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Chemiresistive gas sensors have been widely applied to monitor analytes of environmental, food and health
importance. Among the plethora of materials that can be used for designing chemiresistive sensors, ZnO is one of
the most explored for gas sensing, as this material has a low-cost, is non-toxic and can be easily obtained through
standard chemical synthesis. Adding to this, ZnO can form heterostructures capable to improve sensor perfor-
mance regarding sensitivity, selectivity and stability. Moreover, ZnO heterostructures also contribute to lower
operating temperature of gas sensors, since the synergistic effects contribute to amplify the sensor signal. In this

review, we survey recent advances on different types of chemiresistive ZnO-based gas sensors, focusing on how
the morphology and structure of these materials influence on the sensor response. Challenges and future per-
spectives for ZnO chemiresistive sensors are also discussed.

1. Introduction

The continuous increase in human activities resulting in high level of
pollution, combined to the modern lifestyle that integrates gadgets for
all sorts of activities monitoring, have increased the demand for sensing
devices. For instance, food processing and air quality monitoring are
only a few of the vast areas in need for reliable and efficient sensors
[1-7]. In this direction, several sensing devices have been designed and
exploited in order to meet the demands of modern society, with
emphasis on chemiresistive sensors. These devices employ materials that
can detect changes in their environment based on changes in their
electrical properties [8-10]. The term was first employed in 1985 by
Wohltjen et al [11], who developed a copper phthalocyanine-based
sensor for ammonia detection. Over the years, semiconducting metal
oxides (SMO) [12], polymers [13], metallic nanoparticles [14] and other
materials have also been applied in the development of chemiresistive
Sensors.

Owing to their low production cost, easy processability, chemical
versatility and good electrical properties, several SMOs, including CdO
[15,16], IngO3 [17,18], Fey03 [19,20], WOs3 [21,22], SnOy [23-25],
CuO [26,27], TeO5 [28], MoO3 [29,30] and ZnO [31,32], have been
successfully explored in chemiresistive sensors. ZnO, an n-type semi-
conductor with direct band-gap at room temperature, presents
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prominent importance once it has high electron mobility, thermal sta-
bility, and good electrical properties for gas sensing applications [33,
34]. Besides, ZnO has oxygen molecules adsorbed onto its surface, which
can form ionized species capable to capture electrons from the con-
ducting band of the oxide, creating a depletion layer at the oxide surface
[35]. These appealing features prompt ZnO to be vastly exploited in the
design of chemical sensors. Besides, in order to optimize the material’s
properties for chemical sensors, the control and creation of new mor-
phologies, shapes and crystallographic phases of ZnO have been highly
explored. Although some recent works have surveyed ZnO sensors, most
of them concern to a general view considering ZnO sensors in particular
aspects such as temperature of operation, specific type of morphology or
yet different transduction method from this review [36-38]. This review
presents a recent survey on ZnO-based chemiresistive sensors fabricated
using varied morphologies, such as 0D (quantum dots - QDs), 1D
(nanorods, nanoribbons, nanotubes, nanofibers and nanowires), 2D
(nanosheets and nanofilms) and 3D (nanoflowers, porous spheres and
hollow spheres) nanomaterials, as schematically illustrated in Scheme 1.
The focus is to present to the reader how the distinct morphologies and
structures/heterostructures of ZnO composing the chemiresistive sen-
sors can influence the final sensor performances towards varied
analytes.
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Scheme 1. An overview of the ZnO morphology and heterostructure junction types for improved chemiresistive gas sensor response.
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Fig. 1. Graphical representation of (a) response time, (b) recovery time, (c) sensor response, (d) selectivity ((i) and (ii)) and (e) sensor stability.

2. Chemiresistive gas sensors: factors influencing the sensor performance

The sensor performance is dependent of a few parameters such as
response time, recovery time, sensing response, selectivity, limit of
detection and stability. Next, we present an overview of these parame-
ters considering their characteristics and particularities. Besides, the
sensors’ figure of merit are graphically represented in Fig. 1.

2.1. Response time

This parameter measures the time taken by the sensor to provide a
response after exposure to the analyte. Usually, a percentage of sensor
response is used to determine this parameter, reported as the time to

reach 90% of its maximum response (Tgp), as represented in Fig. 1a [39,
40]. This parameter can be very important for understanding sensor
performance, as it helps to understand the kinetics and magnitude of the
interaction between the sensing layer and the target gas. However, this
variable can be affected by external stimuli such as temperature, gas
concentration and flow rate within an experiment [41-43].

