TMDs), oxide nanostructures, and graphene composites which have undoubtedly 

proven their potential for spontaneous sensing of toxic and dangerous gases and under controlled 

condition, the real-time gas observation. In spite of all this, there are some relevant disadvantages 

to these materials, which leave room for further improvements to enhance stability and selectivity. 

Moreover, in the case of both graphene and TMDs, the gas detection mechanism is still not well 

settled. The design of heterostructures and surface functionalization with a variety of 

nanomaterials can overcome these disadvantages in the near future. In summary, the TMDs 

nanosheets with their rare attributes coupled with substantial production have excited tremendous 

research efforts to exploit them as building blocks for structurally important functional composite 

nanomaterials. The formation of innovative functional hybrids of TMDs has been accomplished 

by conjugation of transition metals and chalcogen atoms. In this survey, I have studied the latest 

development in the TMDs and metal oxide nanostructures based NO2 gas sensors and the summary 

is given in two tables. Along with the advancement of modern approaches, one of the utmost 

encouraging chances in this area is the hybridization of other kinds of TMDs nanostructures such 

as ZrS2, WS2, HfS2, and WSe2 with a range of materials to achieve innovative functional 

composites for numerous operations. 
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 Sensitive detection of Nitrogen Dioxide using gold nanoparticles 

decorated Single Walled Carbon Nanotubes 
 

 Introduction 

The main feature of individual SWNT sensors, besides their small size is that they 

operate at room temperature with higher sensitivity. SWNTs possess several properties that are 

very essential for gas sensors. They have all their atoms on the surface, endowing them with 

the highest specific surface area possible together with graphene. Therefore, all the carbon 

atoms in the nanotube can, in principle, interact with the analytic gas, while simultaneously 

supporting charge transport in the device. Thus, adsorbates and electrostatic charges and 

dipoles close to the nanotube can greatly impact charge transport. At the same time, the carbon 

nanotube lattice is held together by strong sp2 C-C bonds, which provide the necessary 

chemical stability to the carbon nanotube. An individual SWNTs sensor can be used to detect 

different types of molecules [1]. 

Detecting gas molecules is basic to environmental monitoring [2], control on chemical 

processing [3], space mission [4], agricultural and medical applications [1]. This type of device 

is very important because there are many gases which are harmful to organic life, such as 

humans and animals. One of the gases to be verified is nitrogen dioxide (NO2). Even in small 

concentrations, it irritates the respiratory tract in large concentration causes pulmonary edema. 

NO2 create disturbance mainly in the airways and lungs, but also causes changes in blood 

composition, in particular, reduces the content of haemoglobin in blood. At low concentration 

of only 0.23 mg/m3, one feels the presence of this gas, but its adverse effects observed in 

healthy individuals at concentrations of NO2 in all 0.56 mg/m3, which is four times lower than 

the detection threshold. People with chronic lung diseases experience difficulty in breathing 
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even at a concentration of 0.38 mg/m3. Among all harmful gasses, NO2 is a well-known toxic 

gas and air pollutant and monitoring its concentration is crucial for air quality monitoring. 

Prolonged exposure to low concentration of NO2 capable of causing several health hazards 

such as coronary artery disease as well as stroke [5-6]. The sensitivity of SWNTs towards NO2 

at atmospheric temperature as reported [1] is particularly interesting. The sensing of NO2 is 

important to monitor environmental pollution resulting from combustion or automotive 

emission [7-8]. In recent times, the accidents in the oil, coal, gas industries have been increases, 

which claim the lives of hundreds of people. Every year many people lose their life due to 

hazardous gas leakage [14].   

Many research groups have discussed sensing mechanism of NO2 based on CNT. In 

order to improves the sensing performance, and more challengingly, how to improve 

sensitivity of sensor for different gas species. One promising way is the functionalization [4, 

9] of carbon nanotubes. Many characteristics of CNTs are superior to most other materials. 

Thus, for example, Young’s modulus, which depends on the diameter and chirality of a CNT 

defect, can reach 1.8TPa, while when the conventional carbon fibres, it is comparable to 

800GPa. The bulk compressibility of CNTs is quite high and amounts to 0.024GPa-1. If bent 

CNT also exhibit exceptional flexibility, their electrical conductivity depends on the magnetic 

field induction [10]. The magnetic properties of CNTs are remarkably different from the 

properties of diamond and graphite. The first measurements of the magnetic susceptibility 

showed that it greatly decreases with decreasing temperature of 300K. CNTs exhibit anisotropy 

magnetic property. With these properties, CNTs have broad application prospects, but their 

successful use is necessary to deal with some problems [2, 4, 10]. For example, CNT through 

the possession of large surface energy, tend to form agglomerates, reaching up to tens or 
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hundreds of micrometres. This leads to deterioration of the properties of CNTs in comparison 

with those that would be typical for homogeneous distribution. Solution to this problem can be 

achieved using various methods. CNT mechanical processing time must also be limited; since 

it increases the density of surface defects is increased [11]. Therefore, in addition to mechanical 

processing methods use the chemical treating CNTs to achieve more efficient dispersibility 

and impart additional properties. For example, using metal catalysts in the form of 

nanoparticles to decorate CNT, promotes the interaction with specific gas species. In this 

experiment CNTs have been functionalize by gold decoration. 

