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Metal oxide semiconductors-based gas sensors have been extensively explored due to their high
sensing response, cost-effectivity, long-term stability, and simple fabrication. However, their utilization
at low operating temperature is still challenging. Thus, reduction in power consumption is highly
essential for long-term usage of gas sensors. ZnO nanostructures-based gas sensors are one of the most
eligible candidates where a real-time detection of explosive and toxic gases is needed. On this subject,
numerous efforts have been made to improve the sensing response at reduced working temperature
with the assistance of various methods. In this report, several techniques related to the synthesis
of ZnO nanostructures and their efficient performance in sensing are reviewed. The report primarily
focuses on different means of improving the sensing properties, such as functionalization of noble
metal nanoparticles, doping of metals, inclusion of carbonaceous nanomaterials, using nanocomposites
of different MO,, UV activation, and post-treatment method of high-energy irradiation on ZnO
nanostructures, with their possible sensing mechanisms. This study will therefore shed light on future

proposals of ZnO-based gas sensors showing high sensitivity even at low operating temperature.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

ZnO nanostructures

Gas sensors

Gas sensing mechanism
Nanocomposites
Carbonaceous nanomaterials

Contents
1o INETOAUCTION. ettt ettt ettt se ettt ettt e et st st et s b s b et st ebesese st teseneneas
2. Synthesis Of ZNO NANOSIIUCLUTES ...coceueveueerererereeerestrerseseeatsteseseseststsseseseeststssesenenesesessesensnnes
3. Gas Sensing MeCHANISII.c..c.ecceieieireeeteteieeeertstere et s etsts s ettt se e et saese e enesesassen
4.  Efficient ways to improve the SeNSing reSPOMNSE........ccecceererrererrererererresseresseressesseressesessens

4.1.  Metal dOPING ...ceeerevrerreererreeeereeeereeerecsessessenns

4.2. Functionalization of noble metal nanoparticles
4.3. Inclusion of carbon-based nanomaterials ..
4.4, Nanocomposites with different MOy..........

4.5, UV aClIVAtION ueevreerrreerererenreesteenseseesessssesssessesessesessesassessens

4.6. High energy irradiatioN........ccccceeeeeverenencrereeenencncreneeenacnes

REfEIEIICES ..vveuvrverererreenretnreesnestesesseessesessesesessesessens

1. Introduction

Rapid expansions of industrialization and growing popula-
tion in cities have resulted in air pollution. This pollution is
mainly attributed to by-products of factories and automobile’s
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exhaust which have created a major survival problem for liv-
ing beings. Therefore, there is an urge for clean air supply to
maintain our ecosystem. On the other hand, leakages of explosive
and flammable gases are extremely dangerous for human beings
and their belongings (Hiibert et al., 2011). Hence, accurate real-
time gas monitoring devices/sensors are highly essential, which
also protect the environment and human beings within timely.
Nowadays, gas sensors have become more popular because of
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their various applications in fuel cells (for the detection of hy-
drogen gas), in mining industries (for the detection of methane),
in automobile industries (for the detection of NO, from vehicle
exhaust), in oil refineries (for the detection of hydrocarbons), and
in fertilizer industries (for the detection of ammonia) (Sansone,
1992; Bhattacharyya et al., 2007; Wales et al., 2015; Wetchakun
et al,, 2011; Ghosh et al., 2013). Thus, a cost-effective, reliable,
low power consuming, highly sensitive, and small size gas sensor
is the most effective candidate to avoid unexpected situations
caused by toxic and explosive gases (Ozgiir et al., 2005; Dey,
2018). Last few decades have witnessed an immense exploration
of metal oxide (MO,) semiconductor-based gas sensors which
have excellent properties of an ideal gas sensor (Hahn et al., 2003;
He et al., 2003; Korotcenkov et al., 2004; Shouli et al., 2010).

Recently, the development of nanostructured materials has
resulted in enhanced gas sensing performance as compared to
bulk material due to their superior qualities like large surface area
and small size (Wang, 2008; Li et al., 2009). Till now, several
types of MO,-based gas sensors have been explored, including
Sn0,, TiO,, ZnO, W03, Cu0, and Fe,03 with different morpholo-
gies (Zhang et al., 2018a,b,c; Dwivedi et al., 2017; Vallejos et al.,
2018; Urasinska-Wojcik et al., 2017; Umar et al., 2017; Sun et al,,
2012). The sensing response of gas sensor usually depends upon
the dimension of nanostructures (Choi and Jang, 2010; Liao et al,,
2007a,b). Thus, several synthesis methods (for producing differ-
ent nanostructures), including chemical vapor deposition, radio
frequency (RF) sputtering, hydrothermal, electrospinning, sol-gel
method, template synthesis method, molecular beam epitaxy,
and metal organic chemical vapor deposition have been explored
(Ameen et al., 2012; Baratto, 2018; Yang et al., 2013; Mondal and
Sharma, 2016; Sui and Charpentier, 2012; Boyjoo et al., 2016;
Ogata et al,, 2001; Niu et al, 2018). Different types of mor-
phologies and nanostructures can be achieved by using different
types of synthesis methods. These nanostructures include thin
films, nanoplates, nanospheres, nanowires, nanorods, nanotubes,
nanoflowers, nanofibers, nanoneedles, and nanoribbons (Nunes
et al,, 2019). Hence, the detection of different target gases (both
oxidizing and reducing), such as NHs, NO,, H,, H,S, SO,, CO,,
CH4, acetone, toluene, ethanol, and CO is made possible using
different types of morphologies of MOy-based sensors (Wang
et al,, 2010a,b).

Among all these MO, sensors, ZnO-based gas sensors are
broadly employed in various applications due to their excellent
sensing response, good selectivity, easy fabrication, low cost, good
thermal and chemical stability, and non-toxicity. Further, ZnO is
intrinsically n-type semiconductor having a band gap of 3.37 eV,
and a large exciton binding energy of 60 meV (Rai et al.,, 2012;
Zheng et al., 2009). Apart from the gas sensing applications, ZnO
nanostructures have been widely used in photovoltaic devices
as well. Xu et al. (2011) reported the electropolymerized P3HT
on vertically aligned thienylsilane-modified ZnO nanowires and
observed that the polymerization onset potential was decreased
for surface modified with thienylsilane groups of ZnO nanowires
than the pristine ZnO nanowires. Venkatesan et al. (2015) showed
the polymer/ZnO based hybrid solar cell with improved device
lifetime. They synthesized bilayer interfaces of ZnO films with
cationic polymer modification (PEIE) and found that the increased
device lifetime for PEIE modified ZnO as compared to pristine
ZnO film. Xu et al. (2011) reviewed the evolution of polymer-
inorganic hybrid solar cells and described the mechanism, cell
characterization, efficiency analysis of polymer-inorganic solar
cells, and different approaches available to enhance the cell
performance. Kumar et al. (2018) deposited Al doped ZnO (AZO)
thin film by RF superimposed DC sputtering process. They utilized
different RF/(RF 4+ DC) ratios with same power and studied
optical, structural, electrical and nanoscale grain boundaries po-
tential. The results showed that the AZO film at the ratio of

