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Abstract

Air pollution is a severe concern globally as it disturbs the health conditions of living
beings and the environment because of the discharge of acetone molecules. Metal
oxide semiconductor (MOS) nanomaterials are crucial for developing efficient sensors
because of their outstanding chemical and physical properties, empowering the inclu-
sive developments in gas sensor productivity. This review presents the ZnO nano-
structure state of the art and notable growth, and their structural, morphological,
electronic, optical, and acetone-sensing properties. The key parameters, such as
response, gas detection limit, sensitivity, reproducibility, response and recovery time,
selectivity, and stability of the acetone sensor, have been discussed. Furthermore,
gas-sensing mechanism models based on MOS for acetone sensing are reported and
discussed. Finally, future possibilities and challenges for MOS (ZnO)-based gas
sensors for acetone detection have also been explored.
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Furthermore, exposure of the human body to acetone vapour over

a long time causes severe health complications such as damage to

Recently, gas-sensing research has attracted significant attention
towards volatile organic compounds (VOCs) due to their increasing
air pollution and threats to human health.!~%! Acetone has been
recognized as the most promising research candidate among various
VOCs for rapidly growing medical and industrial applications.[4] Ace-
tone is the most toxic and pestiferous VOC among other gases, and
causes irritation, coma, nausea, and vomiting.[s'él Clinical reports
have shown that healthy humans contain 300-900 ppb of acetone
in their exhaled breath; however, a significant concern arises in dia-
betic patients if the concentration is above 1.8 ppm.l”! Also, high

acetone concentrations affect the human central nervous system.[S]

the eyes and cardiovascular disease, chronic kidney disease, and
stroke.l”1° Therefore, there is an urgent demand for low-cost, swift,
detectable, highly selective, and sensitive sensors to monitor and
efficiently recognize acetone molecules for the safety and security
of living objects.

Metal oxide semiconductors (MOS) are well known as a class of
chemiresistive gas sensors that have had vast consideration for moni-
toring environmental pollution and food packaging safety testing due
to their ease of use and inexpensive manufacture.l**=*3! There are
mainly two MOS-based chemical gas sensors: n-types, whose majority

charge carriers are electrons, and p-types, in which holes play a
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significant role in charge transport carriers, and which work mainly on
the equilibrium change of the sensor's surface reaction with test gas
molecules.*471¢! Zinc oxide (ZnO) is an n-type semiconducting mate-
rial because of its native doping of oxygen vacancies. It is from the |-
IV group family of semiconducting materials.!*”! ZnO has evoked sig-
nificant attention among various MOS nanostructures due to its
excellent properties such as high colloidal stability, binding energy
(exciton) of 60 meV, nontoxic and piezoelectric nature, high isoelec-
tric points, pyroelectricity at room temperature, and so on.[18-231
Fascinatingly, ZnO has attracted enormous consideration because of
its oxygen vacancy functions, which can also be utilized to fabricate
oxygen sensors.?4 Interestingly, ZnO is a wide optical bandgap
semiconducting material (3.37 eV) with a high free electron concen-
tration of 10%° cm~3.252¢1 ZnO exhibits a hexagonal wurtzite crystal
phase related to the Pézmc space group and, therefore, 0%~ ions
are tetrahedrally integrated with four Zn?* ions in the ZnO struc-
ture and vice versa.””! ZnO has high electron mobility and mechani-
cal and chemical stability.[28] Furthermore, the ZnO nanostructure is
one of the most extensively studied MOS due to its outstanding
physicochemical, physical, optical, electronic, and chemical proper-
ties, and so on.2?-33! Therefore, ZnO could be applicable for chemi-
cal gas sensors, SARS-CoV-2 sensing, NO, sensing, bio-sensor
technologies, solar cells, biomedical nanotechnology, supercapaci-
tors, memory devices, medicine, efficient delivery of curcumin to
cancer, spintronic, electrochemical demonstration of vitamin C, opti-
cal waveguide sensors, TFTs, OLEDs, photocatalysts, and cancer
therapy.*4>1 ZnO has been prepared as various types such as

(52] (53] seed-like nanostructure,[54]

[56]

nanorod arrays,
[55]

quantum dots,

nanotubes,®”)

nanosheets, chrysanthemum-like nanostructure,
3D nanowalls,>® and hexagonal nanostructure.’”! These nanostruc-
tural morphologies are extremely important for the performance of
the ZnO-based acetone gas sensor. The ZnO nanostructure has
been prepared using numerous synthesis methods such as spray
pyrolysis,[60] [61,62]

method,!®® electrodeposition method,'®?! chemical vapour deposition

solvothermal/hydrothermal  methods, sol-gel

(CVD),*®! chemical route,’®® magnetron sputtering method,”! and
thermal evaporation method.6®!

This review covers the state of the art and noteworthy devel-
opment in ZnO nanostructure morphological and structural proper-
ties for acetone gas-sensing applications. The influence of shape,
size, and heterostructural engineering contributes significantly to the
quick detection of acetone molecules from the workplace and envi-
ronment. ZnO's electronic and optical properties and its nanocom-
posites have also been discussed. ZnO has intrinsic structural
defects in zinc and oxygen vacancies, which can contribute signifi-
cantly during gas sensing. Key parameters such as response, repro-
ducibility, sensitivity, gas detection limit, selectivity, response and
recovery time, and stability of the acetone sensor have been dis-
cussed. Furthermore, the review also explores sensing mechanisms,
such as adsorption/desorption processes, the formation of active
oxygen ions/sites on the ZnO sensor surface, and its interaction

with the acetone molecules.