Existing gas sensors are based on metal oxide semiconductor. However they have a 

low sensitivity, high operating temperature and reaction time and substantial recovery. To 

ensure effective monitoring of air quality status it is necessary to improve the characteristics 

of gas sensors that can detect danger in advance. Development of NO2 sensors based on carbon 

nanotubes due to their unique properties will provide an opportunity to find a solution to these 

critical problems. To increase the sensitivity and selectivity to specific gas, as well as their 

reliability in various condition. The extraordinary property of SWNTs towards NO2 sensing 

attracts not only academicians but also industrials to make low power NO2 gas sensor. In 

present work, I am trying to solve above mentioned problems, for same, SWNTs grown sample 

is decorated with gold nanoparticles and also I have done detailed study on various effect of 

Au decoration on sensor characteristics. 
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 Experiment 

SWNTs used in this sensor have been grown by standard Chemical vapor Deposition 

(CVD) technique [10,13, 14]. CVD technique is one of the best technologies for CNTs growth 

on silicon wafers. 

I grow SWNTs on 5X5 mm chromium coated silicon wafer by standard CVD method 

[10, 13, 15]. Deposited SWNTs are decorated by gold. Gold is coated over sample by 

sputtering system. After that two electrodes are made by standard lithography technique as 

shown in Figure 5.1. 

 

 

Figure 5. 1:  Phases of lithographical process. 

 

Formation of sensor electrode has the following successive processes: lithography, deposition 

and etching. Typical lithography process includes a set of operations that can be divided into 

three phases (Figure 5.1):  

- Forming a continuous uniform layer of resist on the substrate surface;  
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- Once the surface has been coated with photoresist, the substrate is exposed to UV light; 

- Once exposed, the substrate is immersed in a developer solution. 

NO2 sensor research work carried out based on a CNT in a special chamber with one side 

connected to the gas distributor and on the other with the release into the environment. The gas 

supply comes from the two cylinders: the first bottle contains only air, the second air cylinder + 

NO2 concentration of 100ppm. The camera also has outputs for connection of an oscilloscope, 

multimeter that allows you to measure the change in resistance of the sensor in real time. Restoring 

the sensor is carried out by exposure to UV radiation. The flow of UV rays sent directly to the 

camera cell by limiting their distribution area. The calculation and measurement of the 

concentration of nitrogen dioxide (NO2) to obtain the experimental data; regulation of the inlet gas 

concentration is done by standard mass flow controller and change in the resistance is measured 

by using multimeter/oscilloscope. 

 

 Results and discussion 

Figure 5.2 shows the scanning electron microscopy (FESEM) image of pristine SWNTs grown 

over silicon substrate, in which I clearly observe a dense horizontal network of SWNTs over all 

substrate. The present     SWNTs on substrate also verify by Raman spectroscopy (Figure 5.4). In 

Raman spectra, a sharp peak in the range of 200cm-1 to 300cm-1 is verifying the existence of 

SWNTs on silicon substrate.  Figure 5.3 shows the FESEM image of Au decorated SWNTs 

surface, where I can see nonuniform particles of gold is distributed on every CNT. First, I had 

done sensing experiment without UV supported recovery. And I found that the recovery time is 

more than 12 hours, which is impractical and does not meet all the tasks to be performed by the 

sensor. For the functional operation of the sensor it is necessary to its full recovery after each cycle 
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of gas exposure. To expedite this process, I need to give the adsorbed gas molecules enough energy 

to break chemical bonds and their desorption from the surface of the CNTs. To achieve such an 

effect is possible by heating or exposing the sensor with UV exposure. Exposure to UV light is 

more advantageous way compared with heating, since, firstly, quantum energy UV radiation 

allows strong enough to destroy the chemical bonds, thereby accelerating the desorption process 

several times; Second, importantly, the use of UV lamps easier to operate [15-20]. After that i 

performed a series of experiment to monitor the response of the sensor with different 

concentrations of NO2, followed by reduction by means of UV radiation (see Figure 5.5 to Figure 

5.6). To see the various effect of gold decoration on sensing property firstly I performed the sensing 

experiment on pristine SWNTs with the concentration of NO2 is 40ppm level and found initial 

resistance Ri = 65.06KΩ. After the start of gas supply to the resistance test chamber starts to 

decrease gradually. The response of the sensor is a 1 ~ 3 seconds. After 5 minutes the gas flow 

was stopped, the camera only did the air flow and also produces ultraviolet light. Almost 

immediate increase in resistance was noted. Full recovery of the sensor to the initial position was 

4 minutes 30 seconds. Now same experiment was repeated for gold decorated SWNTs sample with 

kept all sensing parameter same as before. 
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Figure 5. 2:  FESEM image of pristine SWNTs. 

 

Figure 5. 3:  FESEM image of gold decorated SWNTs. 