2.2. Recovery time

The recovery time describes the opposite process of the response
time. It concerns the time required by the sensor to return to the original
baseline response when the target analyte is removed and the sensor has
contact with pure carrying gas, usually air or nitrogen [44]. It is not
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Fig. 2. Schematic representation of sensing mechanism for (a) pristine n-type ZnO and (b) pristine p-type ZnO exposed to reducing gases (right side of each rep-
resentation) and oxidizing gases (left side of the representation). Under each scheme, there is the potential barriers representation before and after exposure indicated

as V; and Vy, respectively.

uncommon to find articles using the term T, which is the time required
to achieve a recovery of 90% (Fig. 1b) [39,40].

2.3. Sensor response

The sensor response of chemiresistive sensors can be defined as the
change caused on the electrical behavior of the sensing devices exposed
to the analyte (Fig. 1c). This parameter calculated by different forms,
usually involving the ratio of electrical behavior prior and posterior to
gas exposure according with gas analyte reducing/oxidizing behavior.
For example, for reducing gases the response can be considered as Ro/Rg
and for oxidizing gases as Rg/Ro, where Ry is the sensor electrical
behavior in reference gas (usually air) and Ry the sensor electrical
behavior when exposed to the target gas. Besides, the response per-
centage can be obtained from the expression [(Ro — Rg)/Rol * 100%.

2.4. Sensitivity

The sensitivity is another important parameter for evaluating sensor
performance. Usually is represented by S and can be defined as the ratio
of sensor response/gas concentration. In other words, the sensitivity is a
measure of how much change a specific amount of analyte can cause to
the sensor and can be estimated by the slope of a sensor’s calibration
curve.

2.6. Selectivity

It’s usually defined as the tendency of the sensor to discriminate an
electrical response for a target gas in the presence of other gases under
the same conditions (Fig. 1d). Selectivity can be mathematically defined
as the ratio between the responses of a target gas and the responses to an
interferent [45]. Besides, the graphical representation can be in terms of
dynamic curve of sensor response or bar charts of sensor response for
target analyte and interferents.

2.7. Stability

This parameter considers the period of time that the sensor platform
will retain the same performance regarding the electrical response when
exposed to certain analyte in the same conditions. In Fig. le, the hy-
pothetical stability is 4 months. The stability can vary from days up to
months [46].

2.8. Limit of detection (LOD)

The LOD can be defined as the minimum concentration of analyte
that can be identified by the sensor under specific operating conditions.
Usually, it might be simply determined by a signal to noise ratio greater
than 3 (LOD = 3 S/N, where S is standard deviation of the response and
N the slope of calibration curve). Given the real concentrations of toxic
gases, it is desirable that sensors can operate in low concentration ranges
[47].

To improve the performance of chemiresistive sensors, hetero-
junctions can be used, which consist in the physical interface between
two different materials, such as p type like materials (CuO, NiO, CeOo,
Mn203, C0304, L3204, Y203, Bi203, AgZO, TeOz, Sb203 and CI'Og) and
type n (ZnO, Sn0O,, TiO3, Iny03, MoOs, MgO, Al»,03, Gap03, Nb,Os,
ZrO,, Ca0, V30s, Ta0s and WOs3) materials [48-50]. By producing
intimate electrical contact at the interface between two different ma-
terials, Fermi levels balanced with the same energy result in charge
transfer and the formation of a charge depletion layer, leading to better
performance of the sensor [51-54]. With both interfaces exposed to the
atmosphere, additional anomalies can happen as they have two different
semiconductor materials in close proximity. A gas or liquid can react
more readily with one material producing a by-product that can react
with the second material to complete the reaction, known as a syner-
gistic reaction. Nano-heterostructures are often used in gas sensors, as
their small dimensions and high surface-to-volume ratio lead to im-
provements in the effects [48-50]. Doping oxides can also be used to
control the microstructure and morphology of the material during pro-
cessing [48]. Although manipulation of the microstructure is often the
claim to improved performance, electronic and chemical effects also
play a role. The improvements in the detection performance of these
compounds have been attributed to many factors, including electronic
effects, such as: band flexion due to the Fermi level balance [55,56],
separation of the loader [57], manipulation of the depletion layer
[58-60] and increased barrier energy of interfacial potential [61];
chemical effects, such as decreased activation energy [62], targeted
catalytic activity [63] and synergistic surface reactions [64]; and geo-
metric effects, such as grain refinement [65], increased surface area [66]
and increased accessibility to gas [67].