2 | STRUCTURAL, MORPHOLOGICAL, AND
ELEMENTAL STUDIES

21 | Morphological study

N. Islavath has discussed the synthesis of a ZnO nanowall using a
low-temperature hydrothermal method for 3h at 95°C.1%®
Figure 1(a-c) depicts the scanning electron microscopy (SEM) images
of the ZnO nanowire, 3D nanowall, and hybrid 3D nanowall, and
Figure 1(d-f) shows the corresponding cross-sectional view of SEM
images of the ZnO nanowire, 3D nanowall, and hybrid 3D nanowall
on the ZnO/AI-ZnO layer of seed-deposited fluorine-doped tin oxide
(FTO) substrates. The ZnO nanowall formation depends entirely on
the concentration of Al in the seed layer deposited on the FTO sub-
strate, as shown in Figure 1(b and e, c and f). The thickness of the
ZnO nanowall is measured as a length of 2 um and width of nearly
20-25 nm using the cross-sectional SEM image in Figure 1(b, e). It is
also discussed that as the Al concentration in the ZnO seed layer
was increased, the 1D ZnO nanowires were transformed into 3D
ZnO nanowalls, which resulted in an enhanced surface area.
Additionally, the ZnO nanowalls were functionalized to nanowires,
keeping the nanowall unaltered in thickness and length, as shown in
Figure 1(c, f).

Alenezi and co-workers have studied the nucleation and growth
of the various shapes and sizes of ZnO nanowires and ZnO nanodiscs
using a hydrothermal method for gas-sensing applications.[”!
Figure 2(a-h) shows the hierarchical ZnO structures taken from early
1D and 2D ZnO structures using a nucleation seed layer. Figure 2(a-c)
depicts the SEM images of the hierarchical ZnO nanowires at different
magnifications, which elucidates the self-assembly of nanowires to
form a hexagonal symmetry. ZnO nanowires are expected to nurture
around the surface of the core nanowire, which can be the leading
cause for growing into a hexagonal symmetry. It was also observed
that the core ZnO nanowire explored its six facets as the seed layer
for forking the other nanowires onto it. Many researchers have stud-
ied similar reports in hexagonal-type symmetry.l’-7% The growth of
ZnO nanowires on the facets of the ZnO core nanowire may be
due to heterogeneous nucleation growth and low interfacial energy
between the crystal nuclei and substrate, compared with the crystal
nuclei and solutions. Here, the formation of hierarchical ZnO struc-
tures is possible with the help of 2D ZnO, ZnO nanodiscs, and ZnO
nanotriangle. Figure 2(d, e) shows the top and side views of the sin-
gle hierarchical ZnO nanodiscs. Figure 2(f) illustrates the high-
magnification SEM image of the hierarchical ZnO nanotriangle. The
above-discussed SEM images justified the growth of secondary
nanowires on the core ZnO nanowire top, bottom, and sides.
Figure 2(g) elucidates the growth direction of the ZnO nanowires in
the [0001] direction, and the side surfaces are nonpolar planes.
Figure 2(h) displays the high-magnification SEM image of the side
view of several hierarchical ZnO nanodiscs, indicating highly densely
populated and uniform ZnO nanowires grown on the core ZnO

nanostructures.
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(a-c) SEM images of the ZnO nanowire, 3D nanowall, and hybrid 3D nanowall. (d-f) Corresponding cross-sectional view of SEM

images of the ZnO nanowire, 3D nanowall, and hybrid 3D nanowall on the ZnO/AI-ZnO seed layer-coated FTO substrates. Scale bars, 2 um.
Reproduced with permission from ref. [58]. Copyright (2020) Royal Society of Chemistry

2.2 | Structural study
The ZnO nanostructure is a hexagonal wurtzite phase structure with
lattice parameters of 3.251 A (a=b) and 5.215 A (c), which match
well with JCPDS no. 36-1451.1741 Chen and co-workers discussed the
ZnO nanoflower synthesis using the hydrothermal method.l””!
Figure 3(a) illustrates the XRD spectra of the ZnO- and Au-doped
ZnO nanoflowers of the hexagonal wurtzite crystal structure, which
match well with JCPDS no. 36-1451.7¢! The XRD diffraction peaks of
the Au-ZnO nanoflowers are nearly identical to the bare ZnO nano-
flowers. Furthermore, the Au concentration is not detected in the
XRD spectra of Au-ZnO nanoflowers. This indicates a minimal
amount of Au and low Au crystallinity in the Au-ZnO nanoflower
composition. It is also seen that there were no impurity peaks in the
ZnO and Au-ZnO nanoflowers. The calculated lattice parameters
were 3.252 A (a=b) and 5.209 A (c) for ZnO; 3.251 A (a = b) and
5.207 A () for Au-ZnO W; 3.253 A (a = b) and 5.210 A (c) for Au-
ZnO M; and 3.252 A (a = b) and 5.209 A (c) for Au-ZnO E. Moreover,
the estimated lattice strains were 0.396 for ZnO, 0.369 for Au-ZnO-
W, 0.421 for Au-ZnO M, and 0.431 for Au-ZnO E. The Au doping
introduces a variation in the lattice parameters, which resulted in the
presence of the lattice strain in the system.