0.75, exhibited low residual stress, high electron mobility and
large crystallite size as compared to other AZO thin films. Wu
et al. (2018a,b) reported the ZnO nanorod array based polymer-
inorganic hybrid solar cells (HSCs) and TiO, nanorods array based
polymer-inorganic HSCs and their performances were compared
systematically. Efficiencies of ZnO nanorods based polymer HSCs
was found lower than the TiO, nanorods based polymer HSCs
and that was attributed to lower short-circuit current density
of the ZnO nanorods based devices. Ngo et al. (2014) fabricated
the polymer photovoltaic having ZnO as an electron transport
layer and hole transport layer. The fabrication of device were
utilized fully solution-processed (spin or spray coating) involving
top electrode, hole transport layer and electron transport layer
and then the device performance were compared with the solar
cell whose top electrode was fabricated using thermal evaporator.
They claimed that the similar device efficiencies were found
using both techniques and the device fabrication cost can be
reduced for large-scale production using airbrush rather than
thermal evaporator for top metal electrode fabrication. Xie et al.
(2010) investigated the electrolyte effects in electron transport
and recombination at ZnO nanorods in dye-sensitized solar cells
and suggested that the improved electron transport, reduced
collection time, increased electron lifetime, suppressed charge
recombination at the interface of ZnO nanorods/electrolytes when
using different electrolyte. Xu et al. (2013) studied the organic
(poly(3-hexylthiophene) or P3HT)-inorganic (ZnO) hybrid solar
cells. Different ZnO nanostructures were grown such as nano-
ridge and nanorods for electron acceptors/transporters and P3HT
act as light absorber and electron donor. It was observed that the
ZnO nanorod/P3HT ordered heterojunction devices shown exces-
sive efficiency than the bilayer cells led to increased photocurrent
which was caused by larger interface area of P3HT/ZnO.

ZnO have some advantages over other MOx based gas sensors
such as its low cost and non-toxicity in nature that makes it
eco-friendly. As ZnO is a chemoresistive sensor, the change in
its resistance is highly depended on the presence of chemisorbed
oxygen ions. In addition, the oxygen molecules are adsorbed on
the surface of ZnO in presence of atmospheric air. Their formation
thus occurs due to the extraction of electrons from the conduc-
tion band of ZnO which increases the resistance of ZnO. When
reducing gases interact with the chemisorbed oxygen ions on the
surface of ZnO, the reduction in resistance takes place because
oxygen ions donate free electrons to the conduction band of ZnO.
Furthermore, the sensing response of ZnO-based gas sensor is
significantly affected by the working temperature and gas con-
centration (Kumar et al., 2017). The dependency of ZnO-based
gas sensors with working temperature usually requires sufficient
thermal or light energy on the surface of sensor so that the
activation energy barrier is surpassed for the enhancement of the
redox reaction, further enhancing the sensing response (Ranwa
et al., 2014; Xu and Ho, 2017). However, there are some trade-
off conditions with regard to enhanced sensing response at high
working temperature. Not only this, the surface morphologies
of ZnO nanostructures change at high operating temperature. It
was also found that the sensing response of the sensor reduces
due to the reduction of chemisorbed oxygen ions on the surface
above optimum operating temperature (Jing and Zhan, 2008).
Keeping the concern for power in mind, the working temperature
for a gas sensor is kept as low as possible. Thus, the need for
the enhancement in sensing response, fast response time, long-
term stability, selectivity, and reproducibility at low working
temperature has paved advanced method for the modification
of ZnO nanostructures. A few techniques of improving the gas
sensing properties of ZnO include doping of metals into ZnO,
functionalization of noble metal nanoparticles on the surface of
Zn0, compositing ZnO with other metal oxides, UV activation,
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high energy irradiation on ZnO nanostructures, and inclusion of
carbonaceous nanomaterials into ZnO (Zhang et al., 2018a,b,c;
Lupan et al., 2018; Yang et al., 2019; Wu et al., 2018a,b; Kim et al.,
2019a,b,c; Barthwal et al., 2017; Bhati et al., 2018a,b).

To the best of our knowledge, enormous study has been done
on ZnO-based gas sensors (Seiyama et al.,, 1962; Zeng et al., 2015;
Das and Sarkar, 2017; Ganesh et al., 2017). However, only a few
of them deal with a review on ZnO-based gas sensors focusing all
possibilities to improve the gas-sensing properties and highlight
their gas-sensing mechanisms (Kumar et al., 2015; Zhu and Zeng,
2017). In view of further modification of these sensors for im-
proving the sensing properties, in this minireview, we present a
brief review of the latest reports on various techniques available
for the synthesis of ZnO nanostructures, effect of metal doping,
functionalization of noble metal nanoparticles, inclusion of car-
bonaceous nanomaterials, nanocomposite of MOy, UV activation,
e-beam irradiation, etc. Also, the gas sensing mechanisms will be
discussed in brief, and future aspects of ZnO-based gas sensors
are summarized.

2. Synthesis of ZnO nanostructures

Several methods have been previously applied for the synthe-
sis of ZnO nanostructures. Namely, chemical vapor deposition,
RF sputtering, hydrothermal, electrospinning, sol-gel, template
synthesis method, molecular beam epitaxy, and metal-organic
chemical vapor deposition were used to synthesize different
morphologies and sizes of ZnO nanostructures (1-D, 2-D, and
3-D). Among them, the 1-D nanostructures, such as nanowires,
nanorods, nanofibers, nanoneedles, nanoribbons, and nanotubes
form the biggest group. The 2-D nanostructures include
nanosheets and nanoplates, while nanoflowers, dendrimers, and
urchins are the example of 3-D nanostructures.