 

 

Figure 5. 4:  Raman spectra of pristine SWNTs. 
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It is observed that initial resistance Ri = 78.2KΩ sharply decreased to drag reduction occurred 

more rapidly than without gold sample. Comparison between NO2 gas sensor without gold coated 

and with gold coated has been shown in the Figure 5.6 The sensitivity for each case can be 

calculated by formula: 

 

 

 

Where –S is the sensitivity of the sensor; R0 is the sensor resistance before you start working; RNO2 

is the resistance of the sensor at the end of the experiment. And I can see the sensor sensitivity for 

pristine type sensor approximately 30percent and for gold decorated sensor around 38 percent 

approximately. The comparison between both type of sensor also shown in Figure 5.6 and it is 

clearly observed from figure that gold decorated sensor have better sensitivity as compare to 

pristine SWNTs sensor. The possible reason for better sensitivity is that gold decorated CNTs have 

larger surface area as compare to pristine CNTs and hence the area for gas molecules interaction 

with sample is also larger. 
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Figure 5. 5:  Resistance Vs time for Au decorated SWNTs sensor. 

 

 

Figure 5. 6:  Plot of the comparison between response of SWNT NO2 sensor and Au-modified 

SWNT NO2 sensor. Au-modified SWNT NO2 sensor showed increase in sensitivity as compared 

with without gold coated SWNTs NO2 sensor. 

 

 Conclusion 

 I have successfully developed a good quality NO2 sensor. Based on the results of 

observations it can be argued that the sensor has an almost instantaneous reaction rate to the feed 

gas and the selected recovery technique using UV radiation has advantages over previous 

technologies by small time and ease of use. The change in sensitivity of SWNT sensor is induced 

by the coating of Au layer. The chemical pattern clearly demonstrates a significantly higher 

sensitivity of the Au-modified SWNT sensor compared with the un-functionalized SWNT sensor 

for NO2 gas. 
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 Thin film chemiresistive gas sensor on single-walled carbon nanotubes-

functionalized with polyethylenimine (PEI) for NO2 gas sensing 
 

 Introduction 

The world health organization (WHO) 2016 report suggests that the 90% population of the 

world inhales the polluted air and is polluted beyond the limits specified by the WHO. The major 

components of this polluted air are nitrogen dioxide (NO2), Sulphur dioxide (SO2), ozone (O3), 

carbon monoxide (CO), volatile organic compounds (VOCs) and particulate matter (PM) [1]. 

Owing to globalization and rapid growth in the human population, there is a tremendous increase 

in the concentration of different greenhouse gases like CO2, H2S, H2O and NO2, which leads to 

various respiratory diseases [2]. Although all of these gases are noxious to humans and to the 

environment, but the most crucial is the increase in the consolidation of toxic NO2 gases. The 

overexposure of NO2 in small concentration causes irritation in the human respiratory tract and in 

large concentration may lead to pulmonary disease and in the extreme case can cause loss of human 

life [3]. It can also cause a change in the blood composition, in particular, reduces the content of 

hemoglobin in blood [4]. The main source of the NO2 gases is traffic and fossil fuel consumption 

processes. We can feel the presence of NO2 gas when the concentration is 0.23mg m−3, but its 

adverse effect can be observed in healthy individual at the concentration of 0.056mg m−3, which 

is four times lower than the detection threshold. The people with chronic lung disease experience 

difficulty in breathing even at the concentration of 0.038mg m−3 NO2 gases. Therefore, the 

detection to reduce the concentration of NO2 under an ambient condition at room temperature is 

of great importance. 

Conventional sensing material, such as metal oxide semiconductors have poor sensitivity 

at room temperature and requires an additional power supply source and microfabrication 

https://word-edit.officeapps.live.com/article/10.1007/s12034-020-2043-6#ref-CR1
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techniques for the normal functioning of the sensor. Some examples of metal oxide semiconductor-

based NO2 gas sensors are titanium dioxide (TiO2), zinc oxide (ZnO), copper (II) phthalocyanine 

(CuPc) [5] and copper oxide (CuO) [6]. Metal oxide semiconductors-based gas sensors have been 

extensively used, but for particular detectors, the high operating temperature has restricted the 

development of such sensors because it requires high cost as well as the complicated 

configurations [7, 8]. 

On the other hand, carbon nanotubes (CNTs) are one-dimensional (1-D) nanomaterial, 

which attract more consideration because they have high sensitivity for gases at room temperature 

[9, 10]. It has been found that CNTs; are encouraging detecting material, which retains electrical 

properties and is extremely responsive to a low concentration of gases, such as carbon dioxide 

(CO2), nitrogen oxide (NOx) and ammonia (NH3) at room temperature. Besides, CNTs as ultra-

sensitive sensing materials, also outperform the conventional sensing material, such as metal oxide 

semiconductor in terms of vast assimilative capability, large surface-area-to-volume ratio, low 

weight and rapid response time, resulting in momentous variations in electrical properties, such as 

resistance and capacitance [11, 12]. After the breakthrough of CNTs by Iijima [13], CNTs have 

shown great potential and emerged as one of the most promising materials for a wide range of 

engineering applications, such as optoelectronics [14, 15], sensors [16,17,18,19] and actuators 

[16,17,18]. CNTs are incredible structures having an array of fascinating magnetic, electrical and 

mechanical characteristics. The essential requirements of a good sensor are fast response, high 

selectivity, high volume production, low cost and high reliability. 