Figure 3(b) displays the Raman vibrational phonon spectra of the
ZnO and Au-doped ZnO nanoflowers.””! Three prominent Raman

1 correspond-

1

vibrational phonon bands were observed at 436.4 cm™
ing to the characteristic EM&", mode. However, peaks at 331.3 cm™

_ Elow

and 581.1 cm~* were allocated to E&", 5, and E4(LO), respec-
tively, of the second-order vibrational phonon modes. Therefore,
these Raman vibrational phonon modes justify the formation of the
hexagonal wurtzite structure of the ZnO nanoflowers. Lo and co-
workers studied the ZnO nanostructure synthesis and Raman vibra-

tional phonon modes using a two-step solution-processed method.*¥

The active Raman phonon bands of the ZnO structure were A, longi-
tudinal optical (LO), A;, E; transverse optical (TO), E,(low), and
E,(high). It was also noted that E,(high) was observed at 440 cm™%,
corresponding to the characteristics of the wurtzite phase. In addition,
the strong E,(high) Raman vibrational phonon band illustrated a highly
crystalline nature. Furthermore, the Raman spectra peaks were broad-
ened for large crystallite size distribution. Moreover, the
E4(TO) Raman mode showed the defective states such as interstitial
zinc, oxygen vacancies, and their complexes. Using a two-step
solution-process method, Damen and co-workers studied the ZnO

nanostructure synthesis and Raman vibrational phonon modes.””!

1 and

The phonon E, vibrational modes were observed at 101 cm™
437 ecm™ 1, the transverse mode A, at 381 cm 1, transverse mode Eq
at 407 cm™?, longitudinal mode A; at 574 cm™%, and the longitudinal
mode E; at 583 cm™2.

Patil and co-workers studied the X-ray photoelectron spectros-
copy (XPS) spectra of the ZnO films prepared using a hydrothermal
method.l”®! Figure 4(a) reveals the survey spectrum of the ZnO films
with Zn 2p1, Zn 2p3, and O1s peaks, which showed the presence of
zinc and oxygen elements. Figure 4(b) displays a narrow scan spec-
trum of Zn 2P of the ZnO nanostructure. The XPS peaks of Zn 2P3,»
and Zn 2Pq,, were observed at 1021.7 eV and 1044.8 eV, which
belonged to the spin-orbit transition. Figure 4(c) displays a narrow
scan spectrum of Ol1s of the ZnO nanostructure. The XPS peaks
reported with the binding energies of 530.6 eV and 532.6 eV were
allocated to O, ions in the Zn-O and O~ and O~ ions in the oxygen-
deficient region. Similar XPS results for the ZnO nanostructure have
been reported previously in the literature.”? -84

Li and co-workers prepared ZnO nanoflowers using a hydrother-
mal method.[?! Figure 5(a) indicates a transmission electron micros-
copy (TEM) image of the ZnO nanoflower assembled with porous

nanosheets. Figure 5(b) displays the high-resolution TEM (HRTEM)
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FIGURE 2 (a, b) Side view SEM images of hierarchical ZnO
nanowires, (c) top, and (d) side view of single hierarchical ZnO
nanodisc. (e) Top view of single hierarchical ZnO nanotriangle SEM
image. (f) Top view of SEM image of ZnO nanowire grown on the
core nanowire. (g) SEM image of single hierarchical ZnO nanodiscs.
(h) Side view SEM image of the secondary nanowires on the
hierarchical ZnO nanodiscs. Reproduced with permission from ref.
[69]. Copyright (2014) Royal Society of Chemistry

image of the ZnO nanoflower corresponding to the (002) lattice plane,
which shows the successful synthesis of the hexagonal wurtzite struc-
ture ZnO. Figure 5(c) indicates the corresponding selected area elec-
tron diffraction (SAED) pattern of the ZnO, which justified the
HRTEM results and indicated the synthesis of the hexagonal wurtzite
structure ZnO nanoflower. Figure 5(d-f) elucidates the high-angle
annular dark field-scanning transmission electron microscope
(HAADF-STEM) method and corresponding elemental mapping
images of Zn and O elements from ZnO. Similar works have been

studied and presented in the literature.[8384
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FIGURE 3 (a) XRD and (b) Raman spectra of the ZnO
nanoflowers and Au-ZnO. Reproduced with permission from ref. [75].
Copyright (2021) Royal Society of Chemistry

3 | PROPERTIES OF ZnO
NANOSTRUCTURE

3.1 | Electronic properties

The electronic properties of the ZnO nanostructure have been studied
widely, theoretically, and experimentally for various applications. The
electronic band structures of one-dimensional ZnO structures have

18] j|lustrating the wurt-

been discussed using computational studies,
zite structure of ZnO with a direct bandgap of 0.72 eV. This theoreti-
cal bandgap (0.72 eV) is lower than the experimentally observed
bandgap of 3.44 eV at 2 K. Marana, and co-workers investigated the
electronic properties of the (1010) and (1120) surfaces of the ZnO
nanostructure using density functional theory (DFT).BY It was
observed that the electronic bandgap of the (1010) and (1120) sur-

faces of the ZnO nanostructure were 2.85eV and 3.09eV,
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FIGURE 4 (a) Survey spectrum, (b) narrow scan spectrum of Zn
2p3/2, and (c) narrow scan spectrum of O1s of the ZnO nanostructure.
Reproduced with permission from ref. [78]. Copyright (2018) Royal
Society of Chemistry

respectively. It was illustrated that the upper part of the valance band
for both the surfaces of the ZnO nanostructure was found to be coin-