Chemical vapor deposition (CVD) is based on vapor transfer
and deposition on the substrate. The growth of nano- and mi-
crostructures occurs on a heated substrate in the form of vapor
during the chemical reaction process. The key parameters for the
deposition of ZnO nanostructures by CVD generally depend upon
the substrate position, growth temperature, deposition time, gas
flow rate, and pressure (Yang et al., 2016). However, the adjust-
ment in deposition parameter with proper optimization leads to
the growth of different sizes and shapes of nano- and microstruc-
tures. Many reports have shown that the use of metal catalyst
on the substrate surface increases the chances of growing the
1-D nanostructures by CVD. This possible growth mechanism is
known as vapor-liquid-solid (VLS) method (Solis-Pomar et al.,
2011). For instance, Babu and Hong (2015) studied the deposition
over ZnO nanorods. That is, prior to the growth of nanorods, a
200-nm thick ZnO seed layer was deposited on a silicon substrate
so that the seed layer facilitates the nucleation of ZnO nanorods
on the silicon substrate. Tuayjaroen and Jutarosaga (2017) grew
1-D and 2-D ZnO microstructures on an ITO/borosilicate glass
substrate by oxygen-assisted thermal CVD and claimed that the
transition from 1-D to 2-D microstructures was due to the in-
crease of supersaturation in vapor — solid growth mechanism
with increasing oxygen partial pressure.

Radio frequency (RF) sputtering is another efficient technique
to fabricate ZnO nanostructures on the desired substrate. Ex-
cellent adhesion and uniformity throughout the substrate make
it the most advantageous technique for the deposition of ZnO
nanostructures. The basic principle of sputtering is based on the
ejection of atoms from the source material, and deposition on
the substrate. The deposition process runs in plasma where argon
is the process gas. Sputtering process mainly depends upon the
RF power, substrate temperature, argon flow, target to substrate
distance, and gas pressure. Most of the literature survey report

ZnO thin films using RF sputtering technique. However, a few
studies have also investigated the fabrication of ZnO nanorods by
RF sputtering. Ranwa et al. (2014) have grown vertically aligned
ZnO nanorods without using any metal catalyst on the substrate
by RF magnetron sputtering system. The growth parameters, such
as substrate temperature, chamber pressure, Ar gas flow rate,
RF power, and substrate to the target distance were taken to be
500 °C, 2 x 10~2 mbar, 60 sccm, 150 W, and 14 cm, respectively.

Another synthesis method for the ZnO nanostructures is hy-
drothermal route where the growth of ZnO nanostructures oc-
curs in an autoclave at lower temperature as compared to other
synthesis techniques. However, the growth of ZnO nanostruc-
tures requires more time than other techniques. Finally, the for-
mation of a nucleation site leads to the growth of nanostruc-
tures. This method has several benefits, such as low tempera-
ture requirement for growth, low cost, different dimensions and
shapes of nanostructures relying on the composition of materi-
als, different pressure as well as high crystallinity (Tam et al,,
2006; Baruah and Dutta, 2009; Cho et al., 2006). Umar et al.
(2012) presented flower-shaped ZnO nanostructures grown by
hydrothermal process using zinc nitrate hexahydrate, hexam-
ethylenetetramine (HMTA), and sodium hydroxide (NaOH) in au-
toclave at 145 °C for 3-7 h. Furthermore, electrospinning tech-
nique is widely used to synthesize 1-D nanostructures, particu-
larly nanofibers and nanotubes with an extended length, which
have an equally distributed diameter along the length and high
surface area. This technique is relatively simple and cost-effective,
allowing synthesizing various nano- and micro-scaled materials
(Guo et al., 2010). The working principle of electrospinning is that
an electric field is applied between the capillary tube (normally
used as syringe) and the collector (aluminium plate), resulting
in the as-spun nanofibers. These nanofibers have to be collected
from the collector surface, and the final product is obtained
after calcination process. Here, the syringe contains metal ions
polymeric solution of the desired material. On similar lines, Wei
et al. (2011) synthesized ZnO hollow and solid nanofibers via
single capillary electrospinning.

Sol-gel method involves the hydrolysis or alcoholysis of the
precursor dissolved in solvents. The formation of sol is due to
hydrolysis or alcoholysis, and the process of recondensation, and
aging is responsible for the formation of gel. Subsequently, the
materials undergo drying, sintering, and other process as per
the requirement of nanostructures (Znaidi, 2010). Usually, the
precursor materials are metal salts or inorganic salts. Kim et al.
(2017) fabricated ZnO thin film using sol-gel method.

Template method is also used to fabricate ZnO nanostruc-
tures. In this method, a template with predefined size and shape
utilizes the growth of nanostructures through the pores or chan-
nel of template via nucleation and growth process. There are
two types of templates, such as hard and soft template. A hard
template usually involves CNT and porous alumina, while a soft
template comprises of flexible polymer, biomolecular, and single
molecular-based template. Zhang et al. (2013) synthesized ZnO
hollow spheres using bacterial template method. Zhou et al.
(2018) have fabricated ZnO@ZIF core-shell structures using hy-
drothermal method, while two zeolitic imidazolate frameworks
(ZIFs) with their different pore sizes (3.4 A for ZIF-8, and 4.8 A
for ZIF-71) were coated on ZnO nanorods (acts as template for
ZIF). Fig. 1(a-c) shows FESEM images of vertically aligned ZnO
NRAs and ZnO@ZIF core shell structures. The deposition of ZnO
nanostructures can also be performed by using molecular beam
epitaxy (MBE). In this process, a molecular flow of Zn is sprayed
onto the substrate in the presence of reactive oxygen. The entire
deposition process is carried out in ultra-high vacuum chamber.
However, the equipment and maintenance costs are high, and
the growth speed is slow. Reshchikov et al. (2007) deposited
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Fig. 1. SEM images of different ZnO NRAs: (a) vertically-aligned ZnO NRAs, (b)
ZnO NRAs coated with ZIF-8, and (c) ZnO NRAs coated with ZIF-71.

Copyright 2018, Elsevier.

Source: Reprinted from Ref. Zhou et al. (2018) with permission.

MBE-grown ZnO films on a sapphire substrate using H,0, as
a source of reactive oxygen. Another method known as metal
organic chemical vapor deposition (MOCVD) is widely used to
deposit ZnO nanostructures. Generally, metal organic compounds
serve as source material, and the growth occurs via evaporation,
reaction, and deposition process on the desired substrate.

Mohanta et al. (2008) fabricated well-aligned ZnO nanorods on
c-sapphire substrate at 300 °C and 1 Torr pressure using MOCVD.
Table 1 shows different types of ZnO nanostructures grown by
various synthesis techniques.