As a sensing material, CNTs can be exploited in two different ways, for enhancing the 

sensitivity and selectivity. CNTs are repeatedly decorated with new elements such as metals. 

Conversely, CNTs can be integrated with other sensing materials, for instance, metal oxide 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR5
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR6
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR7
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR8
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR9
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR10
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR11
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR12
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR13
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR14
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR15
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR16
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR17
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR18
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR19
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR16
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR17
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semiconductor to enhance their sensitivity [20]. It has been established that there is a variation in 

electrical conductivity of conducting polymers when it is exposed to diverse organic and inorganic 

gases [21]. There are many conducting polymers, for instance, polyaniline (Pani), polypyrrole 

(PPy), polythiophene and the various derivatives of different polymers, which can be used as 

sensing materials [22]. Currently, many researchers tried to increase the sensitivity of CNTs-based 

gas sensors in various different ways, such as by depositing layers of different metals or by 

functionalizing with polymers [23]. 

In the present work, I have analyzed the growth and development of single-walled carbon 

nanotubes-polyethylenimine (SWCNTs-PEI) functionalized-based resistive gas sensor for toxic 

NO2 gas detection. An elaborate study of the sensor was done for various parameters such as 

sensitivity, reversibility and response–recovery time. I have investigated the effect of 

functionalization on the sensitivity of the SWCNTs-based resistive gas sensors with the 

polyethyleneimine (PEI, Aldrich Chemicals) at room temperature. 

 Experimental 

 Sensors 

The SWCNTs sensor was grown by using the standard thermal CVD method. The 

SWCNTs films were deposited on a SiO2/Si substrate by using standard thermal chemical vapour 

deposition (CVD) method and co-sputtering was used for preparing the catalyst. The two planer 

Au electrodes were deposited on the as-grown SWCNTs surface by sputtering method followed 

by patterning with the standard lift-off method. The catalyst used for growing SWCNTs is 

achieved by co-sputtering of Fe–Mo metals (0.5 nm width) on a subsidiary cover of Al metal (10 

nm width) [24]. The catalyst was annealed for 30 min in Ar/H2 atmosphere at 900∘ C temperature. 

The mass flow controller was used to control the supply of carrier gas Ar/H2 and the precursor gas 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR20
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR21
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C2H2 (acetylene) into the chamber. For SWCNTs growth, the rate of flow of Ar/H2 and C2H2 gases 

are kept at 30 and 5 sccm, respectively, and this gas flow is maintained for 5 min. The growth 

pressure was maintained at 50 Torr [24]. The two planer Au electrodes were deposited on the as-

grown SWCNTs surface by sputtering method followed by patterning with standard lift-off 

method. The sensing area comprising SWCNTs were grown by thermal CVD system on SiO2/Si 

substrate, and the electrodes made up of gold pattern structure with 60μm channel length was 

fabricated by a standard photolithography technique. The methods of physical treatment of the 

CNTs are not sufficiently effective, so the other option is to change the chemical properties of the 

surface through chemical functionalization. PEI, from Sigma Aldrich, is adsorbed on the surface 

of SWCNTs network by immersing in a PEI/methanol solution. The sensors were dipped for 15 

min, 1 and 2 h in a 20 wt.% solution of PEI polymer. The sensors are taken out from the solution 

and the excess PEI is removed by rinsing the sample with the methanol. So as to remove the excess 

methanol present over the sample, it was then heated up to a temperature of 80°C for 15 min, 

leaving behind a pure PEI-coated SWCNTs film without methanol. 

 Measurements 

The PEI functionalized SWCNTs sample is placed inside a closed chamber, with one side 

connected to the gas distribution and the other side is open to the environment. The gas supply 

comes from the two gas cylinders: the first gas cylinder contains only air, while the other gas 

cylinder contains NO2. The NO2 gas (100 ppm, balanced nitrogen) used in the experiment as 

purchased from Linde Industrial Gases, Russia. The enclosed sample chamber also has a 

connection for connecting multimeter that allows recording the real-time change in the resistance 

of the samples when it is exposed to the NO2 gases. The power density of the UV light used in the 

experiment is 10 W. The MKS standard mass flow controller (MFC) has been used for accurately 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR24
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controlling the NO2 concentrations in the various ppm-levels. The schematic diagram of the setup 

for NO2 gas sensing (Figure 6.1). The change in the resistance of the SWCNTs sensor was recorded 

for various NO2 gas concentrations, such as 20 and 50 ppm. In addition, to examine the 

repeatability of the sensor, the behavior of the SWCNTs sensor for same NO2 gas concentration 

was recorded for repetitive cycles. Similarly, the behavior of PEI-doped SWCNTs sensors was 

also recorded in the presence of various concentrations of NO2 gas and also under the same 

concentration of NO2 gas for repetitive cycles. Inside the chamber, there is a platform for holding 

the gas sensor samples with two pointed electrodes, which are connected with the multimeter 

(UNIT-T UT803). UV light illumination is used to enhance the recovery of the gas sensor in case 

of pristine SWCNTs sensor, whereas in case of PEI functionalized SWCNTs, I did not use UV 

light, hence the recovery is slow. 