cident with the origin. Conversely, the lower part of the conduction
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band for both surfaces of the ZnO nanostructure was observed at the
I'-point of the two-dimensional Brillouin zone. For the (1010) surface,
the valence band was achieved by the first and second layers of the
zinc atom and the first layer of the oxygen atom, but the first layer of
the zinc and oxygen atoms for the (1150) surface. The electronic
properties of the ZnO polymorph films have been studied and ana-
lyzed using the local density of states.®”! The engineering in the local
density of states illustrated the decrease in the Madelung potential of
the under-coordinated surfaces and atoms that appeared at the upper
energy layer of the valence band and upper energy layer of the con-
duction band. Furthermore, quantum confinement was also observed
because of the large energy gap width of the films compared with
bulk. Xia and co-workers discussed different stacking configuration-
engineered GaN/ZnO structures for their electronic and optical prop-
erties.'®® They showed that the stability and boding-type modulate
with the stacking methods. Deep insights into the band structure of g-
ZnO and g-GaN/g-ZnO have been discussed, and indicated the indi-
rect bandgap for g-GaN and a direct bandgap of g-ZnO. It was
observed from the projected density of states that the Zn-3d orbitals
dominate the maximum of the valence band, whereas the minimum of

the conduction band depends on Zn-4s.

3.2 | Optical properties

The optical characteristics of the ZnO structure have been reported
widely. The nanosized ZnO structure can give insights into the quan-
tum confinement phenomena of electron-hole excitons.®”) The opti-
cal bandgap of the ZnO nanostructures was studied using the
absorption spectra of liquid forms and reflectance spectra of the pow-
der and thin films using ultraviolet-visible (UV-vis) light spectroscopy.
The absorbance or diffuse reflectance results have been utilized to
evaluate the optical bandgap of the MOS. The optical bandgap ener-
gies of the MOS were estimated using the Tauc relationship: ahv = A
(hv — Eg)k, where A is the band-tailing parameter, a is the absorption
coefficient, and k is 2 for indirect bandgap and 1/2 for direct bandgap

semiconductors.”®?1 Moreover, the (ahv)*’*

versus hv plots have
been used to deduce the optical bandgap of the materials. The energy
states related to the Urbach tail lying below the conduction band of
the materials are well known as the Urbach energy states, which sig-
nifies the emergence of the defect states. The Urbach energy states
can be assessed using the relationship: a = a, exp (hv/E,), where E,, is
the Urbach energy, hv is the photon energy, a is the absorption coeffi-
cient, and «a, is the constant.?" In addition, using the diffuse reflec-
tance spectra, the optical bandgap of the materials can also be
estimated using the Kubelka-Munk function. The Kubelka-Munk
function delivers the absorption coefficient value, which furthermore
helps to evaluate the optical energy bandgap of the materials. The
Kubelka-Munk function is written as; F(R.) = K/S = (1-R.) /2 R,
where § is the scattering coefficient, Ry, (Rsample/ Rstandard) is the diffuse
reflectance of the infinitely thick specimen, and K is the absorption
coefficient.”? Furthermore, the optical energy bandgap can be esti-

mated from the [F(R.,) hv]*’" versus hv plots using the relationship: [F
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FIGURE 5 (a) TEM image, (b) HRTEM image,
(c) SAED pattern, (d) HAADF image, and
corresponding colour mapping of (e) Zn, and (f) O
elements of the ZnO nanoflower. Reproduced
with permission from ref. [82]. Copyright (2022)
Elsevier
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from ref. [96]. Copyright (2022) Royal Society of Chemistry
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(Rw) hvl = C (hv — EQ)". The n values indicate whether the allowed
transitions are direct for n = 1/2 or indirect for n = 2. The engineer-
ing of nanomaterial optical bandgap mainly depends on several factors
such as doping, heterostructures, hybrids, and nanocomposites, which
offer a wide variety of applications. The crucial role of Eu doping has
been investigated to explore the electrical and optical properties of
the ZnO nanostructure.”® The upsurge in the optical bandgap of the
ZnO structure with the growing concentration of Eu doping was
observed. This can be due to the Burstein-Moss effect, which evolves
from the degenerate doping of Eu in the ZnO nanostructure. Fascinat-
ingly, ZnO exhibits intrinsic Zn, O vacancies, and interstitials, which
play a crucial role in creating the defect energy states below the con-
duction band. The engineering in the optical properties and surface
roughness of the ZnO nanostructure was noticed using the C ion
implementation.”” This showed a detected optical bandgap of
3.27 eV for C-60 and 3.20 eV for C-30. This may be because the pres-
ence of lattice strain/deformation leads to manoeuvring of the band
edges, which causes the drive of the Fermi level towards the conduc-
tion band side. Furthermore, modulation in the optical bandgap of the
ZnO was observed using silver (Ag) and graphene oxide (GO) as the
dopants.”® The optical bandgap of the Ag-GO-added ZnO nanocom-
posite was 2.75 eV, which is lower compared with the reported opti-
cal bandgap value of 3.37 eV.