3. Gas sensing mechanism

The gas sensing mechanism of ZnO nanostructures-based gas
sensors relies on the alteration of a depletion layer on the surface
of ZnO nanostructures. The oxygen molecules are adsorbed on
the ZnO surface in the presence of atmospheric air. Further-
more, the formation of oxygen ions occurs on the surface due
to the extraction of electrons from the conduction band of ZnO,
leading to an increase in the resistance of ZnO. The mechanism
can also be understood by band bending theory. The adsorption
of oxygen ions on ZnO increases the band bending in upward

direction under atmospheric oxygen due to high electronegativ-
ity of oxygen molecules and increased the barrier height (Dey,
2018). Moreover, the adsorbed oxygen ions (0, , 0, and 0%7)are
highly dependent on working temperature (Ranwa et al., 2014).
In addition, UV light illumination on the ZnO surface can increase
reaction kinetics at lower temperature as compared to thermally
activated ZnO. When reductive gases, such as NH3, H,, HCHO, and
CHy, interact with chemisorbed oxygen ions on ZnO surface, there
is reduction in resistance. This is because oxygen ions donate free
electrons to the conduction band of ZnO and the barrier height
decreases. On the other hand, the behavior of ZnO nanostructures
towards oxidative gases, such as NO, and CO-, is opposite to the
behavior of the above-discussed reductive gases (Dey, 2018).

The modification in electrical behavior of thin film like struc-
tures is mainly caused by the grain boundaries, while the effect of
electrical behavior in 1-D ZnO nanostructures usually takes place
due to the entire surface (Xu et al., 2000a,b). Thus, high surface
area and large depletion layer of 1-D ZnO nanostructures lead
to a greater change in resistance as compared to ZnO thin films
under exposure to target gases. Fig. 2(a-b) shows gas sensing
mechanism for nanofibers, nanoplates, and nanoflowers for HCHO
gas via UV activation at room temperature (Cui et al., 2016). The
sensing response was the highest for nanofibers as their grain
size was small. Therefore, the large change in the depletion layer
occurred, as shown in Fig. 2(a). On the contrary, the particle sizes
of nanoplates and nanoflowers were larger, leading to a small
change in the depletion layer, indicating a lower sensing response
as compared to nanofibers (Fig. 2(b)). However, change in barrier
height was higher for nanofibers as compared to nanoplates and
nanoflowers.

4. Efficient ways to improve the sensing response

The sensing response can be enhanced via metal doping into
ZnO, functionalization of noble metal nanoparticles on ZnO sur-
face, inclusion of carbonaceous nanostructures, composition of
different MO, nanostructures, UV activation, and e-beam irradi-
ation. Here, we will discuss the above-mentioned effective ways
to improve the sensing response with possible gas sensing mech-
anism.

4.1. Metal doping

Doping is one of the most important factors that increase
the sensing response of ZnO nanostructures (Chang et al., 2014).
Transition metals, such as Ni, Co, Fe and Cu, have been signif-
icantly used as dopants into ZnO nanostructures (Zhang et al.,
2017a,b; Maswanganye et al., 2017; Bai et al.,, 2014; Gong et al.,
2006). The dopants not only increase the activity, but also modify
the resistance of ZnO. The dopants also reduce the working tem-
perature of the sensor, improve its selectivity, stability, and fast
response towards target gas (Bhati et al,, 2018a,b). It has been
observed that the surface morphology of ZnO nanostructures
changes upon introducing the metal dopants (Igbal et al., 2013).
The particle size of doped ZnO nanostructures becomes smaller
than pristine ZnO nanostructures due to the further restriction of
the movement of crystallites when the boundaries between the
dopant and the host material interact (Maciel et al., 2003). Thus,
the crystal growth stops due to the introduction of dopant. Gas
sensing can be improved because small-sized particles have high
surface area which further increases the number of chemisorbed
oxygen ions and barrier height. Bhati et al. (2018a,b) deposited
Ni-doped ZnO nanostructures (0, 2, 4, 6% Ni) on silicon substrate.

It was observed that the morphology of densely packed
nanorods of undoped ZnO was transformed into nanoplates for
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Table 1
Types of ZnO nanostructures grown by different synthesis techniques.

Type of ZnO nanostructures Second material used

Deposition technique Ref.

Zn0 nanorods
ZnO nanowires

Ni layer (10 nm) on ZnO nanorods
Au thin film (~0.5-3 nm) on
substrate

Zn seed layer on substrate

No catalyst used on silicon substrate
2% Al,03 doped with ZnO

Seed layer of ZnO nanoparticles

ZnO nanosheets Al,03 tube as substrate

ZnO nanoflowers Al,03 substrate

Pure ZnO and Pr doped ZnO -

nanofibers

Zn0/ZnCo,0,4 nanotubes -

Co doped ZnO nanofibers
Zn0 thin films

Zn0 nanowires/nanorods
ZnO nanorods
ZnO:Al layers
Zn0 nanorods

Soda-lime glass, SiO,, Si, and Pt
substrates

ZnO thin films Sapphire substrate

Zn0 hierarchical Microstructure Ceramic substrate

ZnO quantum dots -

ZnO nanobelts Au coated sapphire substrate
Zn0 layers Sapphire substrate

Zn0 nanotips r-plane sapphire substrate

Chemical vapor deposition
Chemical vapor transport and
condensation

Chemical vapor deposition
RF magnetron sputtering

RF magnetron sputtering

Mudusu et al. (2016)
Yang et al. (2002)

Rodwihok et al. (2019)
Sundara Venkatesh et al. (2014)
Zdyb et al. (2018)

Hydrothermal Yatskiv and Grym (2016)
Hydrothermal Ju et al. (2014)
Hydrothermal Song et al. (2019)

Electrospinning Wang et al. (2014)
Electrospinning
Electrospinning
Sol-gel

Alali et al. (2017)
Liu et al. (2011)
Ayana et al. (2016)

Sol-gel
Sacrificial template method
Aptamer template

Chia et al. (2013)
Li et al. (2019)
Kiruba Daniel et al. (2019)

MBE Kennedy et al. (2018)
MBE El-Shaer et al. (2005)
MOCVD Biswas et al. (2013)

ZnO thin film Quartz substrates MOCVD Pati et al. (2013)
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Fig. 2. Gas sensing mechanism of ZnO nanofibers under UV illumination: (a) ZnO nanoplates and (b) ZnO nanoflowers in the presence of HCHO.

Copyright 2016, Elsevier.
Source: Reprinted from Ref. Cui et al. (2016) with permission.

Ni-doped ZnO, as can be seen in the FESEM images in Fig. 3(a-
h). The relative response for 100 ppm H, gas at 150 °C was the
highest for 4% Ni-doped ZnO nanostructures when compared to
other samples (Fig. 3(i)). The enhanced sensing response was
attributed to the lowest activation energy of 4% Ni-doped ZnO
nanostructures and the presence of a large number of active sites
for incoming H, gas. Apart from this, they also showed that 4%
Ni-doped ZnO has high stability and good selectivity. Moreover,
the substitution of Zn ions occurred in the ZnO lattice due to the

replacement by dopant as the ionic radius of Zn is similar to that
of dopant, and correspondingly creates donor defects. Sett and
Basak (2017) prepared Co-doped ZnO (0, 2, 4, 6, 8% Co) nanorods
on glass substrate by hydrothermal method.