 Characterization 

A field emission electron microscopy (Nova NanoSEM 450, FEI and ZEISS sigma 

FESEM, India) of SWNTs-PEI as shown in Figure 6.2 was done to study the surface morphologies, 

orientation and dimensions of SWNTs-PEI bilayer sensor film. The samples were mounted on the 

double-sided tape and the high-resolution images of SWCNTs and SWCNTs-PEI were taken as 

shown respectively, in Figure 6.2a and Figure 6.2b. In Figure 6.2, I can see the uniform dispersion 

of the bilayer of SWCNTs-PEI and there are many spots which resemble island shape. The 

presence of cavities at the tip of the isle shaped spot helps in the adsorption of NO2 molecules on 

the surface of the gas sensor. The PEI polymer layer essentially operates as a transitional charge 

transmit strip from the SWNTs to the electron acceptors. Basically, the polymer PEI accelerate the 

charge transfer mechanism. A lot of work has been reported, which have acknowledged the binding 

energy and charge transfer for NO2 gas molecules [11, 25]. Transmission of charged particles takes 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR11
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR25
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place from the surface of PEI functionalized SWCNTs to the acceptors when the NO2 gas 

molecules are adsorbed on the surface of PEI, PEI acting as a transitional layer. 

 

 

Figure 6. 1:  Schematic diagram of the setup for NO2 gas sensing. 

 

The IRS spectroscopy of the PEI-SWCNTs composites is shown in Figure 6.3. The IR 

bands indicate two peaks at 1360cm−1 and 1720cm−1, which shows the presence of imide moieties 

and carbonyl in the five-membered ring structure of PEI, respectively. The strong bond at 

1039cm−1 is the confirmatory band of the PEI polymer for its conductivity and is a measure of the 

degree of delocalized electrons. This bond is evident for the high conductivity, which ascribed to 

the C–H in-plane vibration. The bond at 1360cm−1 is the representative of C=CC=C bonds, the C–

C vibration occurs due to the internal defects. The other bonds observed at 2937cm−1 and 3318cm−1 

are characteristic of C–H and O–H stretches, respectively. O–H vibrations are observed due to the 

amorphous carbon, which can easily form a bond with atmospheric air [26]. 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR26
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Figure 6. 2:  SEM micrograph of gas sensor films. (a) Surface micrograph of the pristine 

SWCNT sensor. (b) Surface of PEI functionalized SWCNT sensor. 

 

Raman spectroscopy (NTEGRA Spectra NT-MDT) was performed to observe the 

characteristic vibrational modes of SWCNTs and the subsequent effect of PEI functionalization 

and the spectra. Raman spectra measured on both pristine and PEI functionalized SWCNTs film 

is shown in Figure 6.4. Radial breathing mode (RBM) of the sample was observed at 198cm−1. As 

the frequency of RBM is inversely proportional to the reciprocal of the diameter, it can be used to 

determine nanotube diameter. The RBM also provides information on chirality and thus, the 

electronic properties of the nanotube. Because single excitation energy was used in our experiment, 

only nanotubes resonant with this particular energy will demonstrate a peak at the RBM frequency. 

The nanotube diameter can be determined by VRBM=248/ω [27], where VRBM is Raman frequency 

shift of the RBM in cm−1. From measured RBM, calculated SWCNT diameter is 1.25 nm. The 

characteristic graphene band was observed at 1590cm−1, the broadening of G band appeared 

because of the small diameter of SWCNTs. Defect-related D-band was observed at 1352cm−1. The 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR27
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low intensity of the D band signifies a smaller number of defects in samples. Further, the decrease 

in the peak intensities of the functionalized SWCNTs as compared to pristine SWCNTs endorses 

the surface coverage by PEI on SWCNTs resulting in some modification on the surface [26]. 

 Results and discussion 

Investigations were done to understand the consequences of PEI functionalized SWCNTs 

gas senor samples on the NO2 sensing. Figure 6.5 shows the sensing response and recovery curve 

of SWCNTs sensor towards the NO2 gas molecules. Initially, when the NO2 gas molecules start 

flowing into the closed chamber, the resistance of the sensors starts decreasing from the baseline 

i.e. 36.44KΩ. However, once the analyte gas flow is stopped into the chamber, de-adsorption of 

the NO2 molecules from the surface of SWCNTs starts taking place and consequently, causes an 

increase in the resistance of the sample. Many researchers have reported that due to significant 

binding energy at the adsorption sites, the natural recovery of the sensor is slow as compared to 

the response. Figure 6.5 explains the repeatability and recoverability in case of pristine SWCNT 

sensor. The major challenge faced was the recovery of the sensor. The fast recovery was 

accomplished by the use of UV illumination. 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR26
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Figure 6. 3:  IRS spectroscopy comparison of pure SWCNTs and PEI-SWCNTs composites. 
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Figure 6. 4:  Raman Spectroscopy: (1) PEI-functionalized SWCNTs sensor and (2) pristine 

SWCNTs sensor. 

 

 

Figure 6. 5:  It shows the repeatability for NO2 gases of the SWCNTs sensor. 