The radiative and nonradiative transitions in the ZnO optical band
were investigated by analyzing the emission spectra recorded using
photoluminescence (PL) spectroscopy. Liu et al. studied the photolu-
minescence spectra of the ZnO structure and Al-doped ZnO (AZO)
structure films using fluorescence spectroscopy, as revealed in
Figure 6(a-ei).l Figure 6(a) explains the PL spectrum of the ZnO. It
shows the free exciton recombination emission of ZnO near the band
edge. It also suggests that the oxygen vacancy causes the defect
states. Figure 6(ai) depicts the electron relocation from the upper
energy layer of the valence band to the respective energy layers of
the conduction band of ZnO using an excitation wavelength (325 nm)
and radiative recombination emissions such as blue, green, and red.
This process explains the existence of the defect states initiated by
the interstitial Zn and oxygen vacancies. In addition, Figure 6(b-d) elu-
cidates the PL spectra of the AZO structure films. The AZO films were
observed to illuminate the weak emission at 468 nm because of the
jonized oxygen vacancies created using AIP*. They also exhibited
green emission at 550 nm due to interstitial oxygen. Al-doping in the
ZnO energizes AZO using lattice defects, producing the deep-level
emission at 776.6 nm. Figure 6(e, ei) reveals the formation of the
Schottky barrier and PL mechanism of the AZO films. This reveals the
movement of electrons from the Fermi level of the ZnO to the Al
atom. Therefore, this generates a higher potential barrier between the
ZnO and Al, illustrating the formation of an n-type Schottky barrier.
Therefore, it was concluded that the AZO films depicted more robust
UV luminescence characteristics. Interestingly, the PL spectra of the
RuO,/Zn0O hybrid were studied to explore radiative and nonradiative
emissions.””) This demonstrates that the PL radiative emission was
enhanced in the visible region of 1.5-3.0 eV with the improved UV
emission, where RuO, contributed a vital role. The PL spectra of ZnO
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and the graphene/ZnO hybrid were investigated to examine the radia-
tive and nonradiative emissions.”® It was observed that the gra-
phene/ZnO hybrid illustrated low fluorescence yield compared with
that of ZnO due to the mutual interactions between ZnO and gra-
phene, which caused a reduction in charge carrier participation. PL
spectroscopy results of In-doped ZnO showed different shapes such
as nanotetrapods, nanowires, nanodisks, and nanocombs.”” The
nanotetrapods, nanowires, nanodisks, and nanocombs shapes of In-
doped ZnO exhibited two radiative emission bands such as deep-level
emission and near band edge (3.2 eV) emission. However, deep-level
emissions were furthermore split into two bands, such as green and
yellow, at 2.4 eV and 2.2 eV, respectively, because of the richness of
oxygen vacancies. The richness of oxygen in the In-doped ZnO nanos-
tructures may be due to the doping of trivalent indium cations. The PL
spectra of Eu-doped ZnO have been studied to examine the crucial
role of dopant (Eu) in the feasible radiative emissions using 325 nm
excitation wavelength.l"® This illustrated the UV and green emis-
sions at 396 nm and 515 nm, respectively. This may be because of
the sallow donor arising from the structural defects of Zn, and oxygen
vacancies arising during the deep-level to the valence band transi-
tion."°Y However, Eu?* ions also generated an emission peak at
515 nm using the 4f7-4£5d" transition. Therefore, it was concluded
that ZnO with structural and morphological engineering can be a good
candidate for photodiodes, photosensors, and several other desired
optoelectronic devices.

4 | ACETONE-SENSING PERFORMANCES

Zhang and co-workers discussed the In/Ga oxide (IGO) nanotube sen-
sor and IGO@ZnO sensor for acetone gas-sensing applications.l*%%
Figure 7(a) shows the acetone response versus operating temperature
plots of the IGO nanotube sensor and IGO@ZnO sensor for 100 and
500 ppm acetone. It was found that the acetone response of the
IGO@ZnO0 sensor increased and reached the maximum value of ~90
for a 500 ppm concentration. Furthermore, this decreased when
increasing the temperature beyond 300°C. Similar trends were
observed for all sensors at 100 ppm and 500 ppm. Figure 7(b) exhibits
the transient characteristics of the IGO sensor and the IGO@ZnO sen-
sor for different acetone concentrations at 300°C. It was observed
that, as acetone concentration was increased, the response of the
IGO@Zn0O sensor increased quickly compared with the IGO sensor.
The inset in Figure 7(b) illustrates the enlarged portion of the transient
characteristics of the IGO sensor and the IGO@ZnO sensor for ace-
tone concentration ranges of 200 ppb to 5 ppm at 300°C. The
IGO@ZnO sensor detected the lowest acetone concentration of
200 ppb compared with the IGO sensor at 300°C. Figure 7(c) reveals
a linear relationship in the response with the acetone gas concentra-
tion of the IGO sensor and the IGO@ZnO sensor at 300°C, which
depicted the practical feasibility of identifying the acetone gas con-
centration quantitively. Figure 7(d) uncovers the estimation of
response and recovery times of the IGO sensor and the IGO@ZnO
sensor at 300°C. It was found that the IGO@ZnO sensor showed
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times of the response (6.8 s) and recovery (6.1 s) for 100 ppm acetone
at 300°C. However, the IGO sensor showed times of the response
(11.6 s) and the recovery (11.8 s) for 100 ppm acetone at 300°C.
Figure 7(e) unearths the transient characteristics of the IGO sensor
and 1IGO@Zn0O's transient characteristics for two different acetone
concentrations of 100 ppm and 500 ppm at 300°C. It is perceived
that the IGO@ZnO sensor discloses the quick and maximum response
compared with the IGO sensor at 300°C. Figure 7(f) unearths the
selectivity of the IGO sensor and IGO@ZnO's selectivity for 100 ppm
concentrations of different interfering gases at 300°C. It was wit-
nessed that the IGO@ZnO sensor depicts an excellent response to
acetone gas compared with other interfering gases for the 100 ppm
concentration at 300°C. Brahma and co-workers studied the acetone
sensor based on Cu-doped p-type ZnO nanostructures.'%% It was
detected that the 1.1 at% Cu-doped p-type ZnO showed excellent
acetone-sensing properties even at a minimal concentration of 1 ppm
at room temperature. Here, Cu doping contributed a significant role in
tuning the electronic properties of ZnO. Qi and co-workers investi-
gated the selectivity of acetone sensors based on ZnO nanostruc-
ture.l"®4 |t was observed that the ZnO nanostructure shows a high