The gas sensing response was analyzed for different con-
centrations of H, at 300 °C. It was observed that the highest
sensing response was noted for 8% Co-doped ZnO nanorods, as
shown in Fig. 4(a-b). The enhanced sensing response was due
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Copyright 2018, Elsevier.
Source: Reprinted from Ref. Bhati et al. (2018a,b) with permission.

to high surface to volume ratio of nanorods and increased sur-
face defects (oxygen vacancies) as depicted in Fig. 4(c). Other
studies have also revealed that the sensing response can also
be increased by the formation of p-n junction between p-type
dopants (Ni, and Cr) and n-type ZnO nanostructures (Cheng et al.,
2012; Wang et al, 2010a,b). Table 2 shows different metals-
doped ZnO nanostructures-based gas sensors at different working
temperatures.

4.2. Functionalization of noble metal nanoparticles

The gas sensing response can be enhanced via functionaliza-
tion of noble metal nanoparticles (e.g., Pd, Pt, and Au) on the
surface of ZnO nanostructures (Zhang et al., 2016; Kondalkar
et al, 2019; Kim et al, 2019a,b,c; Li et al., 2008; Xu et al,
2000a,b; Ramgir et al, 2013). Two types of mechanisms are
commonly used to describe the improved sensing response by
functionalized noble metal nanoparticles on ZnO nanostructures.
The first one is “chemical mechanism” and the second is “electronic
mechanism”. The chemical mechanism is based on the spill-over
effect (Dey, 2018). The functionalized noble metal nanoparticles
on ZnO nanostructures stimulate the adsorption and desorption
process for oxygen molecules. When oxygen molecules inter-
act with these noble metal nanoparticles, they are split into
oxygen atoms and spread over the entire surface. Then, these
oxygen atoms remove electrons from the conduction band of
ZnO and convert themselves into the oxygen ions. Furthermore,
the depletion layer is enhanced on the surface of ZnO, and the
overall resistance of the sensor increases. When reductive gases
are exposed on the sensor surface, they react with the catalytic
nanoparticles and split on the ZnO surface. Therefore, a large

number of oxygen ions are available to react with the atoms
of the reductive gas, and subsequently, there is a massive re-
duction in depletion layer as well as resistance of the sensor,
and free electrons are released into the conduction band of ZnO.
Hence, this effect not only reduces the working temperature of
ZnO-based sensor, but also increases its sensing response and
selectivity. In the case of electronic mechanism, a nano-Schottky
junction is developed between the noble metal nanoparticles and
ZnO because electrons are shifted to the nanoparticles because of
their different work functions. Thus, band bending is created at
the interface of noble metal nanoparticles and ZnO which further
increases the resistance of the sensor and its depletion layer.

Kim et al. (2019a,b,c) synthesized Pt- and Pd-functionalized
ZnO nanowires. The sensors were operated in self-heating mode
for reduction in working temperature. It was shown that Pt-
functionalized nanowires exhibited a maximum sensing response
of around 2.86 for 50 ppm toluene, while Pd-functionalized
nanowires showed a maximum sensing response of 2.20 for 50
ppm benzene at room temperature. The sensing mechanism was
ascribed to the excellent catalytic behavior of Pt and Pd, leading to
the formation of Schottky barrier that provides more adsorption
sites on the sensor surface. Chen et al. (2019a,b) have grown ZnO
nanowires by hydrothermal technique and functionalized them
with Pd nanoparticles (0, 1, 2 and 5% Pd) so as to utilize them for
NO; gas sensing, as can be seen in Fig. 5(a-d). The sensor showed
a high sensing response ~13.5 (R,/R;), and a fast response time
for 1 ppm at 100 °C. The enhanced sensing mechanism was due
to the synergistic effect of chemical and electronic mechanisms
as shown in Fig. 5(e). Table 3 displays a comparison of gas sensing
response based on functionalized noble metal nanoparticles/ZnO
nanostructures at different temperatures.
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Fig. 4. (a) Gas response with different Co doping contents at 300 °C, (b) gas response of all sensors for different H, concentration at 300 °C, and (c) sensing
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mechanism of undoped and Co-doped ZnO NRs.
Copyright 2017, Elsevier.
Source: Reprinted from Ref. Sett and Basak (2017) with permission.

Table 2
Gas sensing response based on doped ZnO nanostructures at different temperatures.
Dopant Morphology Synthesis (ZnO) Gas Temp. (°C) Sensing response Res. time  Ref.
method
In 3-D ordered Template method Ethanol, 100 ppm 250 ~88 (Ra/Rg) 25 s Wang et al. (2016)
macroporous
Co Nanowires Thermal p-xylene, 5 ppm 400 19.55 (Ry/Rg) - Woo et al. (2014)
evaporation
Co Thin film Spray pyrolysis NH3, 100 ppm RT 3.48 (Ry/Rg) 100 s Mani and Rayappan
(2015)
Ni Nanorods Hydrothermal H,S, 100 ppm 200 45.3 (Ry/Rg) 48 s Modaberi et al.
(2018)
Co Hierarchical Hydrothermal 1, 2-dichloroethane, 440 23.7 (Ra/Rg) 30s Zhu et al. (2012)
microspheres 100 ppm
La Bead Electrospinning Acetone, 200 ppm 340 64 (Ra/Rg) 16 s Xu et al. (2015)
Cr Nano-whiskers array Spray pyrolysis H,, 400 ppm RT 133 (Ry/Ryg) - Renitta and
Vijayalakshmi (2016)
Al Nanoparticles Fame spray Acetone, 10 ppm 450 245 (R;-Rg)/Rg 3s Yoo et al. (2019)
pyrolysis (FSP)
Tb Nanoparticles Co-precipitation Ethanol, 50 ppm 280 ~49 (Ra/Rg) - Hastir et al. (2016)
Ce Nanoflower Precipitation Ethanol, 100 ppm 300 72.6 (Ra/Rg) 3s Chang et al. (2013)
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Fig. 5. Dynamic response of sensor under different concentrations of NO, for pure ZNWs (150 °C) and Pd-ZNWs (100 °C) at (a) 30% RH and (b) 60% RH and (c-d)
corresponding sensor response at (c) 30% RH and (d) 60% RH. (e) Sensing mechanism for Pd-ZNWs under NO, and reducing gases.
Copyright 2019, Elsevier.

Source: Reprinted from Ref. Chen et al. (2019a,b) with permission.
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Table 3

Gas sensing response based on functionalized noble metal nanoparticles/ZnO nanostructures at different temperatures.