 

It is evident from Figure 6.5 that as the NO2 gas flow continues, there is a continuous decrease in 

the resistance of the sensor. It can also be seen that after some time, the resistance become stable 

and desorption of analytes takes a longer time at the ambient conditions. Therefore, to establish 

the decreasing curve, two different concentrations of NO2 analytes were passed through the closed 

chamber in which the gas sensor was placed. Figure 6.6 and Figure 6.7 show the comparison 

between the sensitivity of SWCNT resistive gas sensors for various concentrations of NO2 gases. 

It is evident from the graph that as the concentration of NO2 increases correspondingly, there is an 
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increase in response percentage. The sensitivity of chemiresistive gas sensors can be calculated as 

the ratio of the initial resistance of the sensor in the air to the resistance in the presence of gas. 

S (%) =(Ra−Rg)/Ra∗ 100, (1) 

Where S is the sensitivity of the gas sensor, Ra the initial resistance in the presence of air and Rg 

the final resistance in the presence of analyte gas NO2. 

 

 

Figure 6. 6: SWCNTs sensor response for various concentrations of NO2 gases, such as 20 and 

50 ppm. 
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Figure 6. 7:  Response ΔR/R (%) for various concentrations of NO2 gases, such as 20 and 50 

ppm. 
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Figure 6. 8:  Response of PEI-functionalized SWCNTs resistive gas sensor in the presence of 

NO2 gases. 

The sensitivity of the resistive gas sensor based on SWCNTs was calculated using equation 

(1) and it was found to be 20.12%. The sensitivity of the SWCNTs sensor can be improved by 

properly functionalizing the sensor with the PEI polymer. PEI is a polymer with the repeating units 

of the amine group and two carbon aliphatic spacers. PEI acts as a transitional charge transfer layer 

from SWCNTs to the electron acceptor. There is a considerable amount of increase in the 

sensitivity of the gas sensor functionalized with PEI as compared to the bare CNT sensors. I have 

been successful in effort to develop a PEI functionalized SWCNTs sensor with much better 

sensitivity. The functionalization resistive gas sensor based on SWCNTs has shown a substantial 

increase in the sensitivity and was found as 37.00% for 20 ppm NO2 gas detection. The 

semiconducting pristine SWCNTs sensor shows p-type behavior prior to PEI functionalization and 

it can be corroborated with the decrease in the resistance in the presence of NO2 gas. The 

adsorption of PEI on the sidewalls of SWCNTs after functionalization is irreversible and it cannot 

be completely removed even after extensive rinsing in ethanol. This is in complete agreement with 

the other recent findings of the irreversible polymer wrapping around SWCNTs [28,29,30]. So, to 

control the functionalization level of SWCNTs network, the sensors were immersed in a solution 

of 20 wt.% PEI/methanol for 15 min, 1 and 2 h, respectively. There was a substantial increase in 

the sensitivity of the modified sensor. It was found that the initial resistance of the sensors kept on 

increasing as the sensors were immersed for a longer time. This behavior can be due to the donor 

effect of PEI on the p-type of SWCNT channel. The results concur with the first observation; this 

tendency is presumably by the virtue of accumulation of extra acceptor molecules resulting from 

the PEI functionalization of the SWCNTs surface of the gas sensors. There is a decrease in the 

channel resistance of p-type of SWCNTs because NO2 acts as electron acceptors. 

https://link.springer.com/article/10.1007/s12034-020-2043-6#Equ1
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR28
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR29
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR30
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The response of the SWCNT sensor in the presence of NO2 gas was found to be 20.12%. 

On the other hand, when the SWCNT sensor was functionalized with PEI polymer, then, the 

response of the doped SWCNT sensor increased up to 37% as shown in Figure 6.8. The charge 

transfer takes place from the SWNT surface to the NO2 gas molecules with PEI polymer acting as 

an intermediate layer. An efficient molecular photodesorption of NO2 gas from the surface of 

SWCNTs in the presence of UV illumination is achieved [31, 32]. A comparison table comparing 

the performance of the developed sensor with the other sensors developed for NO2 gas sensing has 

been included and shown in table 7.1. 

 

Figure 6. 9:  Comparison of PEI-functionalized SWCNTs sensor response for the various 

durations of immersion of sensor in PEI/methanol solution. 

 

At atmospheric conditions, the nature of SWCNTs is p-type [33,34,35]. In the case of 

pristine SWCNTs, when NO2 gas interacts with SWNTs, the gas molecules withdraw electron and 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR31
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR32
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR33
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR34
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR35
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thus, increases the majority carriers, which decreases the resistance strenuously [36, 37]. The 

strong carbon–carbon bonding in CNTs suppresses their reactivity and limits their sensing 

capability. Structural defects increase the chemical reactivity of carbon nanotubes [38, 39]. Pristine 

SWCNTs have fewer defects and hence, only a small number of gas molecules adsorbed on the 

surface during exposure. During the PEI functionalization process, additional defects (removal of 

carbon atoms, breaking of C=CC=C bonds) are created on the sidewalls as well as on the ends of 

SWCNTs. Functional groups, such as amine groups are preferably attached to these defects' sites, 

which further facilitates the adsorption of NO2 gas molecules. As a result, more NO2 gas molecules 

are adsorbed on the SWCNTs sensor, contributing to increased charge transfer between CNTs and 

NO2 gas molecules. This results in a large change in the resistance of the sensor. Thus, the 

sensitivity of the PEI functionalized SWCNTs NO2 gas sensor is enhanced. Also, the degree of 

enhancement in the sensitivity of SWCNTs depends on the type of functional group and the 

amount of functional group attached. The influence of moisture on the actual gas sensing response 

is found to be insignificant. The exposure of relative humidity (RH) does not make any sensible 

change in the baseline resistance of the sensor. I performed experiments at 5, 10, 20 wt% of PEI. 