response of ~180, a fast response time of 1.5 s, and a recovery time

of 3 s at 300°C. In addition, the preadsorbed O, on the surface of the
ZnO nanostructures can also play a key role in acetone detection, as
discussed theoretically and experimentally by C. Li and co-
workers.[*%% They studied the DFT calculation of the presence of O,
molecules on the (001) facet of the ZnO to examine the acetone-
sensing behaviour. The ZnO sensor illustrated a response time of 8 s
and a recovery time of 50 s for 1000 ppm at 105°C. It exhibited out-
standing selectivity and stability for 1000 ppm of acetone at 105°C.
The acetone gas detection can also be influenced using the
ZnFe,0,4 nanoparticles grown on the ZnO surface, as discussed by
Y. Song and co-workers.*% The ZnFe204/ZnO sensor was per-
ceived to reveal an outstanding response of 225 + 15 and a quick
response (6 s) for 100 ppm at 260°C. It was also analyzed that the
n-n junction ZnFe,04/Zn0O could produce more active sites on the
sensor surface because of the large number of free electrons and
could also be a primary factor for enhanced acetone response.
Functionalization can also play an essential role in the ppb level ace-
tone detection. D. Liu and co-workers studied the Fe-functionalized
a-Fe,03/Zn0O nanocages for acetone gas recognition at ppb concen-
tration.['°”! They illustrated a response of 45.3, a response (recov-

ery) time of 7 s (6 s), and a low acetone detection limit (500 ppb) of
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the Fe-functionalized a-Fe,O3/Zn0O sensor. P. Wang and co-workers
reported on the Au-functionalized ZnO nanostructure to investigate
acetone-sensing behaviour.'%® HSs-3 showed excellent acetone
sensing for a 100 ppm concentration at 365°C. It also depicted a
fast response time of 5s and a good acetone selectivity at 100 ppm
and 365°C. In addition, the nanofibre morphology and oxygen-
plasma-assisted ZnO played a significant role in the improved and
quick response to acetone molecules detection. H. Du and co-
workers investigated the theoretical and experimental oxygen-
plasma-assisted acetone detection of the ZnO nanofibre-based sen-
sor.l%! The oxygen-plasma-assisted ZnO exhibited the highest
response compared with hydrogen-plasma-assisted ZnO and
untreated ZnO-based sensors. The oxygen-plasma-assisted ZnO sen-
sor elucidated a fast response time (75s), quick recovery (125 s),
excellent repeatability, and selectivity. Interestingly, MOS/MOS
heterostructures were studied to enhance the detection of
acetone molecules at low temperatures and concentrations. J. E.
Lee and co-workers investigated acetone detection at the ppb level
using ZnO-CuO nanostructures.**% This showed the lowest ace-
tone detection limit of 9 ppb; however, the response can be
recorded up to 40 ppb acetone concentration. This showed high
stability over 40 days and good selectivity for a 1 ppm acetone

concentration at 200°C.

5 | KEY SENSOR PARAMETERS

The following vital factors determine the gas recognition properties of

the chemical gas sensor.

51 | Concentration

The concentration of test gas (liquid) can be calculated using the fol-

lowing Equation (1)[*11-1131:

224 xdxpxVy
C (ppm) = =1 E20 X 408 (1)

where C, d, p (g mI™%), V, (ul), V (L), and M (g mol™?) are the concentra-
tion of the test gas, gas volume fraction, liquid density, the volume of
the liquid test gas, the volume of the gas testing chamber, and the

molecular mass of the liquid test gas, respectively.

5.2 | Response

The response is clarified as the percentage change in sensor resis-
tance in the air and during the test gas inside the gas-sensing mea-
surements chamber. The response is written for reducing and
oxidizing gases using the following Equations (2) for reducing gas and

(3) for oxidizing gas!*14-116l:

LUMINESCENCE-w _gy-—2

The Journal of Biological and Chemical Lumi el

Response (%) :R“R_Rg x 100 [Reducing gas] (2)

a

Response (%) = Rg’;R“ x 100 [Oxidizing gas] (3)
a

where Ry is the sensor resistance in the gas and R, is the sensor resis-
tance in the air.

Furthermore, in some studies, the response was interpreted as
the ratio between the sensor element's resistance in air and during
the test gas. Therefore, the response is written for reducing and oxi-
dizing gases using the following Equations (4) for reducing gas and

(5) for oxidizing gas!**6117!;
Ra .
Response = R [Reducing gas] (4)
g
Ry s
Response:R— [Oxidizing gas] (5)
a
5.3 | Sensitivity

Sensitivity explains the ability of the chemical gas sensor to distin-
guish minute variances in the concentration of the test gas during an
investigation. Therefore, high sensitivity means the high efficiency of
the gas sensor. The sensitivity of the test gas can be defined as the

following Equation (6)!*18);

Test gas response

Sensitivity=——~——————
Y test gas concentration

5.4 | Response and recovery time

Response and recovery allude to the reversibility of the test gas mole-
cule desorption and adsorption reaction rate on the sensor surface at
a specific concentration and temperature. Response and recovery
times are significant in evaluating the sensitive behaviour of the gas-
sensing nanomaterial element in the gas sensor.'*?! The response
time elucidates the time the gas sensor takes to reach 90% of the top
response after inserting the test gas into the gas chamber.*** How-
ever, the recovery time divulges the time observed using the gas sen-
sor to touch 90% of its initial value after no coverage of test gas.l*?%!
The fast response and recovery are indispensable for the gas sensor's

better performance.