Nanoparticles Morphology (ZnO) Synthesis method (ZnO) Gas Temp. (°C) Sensing res. Res. time Ref.

Pd Nanorod arrays Photochemical H,, 500 ppm 260 1106 (R;/Rg) - Chang et al. (2013)
Bimetallic Au/Pd Nanowires Hydrothermal and dipping NO;, 1 ppm 100 94.2 (Rg/Ra) 35s Chen et al. (2019a,b)
Au Nanowires Hydrothermal Ethanol, 100 ppm 380 33.6 (RiRg) 3s Guo et al. (2014)

Ag Hollow nanocages Precipitation Ethane, 100 ppm 250 84.6 (Ry/Rg) 5s Zhang et al. (2019)
Pt-Au bimetallic Nanorods Hydrothermal H,, 250 ppm RT 25 (Ra/Rg) 115 s Fan et al. (2017)

Au Nanorods Hydrothermal CO, 1000 ppm 150 12 (Ry/Rg) - Rai et al. (2012)

Pd Nanowires VLS growth CO, 0.1 ppm RT 1.02 (R;/Rg) 210 s Choi and Kim (2012)
Pd Nanowires VLS growth H,, 100 ppm 350 87.17 (R4/Rg) - Kim et al. (2019a,b,c)
Ag 3D microspheres Precipitation Triethylamine, 183.5 6043 (Ry/Rg) 1s Shen et al. (2018)

4.3. Inclusion of carbon-based nanomaterials

The combination of carbonaceous nanomaterials with ZnO
nanostructures is the most efficient approach to improve the
sensing response, with high selectivity, and fast response time
(Xiao et al, 2018). There are several types of carbon materi-
als, such as carbon nanofibers (1-D), carbon nanotubes (1-D),
and graphene (2-D) and its derivatives. Pure graphene-based gas
sensors are not commonly used because of the absence of func-
tional groups and band gap. Thus, the attachment of functional
groups on the surface of graphene is highly essential to tune the
band gap and provide extra active sites to target gas molecules
(Gupta Chatterjee et al., 2015). Among all carbon nanomateri-
als, reduced graphene oxide (rGO)/ZnO-based sensors have been
extensively studied due to superior qualities like fast response,
excellent sensing response and good selectivity.

The basic idea of enhancement in sensing response depends
on the formation of a heterojunction between carbon materials
and ZnO because they have different work functions and semi-
conducting properties. Another reason of enhancement is the
nanoporous structure of carbon materials that diffuses the target
gas molecules. Moreover, the presence of functionalized oxygen
groups also provides some active sites to increase the sensing
response. Abideen et al. (2015) proposed RGO nanosheets (0, 0.04,
0.11, 0.17, 0.44, 0.77, 1.04 wt% RGO)-loaded ZnO nanofibers via
electrospinning method for NO, gas. All sensors were used to
detect 5 ppm NO; at 400 °C. It was found that 0.44 wt% RGO-
loaded ZnO-based sensors showed the highest sensing response
(Fig. 6(a-Db)).

The excellent sensing response was explained in Fig. 6(c-
d) with the following reasons: (i) surface adsorption/desorption
in the presence of air and NO,; (ii) increased depletion layer
due to the presence of ZnO/ZnO homointerfaces; (iii) forma-
tion of heterointerfaces between RGO (p-type) and ZnO (n-type)
provides more adsorption sites for NO, gas; (iv) attachment of
functional groups on RGO. Schiitt et al. (2017) deposited ZnO-CNT
hybrid tetrapods for NHj sensing. Firstly, ZnO tetrapodal net-
works were grown by flame transport synthesis process and CNT
was attached to ZnO tetrapodal networks by a dipping method.
They found that the highest sensing response of about 6.4 was
achieved as compared to other sensors towards 100 ppm NHs at
room temperature. Table 4 shows gas sensing response based on
different carbon nanomaterials/ZnO nanostructures at different
temperatures.

4.4, Nanocomposites with different MO,

A homojunction is created between the particles in ZnO nanos-
tructures, exhibiting the sensing response due to the ZnO-ZnO
barrier height under the exposure of target gases. On the other
hand, when two dissimilar MO, are composited together with
different values of work functions, electrons will flow from low
work function of MO, to high work function of MO, until their
Fermi levels become equal. Therefore, band bending occurs at

the interface of two dissimilar MOy, forming a heterojunction and
leading to an increase in the overall resistance and barrier height.
It has been observed that the nanocomposite of p-type and n-
type nanostructures gives rise to barrier height due to a large
difference in their work functions. When reductive or oxidative
gases are exposed on these heterojunctions, enormous change
in the resistance and depletion layer occurs (Han et al.,, 2019).
Therefore, the sensing response of ZnO nanostructures can be
enhanced using this technique.

Zhang et al. (2014) fabricated flower-like p-CuO (0, 0.125,
0.25, and 0.5)/n-ZnO heterojunction nanorods by hydrothermal
technique, and their morphologies can be seen in FESEM images
shown in Fig. 7(a-h). They showed that the highest sensing re-
sponse was observed for 0.25:1 CuO/ZnO nanorod based sensor
for 100 ppm ethanol at 300 °C. This sensing response was 2.5
times higher than ZnO-based sensor (Fig. 7(i)). The enhancement
in sensing response was attributed to the formation of a hetero-
junction between p-type of CuO and n-type of ZnO, as shown
in Fig. 7(j-k). Moreover, a large reduction in barrier height was
noted under ethanol vapor. Katoch et al. (2015) have reported
the Sn0,-Zn0O composite nanofibers and detected 10 ppm H, at
300 °C. The enhanced sensing response for H, was because of
the formation of the Sn0,-Sn0, homointerfaces and metallization
effect at SnO,-ZnO heterointerfaces. A complete list of other re-
ported studies on heterostructures-based on ZnO nanostructures
is shown in Table 5.