Our sensor gave the best result for 20 wt% of PEI.However, as the immersion duration of SWCNT 

sensor into the PEI/methanol solution increases sensitivity, and recoverability of the sensor 

decreases as shown in Figure 6.9. There are two proposed reasons for the decrease in sensitivity 

and recoverability. The first reason is the accumulation of PEI polymer layer on the surface of 

SWCNTs after long hours of immersion. This deposition of a thick layer of PEI on the SWCNT 

surface decreases the sensitivity of SWCNT by reducing the charge transfer between the SWCNT 

layer and NO2 molecules as shown in Figure 6.9. 

Table 6. 1:  Comparison of different materials based on NO2 gas sensor performances. 

https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR36
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR37
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR38
https://link.springer.com/article/10.1007/s12034-020-2043-6#ref-CR39
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 Conclusion 

I have developed a chemiresistive SWCNTs-PEI functionalized gas sensor by using a 

thermal CVD method. The higher adhesive coefficient for the electron-withdrawing NO2 of PEI-

coated SWCNTs than untreated SWCNTs. At room temperature, PEI-SWCNTs-coated resistive 

gas sensor demonstrated elevated sensing behaviour and swift reaction to NO2. Furthermore, 

owing to room temperature operation of the resistive gas sensor can be encouragingly exploited in 

the environment observation. A detector was successfully developed to detect low concentration 

(ppm) of NO2 and by an accurate selection of thermal treatment, the complete recovery of the 

sensor was achieved. More importantly, it was found that with the increase in the duration of 

functionalization, the sensitivity of the SWCNTs is enhanced. By controlling the basicity and the 

functionalization concentration of SWCNTs network, the PEI-SWCNT sensors can be extended 

to various domains and the selectivity of the sensor can be configured based on various chemical 

environments. The achieved results are important as they demonstrate that the sensitivity of a 

SWCNTs gas sensor can be enhanced by the presence of attached amine group. However, apart 

from sensitivity, selectivity is also a challenge for a reliable CNT gas sensor development. As NO2 
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gas sensors are intended to be deployed in both open and closed environments, the study of the 

effect of temperature and humidity is very important for calibration, interface circuitry and 

working room temperature SWCNT nitrogen dioxide sensor device. The optimization of the 

resistive gas sensor based on SWCNTs would be examined profoundly in future analysis. 
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 Conclusion, Summary and Future Scope 
 

 

 

 Main Results and Conclusions 

An important scientific and technical problem of detecting hazardous gas NO2 has been solved in 

this work. 

1) Single walled carbon nanotubes (SWCNTs) have been successfully grown using Chemical 

Vapor Deposition (CVD) method. 

2) The as-grown SWCNTs gas sensor were decorated with Au nanoparticles. The sensing 

response analysis exhibited that the Au decorated sensor has better/comparable sensing 

response of 38% towards NO2 gas in comparision to previous reported sensors. 

3) The Polyethylenimine (PEI) polymer were used for functionalizing the SWCNTs surface. 

The result analysis shows that the PEI functionalized sensor showed better 

better/comparable sensitivity of 37% to wards NO2 gas, and also shows better/comparable 

response/recovery time and repeatability. 

4) The analysis of the gas sensing behavior of sensors with surface decoration of SWCNTs 

with Au nanoparticles and surface functionalization with polymer Polyethylenimine (PEI) 

revealed that the surface modification has improved the sensing parameters such as 

sensitivity, response/recovery times, repeatability and more importantly the sensor works 

at room temperature.  
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 Summary 

The present thesis deals with the fabrication of Carbon Nanotubes (single walled) using Chemical 

Vapor deposition method and their characterization. It has been established that surface 

modifications of CNTs using various methods such as metal deposition and functionalization using 

polymer can influence the sensing behavior of the NO2 gas detector. The SWCNTs surface 

functionalization resulted in the improved sensing parameters such as sensitivity, response and 

recovery times as well as the stability of the detector. 

