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Abstract
Innovative chemiresitive gas sensors with strong sensing qualities that operate at room temperature are much more appealing 
due to their properties of long-life cycle, high stability, and lower usage of power. As we know, n-type semiconducting metal 
oxide like  SnO2 received a lot of interest for its gas sensing applications. The rapid progress of different synthesis processes 
has allowed researchers to investigate a wide range of new nanostructures and their incorporation into smart gas sensing 
devices. Generally, conventional metal oxide-based sensors are functioned at very high a temperature, which causes high 
power consumption and low selectivity. Therefore, to remove this issue, metal oxides doped with various nanostructures are 
the first choice due to their advantages: high surface-area-to-volume ratio, efficient electron transfer, improved and adjustable 
surface reactivity, and quick access response time, and short recovery time. In this review, we have discussed the preparation 
of  SnO2 nanowires through various methods and discussed the state of the art of vapour or gas sensors based on tin oxide 
nanowires and can exhibit sensing properties at room temperature. An overview of the wealth of material, methods, and 
sensing mechanisms like response time, analytical ranges, and operating temperatures are also explained. In the last section, 
we discussed the current status and challenges and depicted the potential future aspects.

Keywords SnO2 nanowires · Semiconductor material · Gas sensing · Room temperature operation

1 Introduction

In recent times, toxic and hazardous gases produced as waste 
from various industries and household activities cause air 
pollution in the environment, even if the government in 
each nation has set a particular limit that if the concentra-
tion of the gas exceeds the limit, pollution occurs [1–4].
As industrialization and urbanization expand, various vola-
tile organic compounds (VOCs) and hazardous gases are 
released into the environment, inflicting alarming damage 
and jeopardising human society's sustainability [5–7].There 
has been a substantial increase in global concern about 

environmental pollution, prompting society to seek out 
gas detection devices for monitoring and measuring these 
hazardous and life-threatening noxious chemical gases. 
Therefore, Gas detectors are commonly utilised in a variety 
of applications, comprising industries, cars, mining, and 
environmental monitoring, both outdoors and indoors [8, 
9]. Apart from this, these gases are present at low levels in 
the atmosphere, in the parts per billion (ppb) ranges. This 
is because the surface-gas contact is poor, just little chem-
isorption, mostly physisorption, occurs, making electronic 
detection nearly difficult. As a result, developing a gas sen-
sor that is both sensitive and effective is necessary to identify 
hazardous gases [10]. Moreover, the gas sensing industry is 
presently worth €630 million per year, with chemiresistive 
sensors accounting for €230 million due to its inexpensive 
price, excellent sensitivity, rapid reaction, and relative ease 
[11–13].A gas sensor is a device that transforms the concen-
tration of gas into electrical impulses [14]. Gas sensors are 
available in a number of configurations, including electro-
chemical gas sensors, metal oxide semiconductor (MOS) gas 
sensors, and infrared gas sensors. [15–25].Gas sensors made 
of metal oxide semiconductors, in particular, have swiftly 
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turned into a hotspot in contemporary gas sensor research 
due to benefits for example low cost, high reaction speed, 
easy development, and extended service life [26–28].The 
sensor-based on MOS can be classified into two categories; 
resistive and non-resistive gas senor and  SnO2 based gas 
sensor fall into the category of a resistive type that follows 
the surface-controlled model. The in-depth mechanism for 
this has been discussed below [29].

Furthermore, conventional metal oxide gas sensors 
 (WO3-SnO2, ZnO-SnO2, CdO-MnO2,  TiO2-V2O5, and 
ZnO-CdO) [1] have several drawbacks like, they usually 
operate at a very high temperature which varies from 100 
to 400 °C, which causes the high-power consumption, as 
well as the stability and life span of the sensor, would be 
decreased [30–33]. Henceforth, the demand for the synthesis 
metal oxide semiconductor (MOS) sensor and application 
to sense gas at room temperature has been increased drasti-
cally, and that is possible with the metal oxide combination 
with zero-dimension, one dimension (nanowires, nanorods, 
and nanobelts) two dimension, and three dimensions nano-
structures. These kinds of sensors lead to high sensitiv-
ity, quick response time, easy recovery, low maintenance 
excreta [34–42]. Out of other nanostructures, nanowires, 
structures having constrained to tens of nanometer or less 
and an unconstrained longitudinal size, they exhibit aspect 
ratio (length-to-width ratio) of 1000 or more, they are one-
dimensional (1-D) material also nanowires shows quantum 
mechanism so that they called quantum nanowires. When 
this type of nanomaterial is incorporated with semiconduct-
ing material like  SnO2 can exhibit the property required for 
an ideal sensor that operates at room temperature, like excel-
lent sensitivity, superior reproducibility, fast reaction and 
recovery time, and to a name of a few [43–46].

1.1  General Properties and Structure of Tin Oxide 
 (SnO2)

Tin oxide is the n-type semiconductor material with a 
bandgap of (Eg = 3.6 eV at 300 K), that creates transparent 
conducting electrodes for solar cells, organic light-emitting 
diodes, and gas sensors [47]. In addition to that, the prop-
erties of  SnO2 have been depicted in Table 1 [48].  SnO2 
comprises orthomorphic and tetrode systems, the crystal 
structure of it may alter as a result of pressure. The sequence 
of transformations is rutile-type  (P42/mnm) →  CaCl2-type 
(Pnnm) α-PbO2 type (Pbcn) → pyrite-type  (Pa3(—))ZrO2-
type (Pbca), (As shown in Fig. 1). It converts into fluorite 
 (Fm3 (—) m) as well as cotunnite-type at greater pressures 
and temperatures (Pnam).The rutile structure with a tetrag-
onal shape is the most popular and frequently used  SnO2 
sensor at room temperature. The  SnO2 cell,  Sn4+ fills the 
tetrahedron's top and centre, while  O2 lodges certain places 
within the tetragonal rutile structure. There are two Sn atoms 

and four O atoms in each  SnO2 crystal cell. Formation of 
a 90-degree angle between three crystal axes occurs with 
each other, that is, α = β = γ = 90° with lattice parameters of 
a = b = 4.737 Å, c = 3.186 Å [49–52]. Here, types of oxida-
tion state tin carry + 2 and + 4; thus, two types of oxides can 
be created, such as stannous oxide (SnO) and stannic oxide 
 (SnO2); from these two oxides  SnO2 is very stable [53–57].

1.2  Properties of  SnO2 Nanowire for Gas Sensing

As the basic physical properties of tin oxide is discussed 
above. However, to understand the compatibility property 
of the  SnO2 in the nanoscale material let’s take the view 
from historical background to the state -of- the art of the 
material. The first nanostructure which consists of the  SnO2 
had been developed in the year 1984 by Nagano et al. [54]. 
Apart from this, expression of significant property of the tin 
is because of the dual vacancy in the Sn by means of depend-
ing on the oxygen chemical potential of the system, the dual 
valency permits a reversible shift of the surface composition 
from stoichiometric surfaces with  Sn4+ surface cations to a 
reduced surface with  Sn2+ surface cations. Surface reduc-
tion alters the electrical structure of the surface by form-
ing Sn5s derived surface states deep within the band gap, 
as well as decreasing the working temperature [55]. This 
property leads the material would have the large number 
of atoms on the surface, and the effective van der Waals, 
Columbic and interatomic coupling occur [49]. As a result, 
low-dimensional oxide materials such as nanoparticles, 
nanospheres, nanorods, nanowires, nanoribbon/nanobelts, 
nanotubes, nanodisks, and nanosheets elicit a wide range 
of interest for the applications in various fields including 
gas sensor. Henceforth, with the goal of acquiring improved 

Table 1  Properties of tin oxide  (SnO2) [48]

Chemical name Tin oxide  (SnO2)
Stannic oxide

Crystalline system Tetragonal
Space group P42/mnm
Cell parameter (Å) 4.738 × 4.738 × 3.187
“a” × “b” × “c”  < 90° × 90° × 90° > 
Density 6.99 g/cm3

Melting point 1898 K
Hardness 6–7 Mohs
Colour Transparent (single crys-

tal) or white (polycrys-
talline)

Optical bandgap 3.4–3.7 eV
Fundamental bandgap 3.4–3.7 eV
Position of VBM (ionization energy) ∼ − 9 eV
Electrical classification n-Type semiconductor
Dielectric constant 9.0
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and tailored properties, there has been a growing trend to 
synthesise novel forms of  SnO2 ranging from thick and thin 
films to nano-scale objects such as nanowires, nanofibers, 
nanopowder, and nanorods. The most desirable properties 
that may be obtained utilising nanowires in the field of gas 
sensors are enhanced sensitivity, selectivity, and thermal sta-
bility, as well as speed of response and recovery. This is due 
to the high crystallinity, production of fewer agglomerated 
structures, and the huge surface-to-volume ratio. The atoms 
positioned just at the surface, where the sensor transduction 
process takes place, play a critical role (domination) in such 
structures, resulting in improved chemical sensing perfor-
mance (such as catalytic activity or surface adsorption) [56].