4.5. UV activation

The sensing response of ZnO nanostructures-based gas sen-
sors relies on the adsorbed oxygen ions. The formation of these
adsorbed oxygen ions on the ZnO surface strongly depends on
the working temperature. However, it is not advisable to use the
sensors at high operating temperature due to the reasons, such
as modification in sensor’s morphology, high power consump-
tion, and reduction of depletion layer on ZnO surface. Therefore,
high sensing response, good selectivity, and fast response time
should be achieved at either low operating temperature or room
temperature. As high temperature creates a large depletion layer
on the sensor’s surface, UV activation does the same job at room
temperature, thus making it one of the most effective ways to
introduce a large depletion layer on the sensor’s surface (Chen
et al., 2016; Mishra et al., 2004). The idea is based on the gen-
eration of electron-hole pairs on the semiconductor materials, of
which the band gap is less than or equal to the photon energy.
On similar grounds, when UV light interacts with the ZnO nanos-
tructures, electron-hole pairs are generated. Under atmospheric
air at room temperature, this results in the adsorption of oxygen
molecules on the ZnO surface, and a greater number of electrons
are extracted from the conduction band of ZnO under UV light
as compared to the number of extracted electrons without UV
light. Thus, the formation of a depletion layer leads to an increase
in the resistance and barrier height of ZnO. When reductive
gas molecules interact with UV-activated adsorbed oxygen ions,
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Copyright 2015, Elsevier.
Source: Reprinted from Ref. Abideen et al. (2015) with permission.

Table 4

Gas sensing response based on carbon nanomaterials/ZnO nanostructures at different temperatures.

Carbon nanomat. Morphology (ZnO)  Synthesis method (ZnO) Gas Temp. (°C) Sensing response Res. time Ref.
rGO Nanoparticles In situ method NO3, 5 ppm RT 25.6% (Ry-Rg)/Ry x 100% 165 Liu et al. (2014)
Carbon Nanofibers Electrospinning H,S, 50 ppm 250 102 (R,/Rg) - Zhang et al. (2018a,b,c)
MWCNTSs Nanosheets Hydrothermal CO, 50 ppm 100 ~12.3 (Ry/Rg) ~49 s Hojati et al. (2018)
Graphene Nanoparticles In situ method H,, 200 ppm 150 3.5 (Ra/Rg) 22's Anand et al. (2014)
CNT Nanowires network Flame transport NH3, 50 ppm RT 430 (Ry/Ryq) - Lupan et al. (2017)
Nanoparticle Nanoparticles Grafting Acetone, 300 ppm 400 ~52.5 (Ry/Rg) - Tian et al. (2014)
MWCNT Nanoparticle In situ method NO,, 10 ppm 300 1.023 (Ry/Rg) 93.1s Kwon et al. (2017)
rGO Flower Solution process NO,, 50 ppb 100 12 (Rg/R,) 5.1 min  Liu et al. (2017)

Table 5

Gas sensing response based on MO,/ZnO

nanocomposite at different temperatures.

Metal oxide Morphology (ZnO) Synthesis method (ZnO) Gas

Temp. (°C) Sensing response

Res. time Ref.

SnO; Nanorods Hydrothermal Triethylamine, 50 ppm 40 6.8 (Ra/Rg) ~2.0 Ju et al. (2015)

SnO, Nanofibers Electrospinning H,, 0.1 ppm 350 78 (Ra/Rg) 74 s Katoch et al. (2015)
CuO Nanofibers ALD H,S, 100 ppm 250 60 (Ri/Rg) 26's Han et al. (2019)
Sn0, Nanorods Hydrothermal Ethanol, 100 ppm 275 18.1 (Ry/Rg) 3s Yang et al. (2019)
CuO Nanotubular array Spray pyrolysis H,S, 5 ppm 50 25% (Rg-Ry)/Ra x 100% 37 s Li et al. (2018)

SnO, Film Chemical route H,, 10000 ppm 150 90% (R,-Rg)/R; x 100% 60 s Mondal et al. (2014)
Fe304 3-D ordered inverse opal Template Acetone, 50 ppm 485 47 (Ra/Rg) ~5s Zhang et al. (2017a,b)

captured electrons return to the conduction band of ZnO and
reduce the overall resistance (Park et al., 2016).

However, Au nanoparticles on the ZnO surface would also
increase the photogenerated electron-hole pairs using resonant
plasmonic effect because of more light absorption capacity of Au
nanoparticles (Xu et al., 2018). As the formation of nano-Schottky
barrier takes place between Au nanoparticles and ZnO surface

due to their different work functions, hot electrons have enough
energy to cross the nano-Schottky barrier from Au nanoparti-
cles to the conduction band of ZnO under the photoactivation
process. This leads to the formation of a higher depletion layer
on the ZnO surface because of the extraction of more electrons
from the conduction band by oxygen molecules under UV light.
Consequently, the sensing response is enhanced using decorated
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Copyright 2014, Elsevier.
Source: Reprinted from Ref. Zhang et al. (2014) with permission.

Au nanoparticles on ZnO rather than simply using ZnO nanos-
tructures under UV light. Drmosh et al. (2019) deposited Au
nanoparticles on a rGO/ZnO heterostructured nanocomposite for
room temperature H, detection under UV light. They performed
H, sensing of pristine ZnO, rGO/ZnO, and Au/rGO/ZnO with and
without UV light at different working temperatures, as can be
seen in Fig. 8(a-d). Among all sensors, the sensor prepared based
on Au/rGO/ZnO showed the highest H, sensing response even at
room temperature, while other sensors showed a low response
at high working temperature. The enhanced H, sensing response
was due to the high surface area of ZnO, the formation of rGO/ZnO
heterostructures, different work functions between Au and ZnO,
and free electrons/holes generation by UV light (Fig. 8(e-g)).

Xu et al. (2018) showed a light-activated ethanol vapor sens-
ing of Au nanoparticles-decorated ZnO nanotetrapods. In this
case, an enhanced sensing was explained by photogenerated
electron-hole pairs and localized surface plasmon resonance
(LSPR) via decorated Au nanoparticles under UV light. Other
reports representing the gas sensing response of ZnO nanos-
tructures at room temperature under UV activation are given in
Table 6.

4.6. High energy irradiation

The sensing response can also be enhanced by a post-
treatment method, such as high energy irradiation on ZnO nanos-
tructures. These irradiation sources include gamma ray irradia-
tion, ion beam irradiation, electron-beam irradiation, and laser
irradiation (Kim et al., 2019a,b,c), and the physical and chemical
properties of the sensor can be modulated using these sources.
While irradiating the ZnO nanostructures, energy is released in
the form of core-level ionization and generation of electron-hole
pairs (Ranwa et al., 2016a,b). However, irradiation-induced mod-
ification of the structural properties of the sensor occurs due to
the introduction of several defects, such as oxygen vacancies and

Zn interstitials. The sensing response of irradiation-induced ZnO
sensor is strongly dependent on irradiation dose and radiation
energy.