5.5 | Gas detection limit

The gas detection limit highlights the lowest detection gas concentra-

tion to differentiate the gas signal from the noise signal of the
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gas-sensor device.['?!! The observed value of the detection limit of
sensor response should be several times higher than the noise sig-
nal."??! The gas sensor's detection limit (DL) is the exclusive parame-
ter to discriminate the lowest limit of the particular gas during the
gas test. The DL can be evaluated using the following Equations (7)
and (8)[123-1251,

DL =3k (7)

where S is the slope of the logarithmic plot between gas response
versus gas concentration and rms,,s. is the root-mean-square
deviation from the baseline and is defined by the following

Equation (8)1128-1251

Z(Xixi)z (8)

MSnoise =

where x, x;, and P are the baseline data points, the average value of

baseline data points, and the number of data points, respectively.

5.6 | Reproducibility

Reproducibility validates the steadiness in the gas response at a
particular concentration and temperature of the sensor over its
repetitive use of service. This also suggests the working life of the
particular gas sensor, meaningfully decreasing the installation cost of
the fabrication and operation of the gas sensor in industrial or
residential areas.

5.7 | Selectivity

Selectivity is a significant parameter for identifying the gas from the
gas clusters at a fixed concentration and operating temperature. The
selectivity coefficient (SC) of the test gas can be evaluated quantita-
tively concerning the other interfering gases using the following

Equation (9)126127];

SC— Stest gas (9)

Sinterfering gas

where Stest gas aNd Sinterfering gas Fepresent the particular response of
the test gas and response to the respective interfering gases. The gas
sensor device's high gas SC indicates the sensor's transient and selec-
tive nature for the particular gas. Therefore, improving the SC of the
sensor by engineering the gas-sensing nanomaterial element has
attracted significant attention and has become a great concern in

recent research fields.

5.8 | Stability

The stability of the gas sensor is also a vital parameter to examine the
practical and commercial applications. Stability elucidates the gas-
sensing test over a long time to recognize the consistency of the gas
sensor device without lowering the response.*?8! Furthermore, stabil-
ity is interpreted as the capability of the gas sensor device to conserve
response, sensitivity, and selectivity over a long time.l*?”! Therefore,
these above-discussed factors, such as test gas concentration, operat-
ing temperature, response and recovery time, sensitivity, gas DL,
selectivity, reproducibility, and stability, play crucial roles in determin-
ing the efficiency and productivity of the gas sensors.

6 | ACETONE-SENSING MECHANISM

The acetone-sensing mechanism of the sensor device typically
depends on the changes in resistance under the exposure of the test
gas because of the chemisorption process between the adsorbed oxy-
gen species and the gas molecules on the sensor surface.*3%13U |t js
recognized that the response and recovery of the gas sensor rely on
the interactions between the test gas molecule species and adsorbed
oxygen ions/sites on the surface of the gas sensor element.[3]
However, the adsorbed oxygen ions/sites are unhesitatingly depen-

dent on the working temperature of the gas sensor device, which can

be written as follows in Equations (10)-(13)[*31-135l,
O2(gas) < O2(ads) (10)
Oz(gas) +€ 02_(ads) [<100°C] (11)
Oaiaas) +€ 2054 [100—300°C] (12)
O3(ads) +€ > Olpgey [>300°C] (13)

Equations (10)-(13) demonstrate the active ion oxygen species forma-
tion in the gas sensor's working temperature ranges. First, the atmo-
spheric oxygen is adsorbed on the surface of the acetone gas sensor
[Equation 10]. After that, adsorbed oxygen interacts with the elec-
trons of the conduction band that are thermally excited from the
valence band, resulting in the creation of active oxygen ions/sites of
Oaads)” ON the sensor surface, as discussed in Equation (11). Further-
more, this active oxygen ion species of O,4s)~ again interacts with
the conduction band electrons to form the active oxygen ion species
of O (ads)% on the sensor surface, as shown in Equation (13). Further-
more, the chemisorption of acetone molecules with active oxygen
ions/sites on the gas sensor surface is written as follows in
Equations (14) and (15)136:1371.

CH3COCH3(qds) + 80 gg5) — 3CO2 +3H,0+ 8~ [100 - 300°C] (14)

ads)
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CH3COCHzags) + 80, — 3C0; +3H,0+16e [>300°C]  (15)

Here, acetone molecules interact with the active oxygen species (07)
at the working temperature of 100-300°C of the gas sensor device,
which separates acetone molecules into carbon dioxide, and water
molecules, and releases electrons into the conduction band of gas-
sensing materials, as discussed in Equation (14). In addition, the inter-
actions of the acetone molecules with the active oxygen species (0%7)
at the temperature of >300°C of the gas sensor device suggest the
liberation of carbon dioxide and water molecules, and discharge of
electrons into the conduction band of the gas-sensing materials, as
discussed in Equation (15).