Furthermore, let’s see the mechanistic view for the ques-
tion, why? Nanowire is only used for gas sensing and how it 
feasible in comparison with other nanostructures with main 
 SnO2. Since, this review article depicts the sensing operating 
temperature of RT, so high temperature operation has been 
eliminated. As we all know, the gas sensing phenomena is 
based on electron transfer between the Sensing material and 
the target gases, with the depletion layer forming or deform-
ing depending on the kind of material. The passivation of 
dangling bonds or incomplete covalent bonds, or the acces-
sible rapid surface states generated by the huge surface: vol-
ume ratio in nanowire systems, may be responsible for RT 
sensing. Because of the arbitrary oxygen concentration, the 

target gases are likely to make transient bonds with nanowire 
surface vacancies. These bonds serve as electron-transfer 
bridges between the gas and the nanowire surface. This is 
owing to the unstable oxygen content in oxide materials, 
however it is worth mentioning that controlling the oxygen 
concentration in any oxide material is challenging. Under 
some conditions, the gas molecules can be broken down into 
their atomic components due to the extremely high reactivity 
of incomplete bonds or rapid surface states. Chemisorption 
is the consequence of the suggested passivation process of 
the bonds induced by unstable oxygen. Because of the length 
difference, controlling the oxygen level throughout a nano-
particle is easier than controlling it throughout a nanow-
ire. As a result, bond passivation in nanowire formations 
is more common than in nanoparticles. The charge carriers 
responsible for gas sensing proceed in a straight path if the 
sensing materials are in nanowire form. This reduces carrier 
dispersion during conduction and increases the material's 
gas sensitivity. Furthermore, because nanowire is a single 
crystalline structure with set growth orientations, it reduces 
instabilities caused by percolation and hopping, boosting 
overall material stability. Specific effects like as self-heating 
can only be achieved by building nanowire-based devices. 
Indeed, the current flowing through a device composed of a 
single nanowire connected by two electrodes, which func-
tions as a sensor signal, is enough to warm the nanowire by 

Fig. 1  SnO2 polymorph crystal formations. a Rutile  (P42/mnm) and  CaCl2 type (Pnnm), b a-PbO2-type (Pbcn), (c) pyrite  (Pa3—), d  ZrO2-type 
(Pbca), e fluorite  (Fm3—m), and f cotunnite (Pnam) [10]
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Joule effect up to the temperature required to activate the 
gas sensing reactions, and the selectivity of the sensor will 
be increased due to the fast reaction [57].

1.3  Metal Oxide as Gas Sensors

The sensor performances of the sensor based on MOS are 
strongly reliant on the temperature, which affects the kinet-
ics of the process and the conductivity and electron mobility 
[58–60]. Usually, there is a need to provide temperature on 
the sensor's surface to cross the activation energy barrier, 
which subsequently enhances the kinetics sensing detection 
[13, 27, 28, 61]. On the other hand, the high-temperature 
operation restricts its extensive applicability since it rep-
resents energy waste, which goes counter to our society's 
advocacy for energy conservation and emission reduction. 
Furthermore, the high-temperature operation produces sen-
sor instability, which might result in inaccurate or erroneous 
test findings. As a result, the essential goal is to reduce the 
working temperature of MOS-based gas sensors [62–64]. 
The MOS-based sensor that operates at room temperature 
does not require a heater, which is possible using the cur-
rent evolving trend, so this would provide a cheaper and 
energy-saving feature of the sensor. The room-temperature 
operation significantly allowed for reduced energy consump-
tion and the danger of a gas explosion (some gas ignited at a 
specific temperature in the atmosphere) and improved long-
term stability, which is a developing issue [65–68].On the 
contrary, due to the low thermal energy, a small number of 
thermal electrons may be located on the MOS surface while 
the sensor is run at ambient temperature, resulting in the for-
mation of a few oxygen species. Because of the high adsorp-
tion energy, this tiny group of oxygen species is thermally 
stable and difficult to remove from the surface resulting in 
poor sensing characteristics [69–71]. Aside from them, rela-
tive humidity (RH) is a major source of interference in the 
room-temperature performance of MOS-based gas sensors 
[72–74]. In a moist environment,  H2O molecules compete 
with oxygen molecules for surface reaction sites, restricting 
oxygen adsorption. The quantity of oxygen species drops as 
RH surges, resulting in a drop-in baseline resistance in the 
ambient environment and reduced sensor response [61, 75, 
76].The MOS-based sensor that works at room temperature 
is studied chiefly under dry air conditions and various RH 
conditions. In summary, the greatest difficulty we have is 
lowering the working temperature of MOS sensors.

Here, the focus has been devoted to Tin oxide nanowires 
for the sensing applications at room temperature because 
of the various advantages like the way of electron transfer 
(length of NWs), increased as well as surface reactivity is 
controllable, meaning that room-temperature functioning 
is conceivable, quicker recovery along with response time, 
dimensions can be compared to the allowance of the surface 

charge region, large scale production can be done by rela-
tively simple preparation methods, affordable to use, fabrica-
tion, as well as manipulation, is very easy, high integration 
density, lesser consumption of electricity and smaller size, 
these are the merits of metal oxide nanowires sensors. Now, 
specifically, tin oxide-based nanowires merits are utilized 
widely for optoelectronic devices and gas sensors which can 
measure leakages of reducing gases and oxidizing because 
of its high surface to volume ratio and so on [77, 78].Till 
today, several articles in review on sensing methods or tar-
get gases have concentrated on the design and development 
of novel tin oxide nanomaterials. For instance, Meng et al. 
had explained the brief review on metal oxide nanostruc-
tures for detecting gases but mainly focused on morphology 
and the operating temperature mentioned in it above the RT 
[16]. Then, Li et al. had published a review that focused 
on composite base tin oxide nanomaterial as chemiresistive 
gas sensor, however, nowhere mentioned the application of 
sensing gases at RT, and all types of nanomaterials have 
been explained in combination with tin [79]. Besides this, 
Wang et al. had reported the review based on tin oxide nano-
structures that detect hazardous and toxic gases. Still, they 
nowhere described the morphology of tin oxide nanowire 
with an application of sensing at RT [10].

On the other hand, as far as we know, no brief review 
report on  SnO2-based nanowires for gas detection applica-
tions at room temperature has been published. So, our aim 
here is a thorough overview of current advancements in 
 SnO2 NWs, with expectations for future works toward cre-
ating higher performance gas sensors. This comprehensive 
review elicits the  SnO2nanowires with cutting-edge design 
and precise gas-sensing characteristics. The first section 
covers the sensing mechanism of chemiresistive gas sen-
sors, and then the second part consists of different synthe-
sis approaches of the  SnO2 NWs. Here, Fig. 2a illustrates 
the general overview of this review paper, which comprises 
the detection of various gases by  SnO2 NWs, its fabrication 
methods, and morphology. Then, Fig. 2b shows the graphi-
cal representation of publications regarding tin oxide nanow-
ires from the past ten years.

1.4  General Gas Sensing Mechanism 
of Chemiresistive Gas Sensor

As we know that, chemiresistive gas sensors are dependent 
on a semiconducting material. Semiconducting materials are 
classified into two categories; n-type and p-type [80–84].
Here,  SnO2 nanowire falls under the category of n-type sem-
iconducting material. First, to begin with, the mechanisms, 
oxygen molecules present in the fresh air are adsorbed on the 
surface of sensing material  (SnO2 NWs). Since the sensing 
material is n-type semiconducting, the electrons flow would 
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be there inside the sensing material (conduction band), due 
to the adsorption of oxygen occurring on the surface that 
removes the electrons which flow inside the sensing material 
and converts into the oxygen ions. Hence, the resistance of 
the  SnO2 will be increased. If the reducing gas is attributed 
to the oxygen ions, the stored electrons are released inside 
the conduction band of sensing material, which decreases 
the resistance. The change in resistance can be converted 
into an output signal known as the sensor's sensitivity. The 
same process occurs in the case of p-type semiconduct-
ing materials but in a reverse manner. When oxidizing gas 
approaches the surface of oxygen ions of the tin oxide, then 
resistance will be increased instead of decreased [85–89]. 
Table 2 and Fig. 3 below portrayed the sensing mechanism 
in p and n-type semiconducting materials [90]. Moreover, 

the mechanism of sensing in reducing gas approaching the 
surface of tin oxide has been illustrated in Fig. 4b [85, 91].

The resistance decreases when reducing gas adsorbed on 
the surface of oxygen ions that can be called the bend bending 
[86], and the graph between resistance versus time when the 
surface is exposed in the air and in the presence of reducing 
gas has been depicted in Fig. 4a [91, 92]. The generation of 
oxygen ions  (O2−,  O2

−, and  O−) strongly depends on the tem-
perature. The reaction below shows the generation of oxygen 
ions with variation in the temperature [12].

O2 molecules, for example, produce oxygen ion molecules 
at lower temperatures (room temperature to 150 °C), as speci-
fied by the Eq. (1):

The  O2 molecule dissociates in single or double oxygen 
ion atoms at a higher temperature, taking an electron from 
CB (conductance band). As specified by Eqs. 2 and 3:

When the adsorbed oxygen removes electrons, the layer 
generates a depletion layer or space charge layer (Δair). 
Apart from this, one more significant concept in the gas 
sensing mechanism is the Debye length  (Ld), which states 
the depletion layer's depth, which concerns the distance 
amongst the surface of the metal oxide sensor and the point 
where the electrons are extracted [93]. The  Ld of a gas detec-
tor is mainly determined through the operating temperature 
as well as charge carrier quantity [94], which may be stated 
as follows:

The material's dielectric constant, the Boltzmann con-
stant, the operating temperature, electron charge, and charge 
carrier concentration are signified by b, T, q (1.6 ×  10–19 C), 
and  Nd, correspondingly [95].Besides this, the passage of 
streams of electrons from one grain to another is blocked 
because the polycrystalline sensing materials are linked 

(1)O2(g) + e− ↔ O2−
(ads)

(2)1∕2O2 + e− ↔ O−
(ads)

(150−300 ◦C)

(3)1∕2O2 + 2e− ↔ O2−
(ads)

(> 300 ◦C)

(4)Ld =

√

�KbT

q2Nd

(a)

416
402

371

336

295

241

193

148

111
80

36

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
0

50

100

150

200

250

300

350

400

450

snoitacilbuPfo
reb

mu
N

Publication Year

(b)
Total Publication by Year

Fig. 2  a Schematic diagram of Tin oxide nanowires as a gas sensor 
for detecting toxic gases and volatile chemical compounds (VOCs), b 
the total number of articles published on tin oxide nanowire through-
out the previous decade (PubMed, accessed on 20th July 2021, Key-
word search: tin oxide + nanowires)

Table 2  When MOS is exposed to specific oxidising and reducing 
gases, its resistance varies

Semiconductor Reducing gas (CO, 
 NH3,  H2, etc.)