There are various gas sensors available to detect this poisonous gas at low temperature.  Each gas 

sensors have their own advantages and disadvantages in their working capabilities. However, there 

are certain qualities in the sensor which makes it highly suitable towards the NO2 detection. The 

problem with the existing detection capabilities are low stability, sensitivity, selectivity, large 

response and recovery times. The suitable qualities of an ideal gas sensor to detect these volatiles 

are listed below: 

 High sensitivity to detect gas targets at low temperature 

 Multiple gas detection to detect multiple gas targets 

 Low cost to enable accessibility on a wide range scale 

 Comparatively easier fabrication procedure for fast and low cost manufacturing 

 Comparatively robust design 

The focus of this research was on single walled carbon nanotubes (SWCNTs) NO2 gas sensor 

which came much closer to some of these qualities compared to the other gas sensors.  Thus, the 

SWCNTs NO2 gas sensor is studied, analyzed, investigated and customized in this research to 

improve its performance and designing the sensor in a way to detect harmful gases.  The designed 
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customized SWCNTs functionalized gas sensor has provided a platform for the detection of 

harmful gas with some of the above-mentioned qualities and thereby enabling the early detection 

of dangerous NO2 gas.  

The second chapter of the thesis gives an introduction to the Carbon Nanotubes. It starts with the 

basic understanding of the hybridizations in Carbon. Different allotropes of Carbon (Such as 

Diamond, Graphite, Graphene, Fullerenes and CNTs etc.) are discussed with their respective 

structure. A detailed description of Carbon Nanotubes about their structures, types, defects, their 

electronic and mechanical properties are present in this chapter. Different types of carbon 

nanotubes on the basis of number of walls, chirality etc. are discussed in an elaborative way. 

Various promising applications of CNTs are described in detail. 

In the third chapter of the present thesis growth and characterization techniques of CNTs are 

discussed in detail with the special emphasis on Chemical Vapor Deposition. CNTs can be 

synthesized using arc discharge, laser ablation, Chemical Vapor Deposition method. These 

methods are well discussed in this chapter. Among these methods, Chemical Vapor Deposition 

method is the most popular method because of its versatility, less complexity. The high yield of 

good quality carbon nanotubes can be synthesized by this method. This method can be modified 

according to the requirement. Different variants of CNTs are being used by the researchers all over 

the world according to the specific needs. In this chapter, the variants of CVD such as Thermal 

CVD, Low Pressure CVD, and Plasma CVD etc. are discussed in details with their respective pros 

and cons. Characterization is an important part of the experimental research.  The details of 

Characterization techniques which is used in the present study are also included in the present 

chapter. Microscopic techniques such as Scanning Electron Microscopy, Transmission Electron 

Microscopy and Atomic Force Microscopy are discussed with their basic principles. Raman 
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Spectroscopy has been proven to be the best spectroscopic technique for the investigation of the 

quality of CNTs. It is discussed in detail with the explanations of different bands (G-band, D-band 

etc.) which originate in the Raman spectrum due to the molecular vibrations associated with the 

specific structures of CNTs. 

In the fourth chapter of the present thesis presents the literature survey of carbon nanotubes-based 

gas sensors. This chapter also includes literature survey of carbon nanotubes based flexible 

sensors. It also has survey about the 2D TMD materials based NO2 gas sensor. 

The fifth chapter discusses the role of metal deposition on the surface of SWCNTs. The conclusion 

of our work is that I successfully developed a good quality NO2 sensor. Based on the results of 

observations it can be argued that the sensor has an almost instantaneous reaction rate to the feed 

gas and the selected recovery technique using UV radiation has advantages over previous 

technologies by small time and ease of use. The change insensitivity of SWNT sensor is induced 

by the coating of Au layer. The chemical pattern clearly demonstrates a significantly higher 

sensitivity of the Au-modified SWNT sensor compared with the un-functionalized SWNT sensor 

for NO2 gas. By analyzing the results of Au deposited SWCNTs, it is established that the metal 

deposition has increased the NO2 gas sensing property of the sensor. It is concluded that SWCNTs 

sensing response towards NO2 gas can be improved by metal deposition. 

In the sixth and the last chapter the functionalization of SWCNTs with polymer PEI has been 

discussed. I have developed a chemiresistive SWCNTs-PEI functionalized gas sensor by using a 

thermal CVD method. The higher adhesive coefficient for the electron-withdrawing NO2 of PEI-

coated SWCNTs than untreated SWCNTs. At room temperature, PEI-SWCNTs-coated resistive 

gas sensor demonstrated elevated sensing behaviour and swift reaction to NO2. Furthermore, 

owing to room temperature operation of the resistive gas sensor can be encouragingly exploited in 
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the environment observation. A detector was successfully developed to detect low concentration 

(ppm) of NO2 and by an accurate selection of thermal treatment, the complete recovery of the 

sensor was achieved. More importantly, it was found that with the increase in the duration of 

functionalization, the sensitivity of the SWCNTs is enhanced. 

 Future Scope 

The major problem with most of the gas sensors is the process of designing them to be particularly 

sensitive with the target gas. Studies have suggested that there are three possible solutions to tackle 

this limitation which are, 

 Designing a large array of sensors and using particular sections of these arrays with 

different sensing materials to target different gases. 

 Implementing micro heater unit in the sensor and changing the temperature of the sensing 

materials and influencing the sensing material to be more sensitive to various gases at 

different temperature cycles. 

 Implementing sensitive materials which are particularly more sensitive to the NO2 

poisonous gas. 

The highly sensitive gas sensor design has been already designed in this research. Also, TMDs 

such as MoS2, WS2, and TiS2 can be used for obtaing gas sensor for improving selectivity and 

other important sensing parameters.  

 

 