Kim et al. (2019a,b,c) deposited ZnO nanofibers via electro-
spinning technique, and irradiated them with e-beam energy
of 1 MeV at different doses (50, 100, and 150 kGy) before H,
sensing. They showed that the sensing response was improved
with 150 kGy for 10 ppm H, and was highly selective against
C;Hs, CO, CgHg, and C,Hs0H. Fig. 9(a) represents the dynamic
curves of sensors with different concentrations of e-beam radi-
ation, and Fig. 9(b) displays their calibration curve. The possible
sensing mechanism of e-beam-irradiated ZnO nanofibers was
attributed to the combined effect of radiation modulation, grain
boundary modulation, metallization effect, and e-beam effect as
shown in Fig. 9(c-f). Ranwa et al. (2016a,b) studied the impact
of gamma irradiation (0, 1, 2, 5, and 10 kGy) on H, sensing
behavior of Schottky-contacted vertically-aligned ZnO nanorods-
based sensors. It was observed that the sensing response of 1
kGy gamma-irradiated ZnO nanorods was the highest for 1% H,
at 150 °C as compared to other sensors. However, the sensing
response was degraded for higher doses (5 and 10 kGy). The
excellent sensing response of 1 kGy-irradiated ZnO was due to the
creation of a few charge centres and defects by ionization process.
Furthermore, adsorbed oxygen ions were increased on the surface
of ZnO nanorods because of the generation of electrons in the
ionization process. To explain further, Table 7 shows the gas
sensing response based on different energy sources irradiated on
ZnO nanostructures.

Conclusions and future outlook

A large number of gas sensors based on ZnO nanostructures
have been discovered for the purpose of gas sensing. The main
focus was to reduce the working temperature along with main-
tenance of high sensing response. Till date, a wide variety of
ZnO nanostructures with different morphologies have been suc-
cessfully synthesized via different techniques to enhance the gas
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UV irradiation, (e-g) sensing mechanism of Au/rGO/ZnO sensor in (e) air (f) air with UV, and (g) in H, gas with UV irradiation.
Copyright 2019, Elsevier.
Source: Reprinted from Ref. Drmosh et al. (2019) with permission.

Table 6

Gas sensing response based on UV activation for ZnO nanostructures at room temperature.
Second material Morphology (ZnO) Synthesis method (ZnO) Gas Sensing response Res. time Ref.
In,03 Film Co-precipitation NO,, 5 ppm 2.21, (Rg-Ry)/R, - Espid and Taghipour (2017)
Na dopant Nanoflowers Solution route Acetone, 100 ppm 3.35, (Rg/Ra) 18 s Jaisutti et al. (2017)
Granular activated carbon Nanorods Hydrothermal H,, 200 ppm 23.2%, (Rg/Ra)% 18 s Saravanan et al. (2017)
SnO, Polyporous Water bath Formaldehyde, 10 ppm  30% (I,-Ig/Ig) x 100% - Jiang et al. (2018)
Sn0, Nanorods Wet chemical NO,, 500 ppm 1266, (Rg-R;)/R, - Lu et al. (2012)

- Nano-line Chemical H,, 100 ppm 0.19, (Rg-Ry)/R, 12 min  Fan et al. (2009)
- Nanorods Hydrothermal Formaldehyde, 200 ppm 16.87, (Ig-1,)/1, 14 min  Peng et al. (2009)
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Source: Reprinted from Ref. Kim et al. (2019a,b,c) with permission.

Table 7
Gas sensing response based on irradiated ZnO nanostructures.

Second material Irrad. source Morp. (ZnO) Syn. method (ZnO) Gas Temp (°C) Sen. Res. Res. time Ref.

Pd Electron beam Nano-fibers Electrospinning H,, 0.1 ppm 350 74.7 (Ra/Rg) - Kim et al. (2019a,b,c)
- Au ions Thin film RF sputtering H,, 50000 ppm 175 89.94% (AR/R)% 35s Ranwa et al. (2016a,b)
Si0, Electron beam Thin film Sol-gel Acetone 300 ~38 (Ry;-Rg)R, - Nalimova et al. (2016)
- He ions Nanowire Reactive vapor deposition H,S, 300 ppm RT ~9 (Ra/Rg) - Liao et al. (2007a,b)

sensing properties. The most common synthesis routes for ZnO
nanostructures involve chemical vapor deposition, RF sputtering,
hydrothermal, electrospinning, sol-gel method, template synthe-
sis method, molecular beam epitaxy, and metal organic chemical
vapor deposition. The operation of a device at low power con-
sumption is the demand of our current scenario. Thus, in order
to reduce the operating temperature, high sensing response, good
selectivity, and long-term stability for a gas sensor have always
been a challenge. Moreover, several attempts have been made
so far to increase the gas sensing response for ZnO nanostruc-
tures. These attempts include the functionalization of noble metal
nanoparticles, doping of transition metals, inclusion of carbona-
ceous nanomaterials, nanocomposites of different MO,, UV acti-
vation, and post-treatment method of high energy irradiation on

ZnO nanostructures. All above-mentioned approaches efficiently
reduce the working temperature of ZnO nanostructures-based
gas sensors with highly sensitivity and selectivity. This reduction
takes place due to the introduction of extra adsorbed oxygen
ions and large change in depletion layer in the presence of target
gases.

Use of noble metal nanoparticles and combination of various
nanomaterials increases the cost of the sensor. The gas-sensing
performance of ZnO nanostructures is limited at room tempera-
ture and can be improved by the photoactivation process. How-
ever, the final cost of photo activated gas sensor becomes higher
due to the addition of UV sources and optical power detection
devices. Also, this will further create a challenge for integration
and reduction of the size of the device. Poor reversibility and
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high response/recovery time of ZnO nanostructures based gas
sensors at room temperatures are inefficient to early monitoring
of flammable gases. Hierarchical nanostructures of ZnO might
be promising structures where response/recovery time could be
improved due to fast gas diffusion. Long term stability of ZnO
nanostructures based gas sensor is another challenge attributed
to changing the environmental conditions like different temper-
atures and different humidity levels. Such types of effects should
be minimizing by means of keeping the same environmental
condition near the gas sensors in real-time monitoring. The fabri-
cation of highly selective gas sensor based on ZnO nanostructures
is one of the most important tasks. However, an array of different
sensing materials could be realized to improve the selectivity
issue by analyzing and comparing the data from the different in-
dividual sensors. In case of flexible wearable ZnO nanostructures
based gas sensors, a cracking of ZnO layer on a flexible substrate is
the primary concern and needs to be rectifying these issues in the
future. Thus, a cost-effective, flexible wearable, and reliable gas
sensor based on ZnO nanostructures is the foremost need. In all so
far discussed reports, the mechanisms for high selectivity towards
a particular gas for ZnO nanostructures-based gas sensors are not
convincing. Finally, we expect that our study will yield further
investigation on improving highly sensitive, selective, and cost-
effective ZnO nanostructures-based gas sensors at low operating
temperature, and pave possible direction to better mechanism for
selectivity.
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