Oxidizing gas  (NO2,  CO2, etc.)

n-type Resistance decrease Resistance increase
p-type Resistance increase Resistance decrease
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with many grain boundaries. As illustrated in Fig. 4c, these 
results in the appearance of a potential barrier (V) on the 
surface. The sensor resistance increased as a result of poly-
crystalline sensing material. Then, the number of oxygen 
molecules adsorbed determines the height of potential ber-
ries [96, 97].

The adsorption process may be done in two ways; phy-
sisorption and chemisorption. Apart from this, three fac-
tors, namely the receptor and transducer functions, and 
the utility factor, influence the detecting property of a gas 
sensor [94, 98, 99]. The receptor function of a gas detector 
recognises molecules of oxygen and the gas to be detected 
in the surrounding environment via a sensing layer. Gas 
molecule adsorption is strongly dependent on the surface 
area of the sensing material. Changes in the form, morphol-
ogy, and size of prepared materials, on the other hand, have 
the potential to alter the surface area. Aside from that, the 
transducer function is responsible for translating electrical 
changes affected by interactions between the sensor mate-
rial and the gases being measured into a signal output in 
the form of resistance change. The utility factor facilitates 
the passage of gas molecules through the pores of sensing 
materials, which influences the response [2, 94]. Three of 
the variables described above can be utilised in the creation 
of novel materials for gas sensor applications. Other sig-
nificant assessment criteria for the gas sensor function are 
reversibility, sensitivity, selectivity, stability, responsiveness, 

recovery time, and limit of detection (LOD). To begin, the 
term sensitivity (S) can be described as a shift in resist-
ance (R) in response to a particular concentration of gas 
(C). If the target gas is reducing, it may be represented as 
Ra/Rg, whereas the oxidising gas can be stated as Rg/Ra. Ra 
denotes gas resistance in the fresh air, while Rg denotes goal 
gas resistance. Because of the differences in resistances, it 
may be written as [(Ra − Rg)/Ra]*100% [100, 101]. Sec-
ond, response time may be defined as the difference between 
90% sensor resistance increases in the presence of analyte 
gas and 90% resistance recovery following the withdrawal 
of a target gas, which is also known as recovery time [102]. 
Third, selectivity is an important chemiresitive sensor prop-
erty. Cross-sensitivity happens when a gas-sensing device is 
susceptible to other interfering gases, such as test gas, caus-
ing a false alarm when detecting gas. Selectivity refers to a 
gas-sensing device's ability to identify a specific gas from 
other interfering gases [103, 104]. The selectivity of the sen-
sor can be increased by (i) incorporating suitable additives, 
(ii) temperature control, (iii) using appropriate filters, (iv) 
UV-light illumination [104]. The capacity to detect the low-
est possible concentration of an analyte using a sensor at 
a specific operating temperature is described as the LOD 
[105]. A chemiresitive sensor's stability is described as a 
gas sensor's capacity to give repeated data over a specific 
time period [32].

Fig. 3  Design of a semicon-
ducting material-based sensing 
mechanism for n-type and 
p-type gas sensors [90]
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2  Various Methods for the Synthesis of Tin 
Oxide Nanowires  (SnO2 NWs)

The gas detecting characteristics of  SnO2 gas sensors with 
various morphologies have been highly diverse; these quali-
ties have piqued the scientific attention of many research-
ers.  SnO2 with different morphologies may be synthesized 
using a variety of preparation techniques. The gas detect-
ing characteristics of the sensors are directly connected to 
the distribution and shape of  SnO2 products. As a result, 
techniques for preparing  SnO2 with varied morphologies 
have been devised to display specific characteristics and 
achieve desired outcomes [106]. However, in this commu-
nication, we have considered only one single morphology 
that is nanowire reinforced with  SnO2. There are four types 
of processing paths progressed for the development of  SnO2 
nanowires: (I) wet processing, (II) molten processing, (III) 
solid processing, and (IV) vapour processing methods [107]. 
Despite this, the most common route for synthesizing tin 

oxide nanowire is wet processing, also known as the bottom-
up approach. Figure 5 elicits the top-up and bottom-down 
approach for the synthesis of tin oxide nanowires [108]. The 
merits and demerits of each methods have been depicted in 
Table 3.

2.1  Co‑precipitation Method

This method is straightforward to operate, cheaper, and 
does not need enormous pressure and temperature. Through 
changing the pH of the medium, starting material concentra-
tion and reagents for precipitating, particle size and shape 
can be controlled. By utilizing filtration and repeating wash-
ing, impurities in the precipitate can be easily removed. On 
the other hand, during the literature, it was found that par-
ticular nanowires are not manufactured by the co-precipita-
tion method. Still, composites of tin oxide nanowires have 
been fabricated, and they also give gas sensing properties 
[109]. An example of  SnO2 NWs by co-precipitation method 

Fig. 4  a Resistance vs. time graph indicates the resistance change 
while exposed in air and reducing gas, b sensing mechanism of 
n-type semiconducting  SnO2 by the exposure of  H2 gas, and shows 
the change electrical moment in depletion layer as well as surface of 

the  SnO2, c Sensing mechanism of polycrystalline material; indicates 
the potential barrier  (eVs) change between grain boundaries in the 
exposure of air (left side) and the exposure of  H2S gas (right side) 
[85, 91]
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Fig. 5  Bottom-up and Top-
down approach for the manu-
facture of tin oxide nanowires 
[108]

Synthesis methods

Laser Ablation

Ball Milling

Biological

Lithography

Chemical co-precipitation

Electrochemical

Solvothermal

Sol-gel

Table 3  Advantages and disadvantages of the methods used to synthesis  SnO2 nanowires

Method Merits Demerits References

Hydrothermal Simple to operate Precise control over hydrothermal route still need to be 
addressed

[179]

Not required costly equipment Difficult to determine optimized parameters while 
preparing metal oxide nanostructures

High yield
Low energy consumption
Controlled morphology of nanostructures obtained
One-step fabrication process
Controlled size and shape of nanostructures obtained

Co-precipitation Controlled morphology nanostructure can be obtained Calcination process and post-annealing process 
required

[180]

No extensive equipment needed Poor crystalline structure may obtained
Sol–gel Products have higher purity, are easy to prepare in 

different sizes
Organic solvents have a slower reaction time and are 

toxic to the human body
[120]

A controllable degree of porosity
Nanowires are easy to prepare in different size

Electrospinning Low cost Limited control pore structure [181]
Simple handling Widely associated to produce polymeric nanofibers 

rather than, metal oxide nanowires
Minimal solution use
Easy and reproductive character
Obtained controlled diameter of nanowire

Polyol Stoichiometry control, size dimensions, size distribu-
tion, and so on

Low producibility [129]

Obtained Sensitive morphology
CVD Avoids the line-of-sight High temperature operating condition [182]

High deposition rate Possibility of toxicity of precursor
Production of thick coating layer Mostly inorganic material are used
Highly porous nanostructures obtained

PVD Atomic level control of atomic composition Line-on-sight deposition [182]
Not required the usage of special precursor Low deposition rate
Safer then CVD due to absence of toxic precursors Production of thin coating layer & annealing time 

required
Electrodeposition Rapid synthesis time Nanomaterial with poor active sites formed [184]

Absence of chemical reductants and oxidants Desired nanomaterial dimension cannot not received
No undesired product formed
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is ITO-NWs synthesized by Qui et al. The SEM morphology 
of this composite can be seen in Fig. 6a [110].

2.2  Hydrothermal Method

One of the most popular methods for preparing nanowires is 
hydrothermal synthesis. It's essentially a solution-reaction-
based process. The development of nanomaterials in hydro-
thermal synthesis will occur throughout a wide temperature 
range, from room temperature to extremely high tempera-
tures. Moreover, based on the vapour pressure of the main 
composition of the reaction, either low-pressure or high-
pressure conditions may be utilized to regulate the morphol-
ogy of the materials to be prepared. This method has been 
used to synthesise a wide range of nanomaterials success-
fully. Hydrothermal synthesis has several benefits over other 
methods. At high temperatures, hydrothermal synthesis can 
produce nanomaterials that are unstable. The hydrothermal 
approach will create nanomaterials with high vapour pres-
sures with minimal material loss. In hydrothermal synthesis, 
the compositions of nanomaterials to be synthesised can be 
well regulated by liquid phase or multiphase chemical reac-
tions [111, 112]. Generally, the high-pressure hydrothermal 
pressure (HPHS) technique produces inorganic nanomate-
rials [113]. Here, in the physical experimental setup of the 
HPHS for the synthesis of nanomaterials.

To begin with, the precursor materials are put in contain-
ers with a solid-to-water ratio of approximately 1:10. The 
enclosed containers are placed in a high-pressure tank that is 
hermetically sealed and placed in a furnace. An autogenous 
pressure is generated by applying the desired hydrothermal 
synthesis temperature. As soon as the autoclave reaches 
temperature equilibrium, the external pressure is modified. 
The reaction takes place when the hydrothermal pressure is 
mounted. Temperature gradients inside the containers must 
be avoided because they induce convection and, as a result, 
fluid transfer, which promotes crystal growth after nuclea-
tion. Temperature variations in the furnace have similar 
adverse effects because a higher dissolution rate disturbs the 
complex equilibrium of dissolution-crystallization, whereas 
a lower temperature causes more supersaturation. This 
results in an unintended crystal growth phase instead of the 
intended nucleation only, depending on the crystal growth 
rate and, hence, the particular material to be synthesised.