Furthermore, Baharuddin and co-workers studied the schematic
illustration of the formation of active oxygen ion species and their
interactions with the acetone molecules for n-type and p-type gas
sensor devices, as explored in Figure 8(a, b).[**® Figure 8(a) illustrates
the formation of the O, active oxygen ions/sites on the gas sensor
surface via adsorption and interaction of oxygen O, with the ther-
mally excited conduction electron of the n-type gas-sensing materials,
as discussed in Equations (10)-(13). Therefore, this indicates the con-
struction of the electron-depletion region near the sensor surface of
the gas-sensing material, which causes an increase in the gas sensor

device resistance. Furthermore, the interaction of the active oxygen

species (0,7) with the acetone target gas molecules results in carbon
dioxide gas, water molecules, and the liberation of electrons back to
the conduction band, as discussed in Equations (14) and (15). Similarly,
Figure 8(b) shows the formation of O, active oxygen ion species on
the gas sensor surface via adsorption and interaction of atmospheric
oxygen O, with the conduction holes of the p-type gas-sensing mate-
rials. Therefore, this indicates the formation of the hole accumulation
region near the surface of the p-type gas-sensing material, which
causes a decline in the sensor device resistance. In addition, the inter-
action of the active oxygen species (O, ™) with the acetone target gas
molecules results in the evolution of carbon dioxide gas and water
molecules and the liberation of holes into the conduction band of the
gas-sensing materials.

Moreover, Wang and co-workers elucidated the schematic repre-
sentation of the formation, adsorption, and desorption and interaction
of active oxygen ions/sites with the acetone molecules on the CuO-
ZnO hetero-junction-based gas sensor surface, as shown in
Figure 9.1139 |t was observed that active oxygen species formation
and their interaction with the acetone molecules are not identical to
the ZnO/rGO nanocomposite because of the development of the p-n
junction CuO-ZnO. In steps 1 and 2, the adsorption of atmospheric
oxygen and their conversion into active oxygen species (O,7), as dis-

cussed in Equations (10) and (11), causes the formation of the first
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FIGURE 9 Schematic illustration of
the p-n junction CuO-ZnO@RGO
nanostructure. Reproduced with
permission from ref. [139]. Copyright
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depletion region at the surface of ZnO. Subsequently, the second
depletion region was formed on the surface of the CuO-ZnO hetero-
junction. Furthermore, the interaction of acetone molecules with 0%~
on the n-type ZnO surface is discussed in Equation (13). However, for
the p-n CuO-ZnO heterojunction, the adsorbed atmospheric oxygen
reacts with the electrons and holes of the n-type ZnO and p-type
CuO to form the adsorbed active oxygen (0?7), as discussed in Equa-
tions (10)-(13) and step 3. After that, the interaction of O~ with the
acetone molecules shows an enhanced and quick response. The p-
type CuO nanostructure in the CuO-ZnO heterojunction starts to
transfer charges from bulk to adsorbed gas molecules.**?! It was also
reported that the conduction band edge of CuO was greater than the
ZnO in the CuO-ZnO heterojunction; therefore there was movement
of electrons towards the conduction band of ZnO from CuO. How-
ever, the hole migrates in the opposite direction from the valence
band of ZnO to CuO, which results in the accumulation of more elec-
trons in the conduction band of ZnO.[141:142] Additionally, Lv and co-
workers discussed mechanisms for the formation of active oxygen
species (in the temperature ranges <100°C, 100-300°C, and >300°C)
on the surface of the ZnFe,O, sensor.[**®! The reaction mechanism
and interactions of adsorbed O™ active oxygen ions/sites with mole-
cules of acetone on the surface of the ZnFe,O,4 sensor have also been

discussed.

7 | FUTURE POSSIBILITIES AND
CHALLENGES

This short review summarizes metal oxide semiconductor-based gas
sensor device morphologies, crystal structure, electronic and optical

properties, vital influencing parameters, and gas-sensing mechanisms.

~.

p-n junction

Step 3

Moreover, we evaluated the ZnO sensor's future possibilities, merits,
and challenges for acetone gas-sensing applications. The formation of
heterostructures, elemental doping, and defects are crucial for engi-
neering the band structure and amending the transport, optical, and
electronic properties to improve gas-sensing applications and enhance
sensitivity, stability, and selectivity. Furthermore, the ZnO nanostruc-
ture has high adsorption energy, improving the gas sensor's quick
detection and selective nature. The modulation of the physisorption
and chemisorption process can also tune the ZnO sensor's fast
response and recovery time. The formation of the p-n-type
heterojunctions and nanocomposite with carbon nanomaterials of the
ZnO gas-sensing element is favourable for high sensitivity, quick
response, low DL, and fast recovery of the gas sensor. However, it is
still not as low as an essential DL for portable biomarker detection.
For high selectivity, there is also a need to optimize the sensor's
working conditions under high humidity conditions because of the
human's saturated moisture in exhaled breath. Therefore, new hetero-
structures with nanograins, nanorods, core-shell, nanowires, etc., of
the ZnO semiconductor can contribute to a substantial role in over-
coming the limitations of the acetone sensor. In addition, matching
the gas-sensing material element's work function and band energy
with the working sensing material for producing compelling and
sensitive gas sensors is exceptionally desirable. Therefore, it was
concluded that developing new heterostructure materials with
engineered nanostructures could enhance the overall performance of
the gas sensor.
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