Furthermore, in the normal laboratory set-up, tempera-
ture fluctuations mean variations in hydrothermal strain, 
reinforcing previously observed temperature effects [114].
Physical parameters are important in this method, but 
chemical aspects are also significant [115]. For example, 
O. Lupan et al. have synthesised rutile tin oxide nanowires 
with a cheap and easy fabrication process, the SEM image 
is illustrated in Fig. 6b [107].

Fig. 6  SEM pictures of a  SnO2 nanowires synthesised by co-precip-
itation method [110], b  SnO2 NWs on  SiO2/Si substrate prepared 
by hydrothermal method [107], c ITO nanowire coated by  TiO2 
nanotubes prepared by sol–gel method [120], d Porous  SnO2 PNWs 
prepared by electrospinning method [126], e  SnO2 NWs prepared 

at 500  °C by polyol method [130], f  SnO2 NWs prepared by CVD 
method [135], g chitosan-deposited  SnO2 NWs prepared by PVD 
method [140], h  SnO2 NWs prepared by electrodeposition method 
[144]
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2.3  Sol–Gel Method

The sol–gel method is a well-known synthetic technique 
for producing high-quality metal oxide nanoparticles and 
mixed oxide composites. The texture and surface charac-
teristics of the materials could be restrained very well with 
this approach [116]. With a low process temperature, the 
sol–gel method may produce a very pure and homogenous 
layer, controlled porosity and homogenous particle disper-
sion across a wide region [117]. The sol (or solution) eventu-
ally develops a gel-like diphasic structure comprising both 
a liquid phase as well as a solid phase with morphologies 
ranging from isolated particles to continuous polymer net-
works in this chemical process. Precipitation can produce 
ultrafine and uniform ceramic powders. These powders of 
single and multi-component composition may be manu-
factured on a nanoscale particle size [118] for dental and 
biomedical applications. In the process, mainly five steps 
are there; hydrolysis, polycondensation, aging, drying, and 
thermal decomposition. Firstly, raw material is uniformly 
mixed with liquid phase then, hydrolysis and polycondensa-
tion reactions are carried out to form a transparent and stable 
gel. Afterward, since the aging of sols, colloidal particles 
increasingly assemble to create gels of three-dimensional 
network structures. Then, materials with microstructures 
and even nanostructures can be prepared after different pro-
cesses such as drying and sintering [119]. There are some 
merits and demerits of this method, advantages; Products 
have higher purity, a controllable degree of porosity, are 
easy to prepare in different sizes, are simple to carry out, and 
allow for low-temperature synthesis. While disadvantages; 
Organic solvents have a slower reaction time and are toxic 
to the human body [119]. In the example, Wand et al. had 
developed the ITO-NWs (Fig. 6c/SEM) with the help of the 
sol gel method [120].

2.4  Electro Spinning Method

Electrospinning is one of the best methods to produce metal 
oxide nanowires because its merits, like Simplicity, greater 
performance, cheaper, and high reproducibility, are all desir-
able qualities [121]. A grounded collector, a power source 
with a high voltage (usually in the kV range), and a metal-
lic needle in a syringe (solid substrate or liquid media) in 
the processing. A high voltage is spread over to solutions 
or melts in a traditional electrospinning phase. A pendant 
droplet emerges as a result. As electrostatic repulsion over-
comes the fluid's surface tension, the pendant droplet at the 
needle's tip deforms into a conical droplet called as the Tay-
lor cone. A well-charged jet of polymer liquid is expelled 
from the needle's tip as Surface tension is overcome by 
electrostatic force of the conical droplet. The contact of the 
electric field with the fluid's surface tension bends the jet 

stream and causes it to whip about, causing the solution to 
evaporate. This allows the jet stream to continually elongate 
as a thin and long strand, which then solidifies and is finally 
collected into a grounded collector, forming a uniform fiber. 
The key drawback of chemically grown NWs is their incor-
poration on planar substrates to use their useful properties, 
such as transition and creating contacts, which can be dif-
ficult [122–125]. Here, porous tin oxide nanowires had been 
developed by Z. Lou et al. by utilizing this method, the mor-
phology of this material is depicted in Fig. 6d. Moreover, 
the schematic representation of this method is elicited in 
Fig. 7 [126].

2.5  Polyol Technique

In this technique, the polyol process consists of rapid nuclea-
tion followed by slow particle growth at high temperature; 
the precursor is rapidly added at a very high temperature in 
the vessel containing a complexing solvent such as Polyeth-
ylene glycol (PEG) with a high boiling point [127]. In the 
mechanism, Alkoxides were converted into a chain-like gly-
colate complex in the majority of situations and then crystal-
lised into uniform nanowires when heated. The use of ethyl-
ene glycol to form chain-like complexes with suitable metal 
cations, which could easily aggregate into 1D nanostructure 
within an isotropic medium, was crucial to the success of 
this synthesis. Polyol appears to be a favourable route for 
making a diverse variety of oxide nanowires [128]. In addi-
tion, this method has its merits like stoichiometry control, 
size dimensions, size distribution, and so on [129]. In the 
example, Xia et al. has synthesised tin oxide nanowires (for 
SEM, refer to Fig. 6e) through the polyol method [130].

2.6  Chemical Vapour Deposition (CVD)

Chemical vapour deposition is a frequently used method for 
the preparation of nanomaterials [131]. The deposition of a 
solid on a heated surface as a result of a chemical reaction 
in the vapour phase is known as CVD technique. CVD is 
an atomistic vapour-transfer method that comes from the 

Fig. 7  Schematic representation of synthesis  SnO2 PNWs through 
electrospinning method [126]
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chemical process of gaseous components on a heated sub-
strate to produce a completely dense deposit. Moreover, 
Chemical vapour deposition (CVD) is a method for creating 
high-quality, high-performance solid materials. Thin films 
are often produced using this method in the semiconductor 
industry [132]. However, the CVD process is defined as the 
transport of reactant vapour or reactant gas towards a sub-
strate maintained at a high temperature, where the reactant 
cracks into different products that diffuse on the surface, 
undergo a chemical reaction at an appropriate site, nucle-
ate, and grow to form the desired material film. There are 
generally two types of CVD: hot-wall CVD and Cold wall 
CVD, depending upon the application it’s used [133, 134].
In 2018, scientists from the Republic of Korea synthesized, 
 SnO2nanowires through a thermal CVD process in a reduced 
hydrogen atmosphere, the morphology can be seen in Fig. 6f 
[135].

2.7  Physical Vapour Deposition (PVD)

Any type of inorganic substance, such as metals, alloys, and 
organic materials, may be deposited using physical vapour 
deposition (PVD) [136]. In addition, sputtering, ion plat-
ing, magnetron sputtering, and electron beam sputtering are 
all examples of PVD. The material layers in the sputtering 
process can vary from angstroms to millimeters [137]. In the 
process, using a high-energy ion source in the presence of 
a vacuum and an inert gas, normally argon, atoms are sepa-
rated from the target substance in the first phase of PVD. 
The target substance is exposed to a high-energy source, 
which causes atoms to vaporise from the surface. The 
vaporised atom then travels toward the substrate's surface 
and into the chamber. If the deposited substrate is a metal 
oxide, carbide, or nitrite, the reaction will occur; otherwise, 
it will not. The vaporised atoms enter the substrate surface 
and settle themselves as a thin film there [138]. On the sur-
face of the substrate, the PVD process creates a uniform 
coating from the nanoscale to the visible size. Almost all 
inorganic and organic materials and some organic materials 
can be incorporated using this method. In the PVD phase, 
less resistance is caused, resulting in a compact layer struc-
ture with enhanced mechanical properties such as stiffness 
and wear resistance due to heterogeneous nucleation. This 
method has many merits, like almost every kind of Nano-
coating or nanomaterial can be prepared by this method. 
Despite this, one significant demerit is the operating tem-
perature, which is very high for very high vacuums, result-
ing in increased energy consumption and requiring special 
operator attention. To remove the high heat loads, a water-
cooling system is needed [139].SnO2 NWs (morphology 
can be seen in Fig. 6g) are synthesized using a seed-layer-
assisted vapour–liquid–solid (VLS) technique, described by 
Comini et al. [140].

2.8  Electrodeposition Method

The electrodeposition process also referred as electroplating is 
an electric current-driven technique of deposition that allows 
meticulous control of epitaxially coating species such as NPs, 
nanowires, and other materials onto a conductive target sub-
strate [141]. Electroplating and electrophoretic deposition 
are two forms of electrodeposition (EPD). Electroplating is 
normally done in an aqueous solution containing ionic com-
pounds, whereas EPD is done in a particle suspension. In elec-
troplating, during the deposition of the metal or oxide layer in 
the electrode, there is a charge transition. In other words, as 
an external electric field is applied, positively charged ions in 
the electrolytic solution are diminished, allowing them to be 
deposited into a target substrate (cathode). Deposition happens 
in the EPD without the need for a chemical reaction (reduc-
tion) [142]. Some advantages are associated with this method, 
such as the method will deposit nanostructures and thin films 
into vast specimen areas of complicated shapes, making it 
ideal for industrial use. For instance, electrodeposition could 
be done inside a nanoporous membrane that acts as a blueprint 
for the growth of NPs, and it would be done at room tempera-
ture with water-based electrolytes. It may be reduced down to a 
few atoms or expanded up to huge dimensions. with film thick-
ness ranging from 1 nm to 10 microns [143]. In the year 2020, 
S. Arya and his group had synthesised tin oxide nanowires for 
gas sensing application through template-based electrodeposi-
tion technique, the schematic representation of the procedure 
and SEM analysis can be seen in Figs. 6h and 8 [144].

Figure 9a illustrates the comparative data for methods 
used to synthesis nanomaterials and their utilization for 
detecting various hazardous gases. Besides this, Fig. 9b 
elicits; based on literature statics of the methodologies used 
for the synthesis of tin oxide nanowires as a chemiresistive 
gas sensor [78, 145–183].

3  Tin Oxide Nanowires  (SnO2 NWs) as a Gas 
Sensor

Gas sensors are vital in our daily lives since they detect vari-
ous gases that are hazardous to human and environmental 
safety [184, 185]. Gas pollution, food safety assessments, 
medical procedures for detecting illness in its early stages, 
human safety (mines and interior applications need vola-
tile and explosive gases), and the automotive and chemical 
industries are also examples of applications for such sen-
sors [186–192]. Many recent research initiatives in this field 
have concentrated on developing high-performance sensors 
capable of providing correct data with high sensitivity [193, 
194]. Assessing air quality, for example, is one of the most 
important duties in many developing nations when it comes 
to devising new environmental solutions to minimise sig-
nificant health hazards [195, 196]. As a result, as previously 
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said, numerous sensors have been created, with tin oxide 
nanowire (operating temperature would be RT) being at the 
top of the list. Figure 10 depicts the list of gases and their 
sources that must be detected. In addition, Table 4 below 
illustrates the limitations of dangerous gases and their nega-
tive impact on human health. Furthermore, the next part dis-
cusses the different tin oxide nanowire gas sensors used for 
monitoring hazardous and poisonous gases at RT, material 
properties, and sensor response and recovery time.

As far as we know, there are no more articles found that 
can exhibit the sensing property at room temperature by 
using  SnO2 NWs as a gas sensor. However, few papers have 

been obtained which can provide sensing by the same mate-
rial at RT. In the following section, individual gases detec-
tion has been explained in detail.

3.1  Detection of Oxidising and Reducing Gases 
Using Tin Oxide Nanowires

3.1.1  Nitrogen Dioxide  (NO2)

This is the type of oxidizing gas, Nitrogen oxides  (NO2 
and NO) are dangerous gases manufactured by chemical 
companies and automobiles. The most dangerous gas is 

Fig. 8  Experimental procedure to prepare  SnO2 nanowires [144]
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nitrogen dioxide  (NO2), with a TLV of 3 ppm.  NO2 is also 
an important component of atmospheric processes that result 
in ground-level ozone, a major smog component [100, 210]. 
Nitric oxide (NO, 90–95 percent of total) is the primary 
component of exhaled air NOx mixes from power plants, 
with values ranging from 0 to 4000 ppm [211]. Inhaling  NO2 
has a major effect on the respiratory system and is highly 
dangerous to humans because it damages the lungs [212].

Choi et al. and group [145] reported  SnO2 nanowires dec-
orated by insulating amorphous carbon layers for upgraded 
room-temperature  NO2 gas sensing; they synthesised a-c-
decorated  SnO2 NWs through flame carbon vapour depo-
sition method (FCVD). In morphological data, Fig. 11a–c 
illustrates the SEM images, in which, it was found a-c-SnO2 
NWs had been decorated by nanoparticles like carbon struc-
ture, and shells in the material are not uniform. The density 
of the amorphous surface was not consistent, which would 
be good in case of sensing because, irregularity in a surface 
would enhance the adsorption and enlarge the cross-sectional 
area. Furthermore, Fig. 11d–f shows the TEM pictures of the 
 SnO2 NWs composite, it elicits the amorphous carbon had 
been unevenly adsorbed on the smooth  SnO2 surface having 

a nanoparticle-like shape, among these three TEM images 
Fig. 11d and f illustrates the bright and dark field modes 
respectively, which confirms that there is no damage on the 
structure of  SnO2surface. Then, Fig. 11(h-i) illustrates, on 
the exposure of  NO2 gas with varying concentration like 2, 
4, and, 6 ppm on the bare  SnO2 as well as a-c-SnO2 NWs 
gas sensor, through this, comparative responses have been 
obtained like, at the RT the response by a-c-SnO2 NWs was 
11.2 s, whereas, very low response was received in case of 
bare  SnO2. Furthermore, Fig. 11j shows the comparison of 
various gases exposures on the a-c-decorated  SnO2 NWs, 
with the concentration of 10 ppm and, in this data the high-
est response (33.41 s) was received in the case of  NO2 gas 
only as compared to other gases. Park et al. [146] reported 
 SnO2-Core/ZnO-Shell Nanowires used for the detection 
of  NO2 Gas at room temperature and under UV-illumina-
tion. In which,  SnO2-Core/ZnO-Shell nanowires had been 
produced by the thermal evaporation of Sn powder, then 
followed atomic layer deposition of ZnO.SnO2-Core/ZnO-
Shell Nanowires are proven very high sensitivity towards 
 NO2 gas of low concentration 1–5 ppm at room temperature 
with responses ranging from ∼239 to ∼619% (Fig. 11m), in 

Fig. 10  Distinguish among the type of toxic gases and their sources of production
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contrast, pure  SnO2 and ZnO nanowires showed responses 
ranging from ∼126 to ∼180% and from ∼102 to ∼104%, 
respectively. Apart from this, the SEM image (Fig. 11k) 
reveals the diameter of 50 to 250 nm and length is few to 
few tons in μm of the composite nanowire. Moreover, the 
EDX analysis has been illustrated in Fig. 11l, in which the 
elements of the composite were confirmed such as Sn, Zn, 
and, O. Other, sensors based on tin oxide nanowire provide 
sensing at RT are depicted in Table 5.

The reaction mechanism for the  NO2 sensing would be 
stated as:

3.1.2  Chlorine  (Cl2)

Chlorine  (Cl2), a very poisonous gas with a strong odour, 
is largely employed in cleansing of water, pulp bleaching 
in paper mills, pesticide manufacturing, and chemical and 
pharmaceutical sectors; as a result, the risk of  Cl2 exposure 
is considerable [213].  Cl2 molecules can combine with water 

(5)NO2(gas) + e− → NO2−
(ads)

(6)NO2−(ads) + O−(ads) + 2e− → NO (gas) + 2O2−(ads)

in the lung mucosa to create hydrochloric acid when exposed 
to  Cl2 gas by inhalation; As a result, even a few deep breaths 
of 1000 parts per million (ppm)  Cl2 can be fatal to humans. 
Furthermore, low-level  Cl2 exposure might exacerbate res-
piratory diseases and make the eyes itch [214]. The human 
nose detects  Cl2 gas odour at concentrations of 0.1–0.3 ppm, 
while the workplace exposure limit for  Cl2 is around 34 parts 
per billion (ppb) [215]. As a result, a very sensitive gas sen-
sor capable of detecting  Cl2 gas at the parts-per-billion (ppb) 
or parts-per-trillion (ppt) level must be created for applica-
tions such as environmental surveillance, leakage detection, 
and safe usage [216–218].

In the year 2010, Sen et al. [151] reported at room tempera-
ture  Cl2 and  H2S detected by the  SnO2 nanowire, its produce 
by the thermal evaporation method.  Cl2 gas detected 6 ppm 
concentration with response time 100 s and recovery time is 
very slow 40 min (Table 5). Van Dang et al. [153] reported  Cl2 
gas sensing using ZnO,  WO3, and  SnO2 nanowire sensors, had 
been fabricated using an on-chip growth technique with chemi-
cal vapour deposition (CVD). The results showed that  SnO2 
nanowires were more sensitive to  Cl2 gas than ZnO and  WO3 
nanowires. In characterization portion, The SEM picture of the 
 SnO2 sample (Fig. 12a) revealed a homogeneous shape and 
the presence of long nanowires with an average diameter of 

Table 4  Depicted concentration limit of hazardous gases, impact on human health, and properties

TLV threshold limit value, IDLH immediately dangerous to life or health air concentration, OSHA occupational safety health administration, 
NIOSH National institute for occupational safety and health, ACGIH American conference of governmental industrial hygienists

Gas name TLV IDLH Human health issues Properties Refs

Acetone 750 ppm 2500
ppm

Muscle weakness, dry mouth, tired-
ness, dizziness, nausea, and nerve-
damaging narcosis are all symptoms 
of narcosis

Colorless liquid with a strong odour that 
is used to dissolve plastics in labs as 
a reagent

[197]

Formaldehyde 0.1–0.3 ppm 20 ppm
(OSHA)

At 6 ppm, a human carcinogen causes 
lung damage and leukaemia in 
humans (nasopharyngeal carcinoma)

Colorless and combustible [198, 199]

Ethanol (1000 ppm-STEL)
(ACGIH)

3300 ppm
(NIOSH)

Breathing difficulties, eye irritation, 
sleepiness, and headache

Colorless, flammable, and volatile [200]

NO2 0.3 ppm
(ACGIH)

13 ppm
(NIOSH)

Lung damage, eye irritation, and ozone 
production

It has a pungent odour and is not com-
bustible

[201, 202]

H2S 1-5 ppm
(ACGIH)

100 ppm
(NIOSH)

Highly reactive t with haemoglobin 
causes olfactory system injury

It smells like a rotten egg, is colourless, 
and is poisonous

[203–205]

NH3 25 ppm
(ACGIH)

300 ppm
(NIOSH)

Hazardous to human skin, eyes, and 
respiratory systems, as well as caustic 
and irritating

It's colourless, caustic, and poisonous [206]

CO 50 ppm
(OSHA) and
35 ppm
(NIOSH)

1200 ppm
(NIOSH)

Headache, loss of consciousness, sud-
den mortality owing to haemoglobin 
bind and reduced oxygen transfer, 
dizziness collapse, and nausea are all 
symptoms of a haemoglobin bind

Nonirritating, colourless, odourless, 
tasteless

[207, 208]

H2 NA NA Dizziness, headaches, drowsiness, and 
nausea, as well as stinging of the nose 
and throat, vomiting (the pure form 
is a chemical asphyxiant), dizziness, 
headaches, drowsiness, and nausea

Metal smelting, tasteless, low minimum 
ignition energy (0.017 mJ), nontoxic, 
explosive/ utilised as fuel in automo-
biles, petroleum extraction, glassmak-
ing

[209]
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80 nm and a length of a few micrometres. Then, The HRTEM 
picture of a  SnO2 nanowire (Fig. 12b) revealed distinct lattice 
fringes with an interspace of 0.26 nm, which corresponded to 
the distance between (101) planes of tetragonal  SnO2, allow-
ing the growth direction to be identified as < 101 > 32.Further, 
from Fig. 12e it can be seen that, chlorine gas detected at 
50 °C, with the concentration of 2.5 ppm the response was 
received 130 s. Besides this, the selectivity of the  Cl2 gas was 
found to be highest in case of sensing by  SnO2 NWs as illus-
trated in Fig. 12g. In addition, the design of identical sensor is 

depicted in Fig. 12c, while a micro-heater and a pair of Pt/Cr 
electrodes were included on the sensor chip (Fig. 12d). Dry 
etching was used on the rear side of the Si wafer to lower the 
device's power consumption. Besides this, as per the Fig. 12f, 
the response and recovery time was approximately 230 s and 
260 s respectively, for the  Cl2 sensing at room temperature. 
Apart from this, the highest response towards chlorine gas 
confirmed by tin oxide nanowires at RT (Fig. 12h). In the 
year 2010, Sen et al. [154] prepared  SnO2/W18O49 nanow-
ire hierarchical heterostructure by the thermal evaporation of 

Fig. 11  a–c SEM pictures of a-C-decorated (5  s)  SnO2 NWs at low 
and high magnification. Bright-field and dark-field TEM pictures of 
the a-C shell produced on  SnO2 NWs (d, e), g The a-C-decorated 
 SnO2 composite is synthesised, Sensor responses of h naked  SnO2 
and i a-C-decorated (5 s)  SnO2 with variable  NO2 concentration and 
operation temperature, the gas concentration was varied between 2, 6, 

and 10 ppm. When the exposure duration to  NO2 gas reached 500 s, 
the response values were obtained, j At 24 °C, selectivity pattern of 
a-C-decorated (5 s)  SnO2 to 10 ppm of specified gases, k SEM image 
of  SnO2-Core/ZnO-Shell Nanowires, l EDX analysis of  SnO2-Core/
ZnO-Shell Nanowires, m Response vs concentration graph for the 
three nanowires based on tin oxide [145, 146]
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Table 5  SnO2 nanowires as Chemiresistive gas sensor for various gases at room temperature

Material Synthesis 
method

Selective against Analyte gas Concentrations 
of gages (ppm)

Operating 
temp. °C

Response(Ra/
Rg) or (Rg/Ra)* 
or [(Ra −  Rg/
Ra) × 100]**

Resp. /Reco.time 
(s/s)

Refs

Carbon-deco-
rated  SnO2 
NWs

Carbon vapour 
deposition 
method

NO2,  H2S,  C7H8, 
 C8H10,  NH3, 
 C6H6

aNO2 2 RT 13.99* NR [145]
6 RT 21.35* NR
10 RT 33.41* NR

H2S 10 RT 1.7 NR
C7H8 10 RT 1.65 NR
C8H10 10 RT 1.35 NR
NH3 10 RT 1.25 NR
C6H6 10 RT 1.12 NR

SnO2 NWs Thermal evapo-
ration

NO2
aNO2 5 RT ∼ 126 to ∼ 

180**
90/220 [146]

SnO2-Core/
ZnO-Shell 
NWs

Followed by 
layer deposi-
tion of ZnO on 
 SnO2 NWs

NO2
aNO2 1–5 RT ∼ 239 to ∼ 

619**
100/220 [146]

SnO2 NWs Thermal evapo-
ration

NO2
aNO2 10 to 100 RT ∼ 85**  < 15 min./30 min [147]

SnO2 NWs – NO2,  SO2,  NH3, 
 H2, acetone, 
ethanol

aNO2 2 RT 1.8* NR [148]
SO2 2 RT 1.0* NR
NH3 2 RT 1.1 NR
H2 2 RT 1.0 NR
acetone 2 RT 1.0 NR
ethanol 2 RT 1.0 NR

He+ irradiated 
 SnO2 NWs

SnO2 nanowires 
were irradiated 
with an ion 
beam

NO2,  SO2,  NH3, 
 H2, acetone, 
ethanol

aNO2 2 RT 14.2* 292/228 s [148]
SO2 2 RT 1.1 NR
NH3 2 RT 1.3 NR
H2 2 RT 1.1 NR
acetone 2 RT 1.0 NR
ethanol 2 RT 1.0 NR

SnO2 NWs Thermal evapo-
ration

NO2
cNO2 10–50 RT 12* 590/1850s [149]

Ru-doped  SnO2 
NWs

– NO2, LPG PRENO2 50 RT 35* 3/39–90 s [150]

SnO2 NWs Thermal evapo-
ration

Cl2,  H2S Cl2 6 RT 65–75** 100 s/40 min [151]

SnO2 NWs Thermal evapo-
ration

H2S 7 RT 125** 170/550 s [151]

SnO2 NWs/rGO Spin Coating H2S,  NH3,  SO2, 
 NO2, Ethanol

aH2S 50 RT 33 2/292 [152]

SnO2 NWs Chemical 
vapour deposi-
tion

Cl2, CO,  H2S, 
ethanol,  NH3

aCl2 50 ppb RT 57* 10 to 285/8 to 
265 s

[153]

SnO2/W18O49 
NWs

Thermal evapo-
ration

Cl2 Cl2 6 RT 11.0* 4.6/17 min [154]

SnO2 NWs Precipitation CO, Ethanol CO 20 RT 4 NR [155]
Ethanol 6000 RT 8000 NR [155]

Ar/O2 and  H2O 
Plasma treated 
 SnO2 NWs

Chemical 
vapour deposi-
tion

CO, Benzene aCO 100 RT 9** NR [156]

Pd-doped  SnO2 
NWs

Thermal evapo-
ration

H2 H2 1000 RT 44 NR [157]
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Sn in a horizontal tubular furnace. This sensor showed high 
selectivity and good response towards detection of  Cl2 gas at 
room temperature. The Sensor detected 0.25 ppm and 6 ppm 
concentration of  Cl2 with response (S =  Ig/Ia) ∼ 1.1 and 11.0, 
respectively. The response and recovery times for 6 ppm  Cl2 
are found to be 4.6 min and 17 min, respectively (Table 5). The 
possible sensing mechanism of  Cl2on  SnO2 is given as [154]:

(7)1∕2Cl2 + O2−
(ads)

→ Cl−
(ad)

+ 1∕2O2 + e−

(8)1∕2Cl2 + O−2
O

→ Cl−
O
+ 1∕2O2 + e−

3.1.3  Hydrogen Sulphite  (H2S)

The most hazardous manure gas, hydrogen sulphide  (H2S), 
because it interacts chemically with blood haemoglobin 
and inhibits oxygen from reaching the body's essential 

(9)1∕2Cl2 + e− → Cl−
ad

(10)1∕2Cl2 + e− + VO → Cl−
O

Table 5  (continued)

Material Synthesis 
method

Selective against Analyte gas Concentrations 
of gages (ppm)

Operating 
temp. °C

Response(Ra/
Rg) or (Rg/Ra)* 
or [(Ra −  Rg/
Ra) × 100]**

Resp. /Reco.time 
(s/s)

Refs

SnO2 NWs Thermal evapo-
ration

H2 H2 1000 RT 1.7 1.3 min/0.9 min [158]

Pt-doped  SnO2 
NWs

Thermal evapo-
ration

H2 H2 1000 RT – 1.7 min/21.7 min [158]

Pd-doped  SnO2 
NWs

Thermal evapo-
ration

H2 H2 1000 RT 43.8 2.3 min/95.5 min [158]

SnO2 NWs Thermal evapo-
ration

H2 H2 500 RT 4 10 s [159]

SnO2 NWs Template-
assisted

– Nitrobenzene 73–2490 ppb RT 5–20** NR [78]
Ethanol 15.6 RT 2.2** NR

Pt doped  SnO2 
NWs

Template-
assisted

Ethanol,
Methanol,
Isopropanol,
Acetone
Chloroform,
Ethyl Acetate

Ethanol 15.6 RT 57.1** NR [78]
Methanol 17.4 RT 45** NR
Isopropanol 15.8 RT 65** NR
Acetone 16.6 RT 32 NR
Chloroform 17.8 RT 40 NR
Ethyl Acetate 17.1 RT 38 NR

Cu doped  SnO2 
NWs

Template-
assisted

Ethanol,
Methanol,
Isopropanol,
Acetone
Chloroform,
Ethyl Acetate

Ethanol 15.6 RT 20.8** NR [78]
Methanol 17.4 RT 20** NR
Isopropanol 15.8 RT 18** NR
Acetone 16.6 RT 20 NR
Chloroform 17.8 RT 10 NR
Ethyl Acetate 17.1 RT 25 NR

In doped  SnO2 
NWs

Template-
assisted

Ethanol,
Methanol,
Isopropanol,
Acetone
Chloroform,
Ethyl Acetate

ethanol 15.6 RT 45.3** NR [78]
Methanol 17.4 RT 30** NR
Isopropanol 15.8 RT 45** NR
Acetone 16.6 RT 21 NR
Chloroform 17.8 RT 9 NR
Ethyl Acetate 17.1 RT 28 NR

Ni doped  SnO2 
NWs

Template-
assisted

Ethanol,
Methanol,
Isopropanol,
Acetone
Chloroform,
Ethyl Acetate

ethanol 15.6 RT 57.2** NR [78]
Methanol 17.4 RT 40** NR
Isopropanol 15.8 RT 55** NR
Acetone 16.6 RT 30 NR
Chloroform 17.8 RT 10 NR
Ethyl Acetate 17.1 RT 20 NR

a Highly Selective Gas for Sensor, N.R not reported, Ra/Rg (for reducing gases) or Rg/Ra (for oxidizing gases)
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organs and tissues, it is classified as a chemical asphyxi-
ant [91, 155, 219–222]. Sen et al. reported the synthesis of 
tin oxide nanowire by thermal evaporation method for the 
sensing of  H2S gas at the room temperature. Apart from 
this, the sensor response towards  H2S gas was at room 
temperature with 2 ppm concentration only [151]. Moreo-
ver, Leu et al. reported nanocomposite of  SnO2 nanowire 
incorporated with reduced graphene oxide rGO gas sen-
sor for the detection of  H2S gas at room temperature, the 
sensor was synthesised by one step colloidal synthesis 
system followed by spin coating on the ceramic substrate 
for the fabrication of sensor (Fig. 13h). First, in the mor-
phology of the material, HRTEM analysis of  SnO2/rGO 
nanocomposite has been depicted in Fig. 13a–c, images 
were taken after 3, 6, and 8 h of reaction time, from this 
data it could be confirmed that as the reaction time during 
synthesis increased the precise tetragonal crystalline struc-
ture of the material received. Through, SAED pattern, the 
clear indication of proper distribution and binding of  SnO2 
NWs on the surface rGO would observe. When,  SnO2/

rGO nanocomposites prepared at three different time inter-
vals. The highest response received by the sensor prepared 
after 8 h of reaction time upon the exposure of 50 ppm 
 H2S gas at 22 °C, the response was 33 and time for that 
was 2 s (Fig. 13d). Apart from this, Fig. 13e, illustrates 
the response of sensor at various concentrations of the 
 H2S gas at same temperature conditions, highest response 
was obtained as the concentration of the  H2S gas surged. 
Further, when the different analytes have been taken to 
know the sensing response by the sensor  SnO2/rGO nano-
composite, the maximum response received for the  H2S 
gas as compared to other gases (Fig. 13f). Besides this, 
Fig. 13g indicates the response vs time graph for obtaining 
the three-sensor response such as,  SnO2/rGO,  SnO2, and 
rGO. Since, the optimum morphology could be seen for 
the  SnO2/rGO nanocomposite, the greater response (33 at 
22 °C, 50 ppm  H2S) was also received by the same [152].
The possible sensing mechanism of  H2S on  SnO2 is given 
as [100]:

Fig. 12  a SEM picture of  SnO2 utilised to detect  Cl2 gas, b TEM 
picture of  SnO2 nanowire utilised for  Cl2 gas sensor detection, c The 
creation of a nanowire sensor chip, d Optical representation of a chip 
array, e  SnO2 NWs response to  Cl2 gas at 50  ppb concentration at 
50  °C, f Response and recovery time of tin oxide nanowire at vari-

ous temperatures towards chlorine gas, g Sensor selectivity to various 
gases evaluated at 400 °C (CO,  H2S, Ethanol, and  NH3), h The sensor 
response as a function of  Cl2 concentrations observed at various tem-
peratures [153]
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3.1.4  Carbon Monoxide (CO)

Carbon monoxide (CO) is a lethal gas that is colourless 
and odourless that humans cannot detect. It is produced 
when fuels are burnt inefficiently. It is frequently discov-
ered in automobile exhaust fumes. It has been proven that 
the gas may bond forever to the iron core of haemoglobin, 
the oxygen transport protein in the blood. Because of the 

(11)H2S + 3O−
(ads)

→ H2O + SO2 + 3e−

(12)H2S + 3O2−
(ads)

→ H2O + SO2 + 6e−

irreversible binding, oxygen cannot be absorbed, result-
ing in reduced cellular respiration and death from high 
levels of CO exposure [100]. Wang et al. [155] reported 
for the sensing of CO gas detection at room temperature 
by polycrystalline  SnO2 nanowire, Which is typically 
synthesised,  SnC2O4·2H2O had been combined with 
poly(vinylpyrrolidone) (PVP) in ethylene glycol (EG), 
followed by refluxing at 195 °C for 3 h.  SnO2 NWs can be 
detected 20 ppm concentration of CO gas with 4% sensor 
response [100]. Furthermore, Fisher et al. reported the CO 
sensing gas sensor based on tin oxide nanowire plasma 
treated by Ar/O2 and  H2O. This material has been devel-
oped by chemical vapour deposition method. The SEM 
analysis of the  SnO2 NWs is depicted in Fig. 14a–d, the 
growth of nanowires prepared via CVD method can be 

Fig. 13  HRTEM images and SAED patterns of  SnO2/rGO nanocom-
posites (a, b, and c), which were synthesised at 180 °C for 3, 6, and 
8 h, respectively, d Gas sensor response curves for varying reaction 
times based on  SnO2/rGO nanocomposites produced at 180  °C, e 
Response curves for various  H2S concentrations, f the ideal gas sen-

sor's selectivity using  SnO2/rGO nanocomposites (8  h), g Gas sen-
sor response curves using pure rGO,  SnO2 quantum wires (8 h), and 
 SnO2/rGO nanocomposites (8 h), h The one-step synthesis of  SnO2 
quantum wires/rGO nanocomposites, followed by their sensor fabri-
cation and gas sensing test [152]
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Fig. 14  SEM pictures of a  SnO2 CVD produced nanowires and b a 
cross-section of  SnO2 nanowires on  ZrO2 substrates, c, d  H2O plasma 
(145 mTorr 150  W, 5  min) treated  SnO2 nanowires (mag 4000X) 
[223], e a snapshot of the full arrangement, and f a photo of a sensor 
attached to the substrate heater's copper leads, g, h  SnO2 NWs treated 

gas sensor responsiveness For CO and  C6H6 gas, Ar/O2 is used, i, j 
Gas sensor response for CO and  C6H6 gases in  SnO2 NWs treated 
with  H2O. k, l Sensitivity of treated  H2O and Ar/O2 sensors to CO 
gas for  SnO2 NWs at different temperatures [156]
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seen in Fig. 14a, in which the uniform distribution would 
be observed. Then, the cross sectional view of the  SnO2 
NWs on  ZrO2 substrate could be observed in Fig. 14b, fine 
crystal structure may be detected. While, the unique mor-
phology obtained in case of treated  SnO2 NWs via  H2O, 
two different magnification images can be seen in Fig. 14c 
and d. The gas sensing system is shown in Fig. 14e, with 
the flow of gas through the unit kept at 15 sccm by a flow 
meter. Then, as shown in Fig. 14f, hand-assembled sen-
sors were made by connecting electrodes of silver wire 
(1 cm long, 0.25 mm diameter) were attached to  SnO2 
substrates with enough silver conductive paste to cover 
the electrode end (1–2 mm diameter). Further, Fig. 14g 
and h shows the gas sensor response of  SnO2 NWs by 
treated with Ar/O2 for the sensing of CO and  C6H6 gas, 
the optimum response was obtained in case of CO gas 
sensing as compared to  C6H6. Similarly, the same results 
in terms of sensor response were obtained in case of  SnO2 
NWs treated by  H2O (Fig. 14i, j). The sensitivity for the 
CO sensing by  SnO2 NWs treated with Ar/O2and  H2O at 
various temperatures can be seen in Fig. 14k and l [156, 
223]. The possible reaction mechanism of CO sensing by 
 SnO2 is elicited below:

3.1.5  Hydrogen  (H2)

Because of the introduction of  H2 as a fuel to support renew-
able energy, monitoring of  H2 has been increasingly essen-
tial in recent years in order to keep its concentration in the 
atmosphere below 4%. (Beyond which it explodes) [157]. 
in the year 2013, Shen et al. also reported Pd-doped  SnO2 
nanowire for the detection of the  H2 gas at room tempera-
ture. This work demonstrated Pd-doped  SnO2 nanowire, Pt-
doped  SnO2 nanowire and undoped  SnO2 nanowire at room 
temperature for detection of  H2. In addition, the response of 
the undoped nanowire sensor grows from 0.1 to 1.0 when 
the concentration of  H2 gas rises from 100 to 1000 ppm. The 
responsiveness of the 2 wt% Pt-doped or Pd-doped nanowire 
sensors is considerably improved. The response of the 2 wt% 
Pd-doped nanowire sensor surges from 1.7 to 43.8 as the  H2 
gas concentration increases from 100 to 1000 ppm, which 
is several tens of times that of the undoped nanowire sensor 
under the same conditions [158]. Apart from this, Yamazaki 
et al. reported Pd-doped  SnO2 NWs for the  H2 sensing at 
room temperature through thermal evaporation method. In 
the morphology of the material, first, Fig. 15a illustrates the 
FESEM image of  SnO2 NWs which was undoped in nature, 

(13)CO + O−
(ads)

→ CO2 + e−

(14)CO + O2−
(ads)

→ CO2 + 2e−

it elicits the diameter of wire was 30–200 nm and lengths 
in micrometer. Then, Figs. 15b and c depicted the TEM and 
HRTEM analysis of undoped  SnO2 NWs subsequently, In 
the HRTEM image it was found that nanowire consists the 
single crystal structure, confirmed by the SAED pattern in 
which the tetragonal structure was seen at the (110) pattern. 
Similarly, TEM and HRTEM analysis of 2 wt% Pd-doped 
 SnO2 nanowire indicates that diameter of the wire reduced in 
comparison with undoped  SnO2 nanowire, and clearly seen 
the crystalline structure of it (Fig. 15d, e). Thermal evapora-
tion of tin granules produced  SnO2 nanowires on oxidised 
Si substrates. Gas sensors were constructed by dropping a 
few drops of ethanol suspended in nanowires onto oxidised 
Si substrates with a pair of 100 nm thick interdigitated Pt 
electrodes, DC sputtering was used to deposit Pt electrodes 
with 15 fingers and a gap length of 0.12 mm. Figure 15f 
shows a schematic diagram of a  SnO2 nanowire gas sensor 
device and the fabrication method. Besides this, Gas sen-
sors were made using  SnO2 nanowires that were undoped, 
0.8 wt% Pd-doped, and 2 wt% Pd-doped. With rising Pd 
concentrations, the sensor response increased. At 100 °C, 
the 2 wt% Pd-doped  SnO2 nanowire sensor had a response of 
253 for 1000 ppm  H2 gas (Fig. 15g).Since, the  H2 is reduc-
ing gas the resistance will decrease, here, Fig. 15h–j depicts 
the resistance vs time graph for the  H2 gas at concentration 
of 1000 ppm and at the temperature difference of 100 °C 
and RT. Furthermore, Deshpande et al. [159] reported  SnO2 
nanowire synthesis by thermal evaporation method and used 
MEMS (Micro-electron mechanical device) which used for 
the detection of  H2 gas at room temperature, in this work the 
concentration was used from 300 to 1000 ppm, but quick 
response time was received at 500 ppm and that was 10 s 
and the sensitivity was approx. 4, Here, generally sensitivity 
of the sensor would be low because of the room tempera-
ture detection like, the  O2− ads ions are adsorbed instead of 
 O− ads ions on the  SnO2 surface.  O−2ads ion being less reac-
tive species with  H2 than  O− ads ions result in lowering the 
sensor sensitivity towards hydrogen. The reaction mecha-
nism has been illustrated below [159]. Other  SnO2 NWS gas 
sensors sensing of  H2 at RT are depicted in Table 5.

3.2  Detection of Volatile Organic Compounds 
(VOCs) Using Tin Oxide Nanowires

Volatile organic compounds (VOCs) are gases that can be 
expelled from both indoor and outdoor sources; the propor-
tion of VOCs in the indoor unit is higher than in the outdoor 

(15)H2 + 1∕2O−
2(ads)

→ H2O(ads) + e−

(16)H2 + O−
2(ads)

→ H2O(ads) + e−
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Fig. 15  a Undoped  SnO2 nanowires in a typical FESEM picture. a 
TEM picture of an undoped  SnO2 nanowire with a diameter of 95 nm, 
with an inset of a similar high magnification FESEM image, b TEM 
image of an undoped SnO2 nanowire with a diameter of 95  nm. c 
HRTEM picture of this nanowire and the SAED pattern that corre-
sponds. d TEM picture of a 2 wt% Pd-doped SnO2 nanowire with an 
80 nm diameter, e HRTEM image of the same nanowire. The micro 
beam diffraction pattern for a single dark spot is shown in the inset. f 
Schematic depiction of a  SnO2 nanowire gas sensor device and sche-
matic design of the equipment used to synthesise  SnO2 nanowires, 

g at various operating temperatures, responses of undoped and Pd-
doped  SnO2 nanowire sensors to 1000 ppm  H2 gas, h Operating tem-
perature dependency of resistances for undoped and 2wt% Pd-doped 
 SnO2 nanowire sensors before and after 1000 ppm  H2 gas introduc-
tion, i Resistance changes in a 2 wt% Pd-doped nanowire sensor and 
a porous Pd-doped film sensor after exposure to 1000 ppm  H2 gas at 
100 °C. j At room temperature, the resistance of the 2 wt% Pd-doped 
 SnO2 nanowire sensor changes when exposed to 1000  ppm  H2 gas  
[157]
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unit [224–226]. These gases can be produced when tobacco, 
coal, wood, and kerosene are burnt. Cleaning chemicals, dry 
cleaning oil, paints, lacquers, varnishes, hobby equipment, 
and copying and printing machines can all emit VOCs, as 
can perfume and hair gel. Furthermore, VOCs are a class of 
compounds that can cause eye, nose, and mouth irritation, 
as well as headaches, nausea, vomiting, dizziness, and skin 
problems. At greater quantities, the lungs, liver, kidneys, and 
CNS system might become irritated. Long-term exposure 
can be harmful to organs including the liver, kidneys, and 
central nervous system [227]. Because of these disadvan-
tages of these gases, gas sensors are particularly important 
in measuring VOC vapours.

In the year 2011, Gu et al. reported the synthesis of tin 
oxide nanowire with various dopant like copper, nickel, plat-
inum as a chemiresitive gas sensor. First, the core nanowires 
were produced by the use of template-based synthesis. The 
Fig. 16a shows the SEM image of as produced nanowires, 
then it will undergo the process of sensor chip assembly or 
dielectrophoresis (DEP) where, the suspension of nanow-
ire was prepared by the use of solvent ethanol. Further, 
the substrate was taken that having the electrodes on top 
which combined with the nanowire suspension. Then after, 
the solvent was evaporated followed by the development of 
metallic nanowire. However, the prepared nanowires are 
inactive so, for the activation oxidation process was car-
ried out through which aligned and oxidized nanowires were 
received as shown in SEM Fig. 16c. The schematic represen-
tation of the DEP process has been illustrated in Fig. 16b. 
In addition to this, to know the dopant proportion an energy 
dispersive X-ray spectroscopy (EDS) was performed and 
obtained the amount percentages of metals present in the 
tin oxide nanowire like 1% for Pt, 8% copper, 3.5% for In, 
and 2.4% for Ni. Apart from this, in the measuring of gases 
first, acetone, as per Fig. 16f the concentration of acetone 
was taken 800 ppm and the highest response was received by 
the Pt-SnO2 NWs far better than core  SnO2 NWs. Second, 
nitrobenzene, tin oxide nanowires which can detect vapour 
of nitrobenzene at room temperature (RT) with the concen-
tration of 73 to 2490 ppb, Fig. 16e shows the response by 
the different doped material on  SnO2 NWs with the different 
concentration of nitro benzene, the highest response was 
received by the platinum doped tin oxide nanowire. Moreo-
ver, Fig. 16g shows the detection response of the various 
VOCs gases by the use of dopant and core tin oxide nanow-
ires. When the methanol was exposed on the sensors with 
varies concentration like 2.9 ppm, 8.7 ppm, and 17.4 ppm, 
the highest response was obtained by the Pt doped tin oxide 
nanowire with − 0.4 response at 17.4 ppm concentration. 
While, acetone was exposed with various concentrations as 
depicted in Fig. 16g right side corner top, the same sensor 
gave the highest response of − 0.4.1. Despite this, when etha-
nol was contacted with 4 types of sensors, similar responses 

received by Pt-SnO2 NWs, and Ni-SnO2 NWs which is 
approximately − 0.55 at 15.6 ppm concentration. Besides 
this, very low detection seen in case of chloroform vapours 
as seen in Fig. 16g middle right. Another two gases have 
detected by the same sensors which are iso-propanol and 
ethyl acetate the responses received were − 0.61 and − 0.35 
respectively by the Pr-SnO2 NWs. Overall, it can be com-
mented that platinum doped tin oxide nanowires show the 
optimum response as compared to other doped and core tin 
oxide nanowire. The detection of these all gases has been 
operated at room temperature (RT) [78].

4  Conclusion

All in all, it can be concluded that, nowadays, considerable 
progress has been accomplished in recent years in lowering 
the working temperature of SnO2 nanowire-based gas sen-
sors to room temperature, as briefly described in Table 5. 
The tin oxide nanowire as a gas sensor with high pore sizes, 
great surface-to-volume ratio, and high density are useful 
for enhancing the sensing property of SnO2 NWs. This can 
be achieved by the modifications such as the use of UV or 
visible light irradiation and doping by various metals. More-
over, as discussed no brief review on this topic has been 
published yet. Here, the article scope depicts the various 
synthetic approaches for the fabrication of tin oxide nanow-
ires and their application as a gas sensing property; outlined 
data have been taken from different reported articles based 
on SnO2 nanowires. In this review, the main focus has been 
devoted to the characteristics of SnO2 NWs and its applica-
tion of sensing different chemical gases such as oxidizing, 
reducing, and VOCs, with having sensor response at room 
temperature (RT). According to our findings, the flexibility 
of tin oxide nanowires using different synthesis techniques is 
the primary benefit for use in gas sensing and other applica-
tions. As earlier mentioned, sensors based on ceramic, pure 
metal, polymer, and to a name of a few are operated at very 
high temperature and that leads to high power consump-
tion, high costing, less stability as well as life expectancy. 
Therefore, to remove these complications gas sensors based 
on metal oxide 1D materials should be used, particularly 
reveals response at RT.

5  Future Perspectives

Upon surveying the limitations of the tin oxide nanowire as 
a room temperature gas sensor, we identified those mainly 
related to the selectivity and working temperature of the 
sensor. For increase the selectivity of the sensor, nanow-
ires should be selected which possess high catalytic activity 
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against the target gas, and complex structures should be 
designed without affecting the properties of the nanowires, 
such as surface area, porosity, electrical conductivity. Apart 
from this, though certain publications related to tin oxide 
nanowire as a room temperature gas sensor was found and 
incorporated the same. However, still there is required topro-
duce efficient gas sensor based on this subject to fulfil the 
requirement of eco-friendly gas sensing application. This 
may not possible because of the certain limitations of sens-
ing property at room temperature. For instance, less number 
of vacancy generations of oxygen due to low temperature 
and atmospheric hurdle like relative humidity. This is the 
biggest challenge these days in the production of such a sen-
sor that can give detection at RT, hence, researchers in the 
field should addressed this trouble and can prepare such a 
senor based on tin oxide nanowire by any possible route with 
required property for ideal room temperature gas sensor. In 
the future, scientists in this field should put more emphasis 
on the fabrication of these types of chemiresitive gas sen-
sors. Finally, we believe that our findings will pave the way 
for additional research into greater room-temperature gas 
sensing of  SnO2 NWs and other sensing materials.
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