3. Chemiresistive ZnO sensing mechanism

When ZnO chemiresistive sensor are exposed to distinct atmosphere
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Fig. 3. Relationship between 0D morphologies; 1D; 2D and 3D with the defects found in the crystal lattice of nanostructures.

composition, changes in conductance and working function will be
observed [36,68,69]. Such behavior is a result of the gas adsorption/-
desorption to and from the ZnO surface, macroscopically speaking, and
of the charge carries availability, microscopically speaking, forming the
electron depletion layer, as illustrated in Fig. 2a. This mechanism is
referenced as adsorption/desorption mechanism and can be modeled
based on surface chemical or physical interaction [49]. Although the
great majority of works explores the oxygen (chemical) adsorption/de-
sorption mechanism, recent works have proven the chemical interaction
of gas analyte with chemiresistive metal oxides other than ZnO [70].
Additionally, here we present oxygen adsorption/desorption mecha-
nism followed by the general chemical and physical types of adsorp-
tion/desorption able to result in chemiresistive sensing response.

It is expected that ZnO nanostructures in air have oxygen molecules
adsorbed onto their surface (Fig. 2 a), capturing electrons from ZnO
conduction band and forming ionic oxygen species such as O;, O~ and
02~ [71,72]. For n-type ZnO, the interaction between oxygen and ZnO
conduction band electrons will lead to an electron depletion layer for-
mation with high potential barriers, represented by V1 in Fig. 2. This
high potential barrier hinders the charge carrier’'s movement over
neighbor crystal grains. For p-type ZnO, this interaction leads to a hole
accumulation layer, decreasing the resistance. Eventually, the oxygen
species adsorption reaches equilibrium and microscopical properties
such as conductance and working function are kept constant. The elec-
trical resistance can be modulated to a maximum value by controlling
ZnO thickness to be smaller than two times the Debye length (LD)
extending the electron depletion layer over the entire material [73].
Considering n-type ZnO exposure to reducing gases, such as HyS, Hy and
CoHs0H, the sensing mechanism that takes place is based on the analyte
interaction with the ionic oxygen species that will be oxidized, releasing
electrons back to ZnO conduction band [37,49,73]. Besides the electrons
returning to ZnO conduction band, depletion layer thickness is reduced,
the density of free charge carrier is increased, increasing the ZnO

conductance and so decreasing ZnO electrical resistance [74]. By
returning the ZnO to atmospheres without the reducing gas, the gas
desorption step initiates and the oxygen species returns to ZnO surface
increasing the resistance. Sensor responses based on this type of mech-
anism are usually reversible with fast recovery [73,74]. Furthermore,
reducing gases interacting with adsorbed oxygen onto p-type ZnO will
result in decreased resistance (Fig. 2b). On the other hand, n-type ZnO
exposed to oxidizing target gases, such as SOz, NOx and O3, will present
a decrease of free charge carriers’ density once oxidizing gases adsorbs
onto ZnO surface along with oxygen species capturing further electrons
and so increasing the electrical resistance. While for p-type ZnO,
oxidizing gases will increase the resistance thanks to the analyte inter-
action with adsorbed oxygen species which will release electrons back to
ZnO, enlarging the hole accumulation layer and increasing the resis-
tance [37].

Direct chemical interactions between the gas analyte and ZnO
nanostructure are expected to occur only with oxygen species. For
instance, HpS detection by metal oxide SnO, has been was carefully
investigated, revealing the formation of SnS; after SnO; exposure to the
gas, indicating that HoS developed close interaction reacting with the
metal oxide [70].

Physical adsorption/desorption occurs through intermolecular
forces and hydrogen bonding. Although physical adsorption/desorption
is a common phenomenon, the change in conductivity caused by phys-
ical adsorption/desorption can be considered negligible and is rarely
applied to elucidate the gas sensing mechanism [73].

Yet for increased temperatures, the ZnO sensing ability will be
determined by the gas diffusion process as well as by the adsorbed ox-
ygen species and structural porosity (for gas percolation) [69,75].

4. Zinc oxide

ZnO is a semiconductor (Group II-VI) displaying a broad band gap
(around 3.4 eV), a high exciton binding energy (~60 meV), high
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electron mobility 200 cm?/V.s, excellent chemical and thermal stability
and photoelectric response, which make this material a promising
choice for gas sensor [43,76-80]. In addition, these materials are highly
attractive, as they can be easily produced by chemical synthesis routes,
are non-toxic, and low cost enabling mass production [43,76-80]. It is a
highly versatile material that can be easily obtained as nanowire,
nanorods, nanobelts, nanosprings, nanocombs, nanoplates, nano-
needles, nanoribbons, nanotubes, nanorings, nanoplates, nanopellets,
nanoflowers, snowflakes, dandelion and coniferous urchin-like [81-83]
for a optoelectronic, sensing and biomedical applications. These mor-
phologies can be obtained by different synthesis processes, such as
thermal evaporation, carbothermal reduction, magnetron sputtering,
cathodic electrodeposition, hydrothermal synthesis and sol-gel pro-
cessing [84].

These nanostructures can be periodically organized in three different
types of crystalline network, namely Rocksalt (obtained under high
pressures), Zinc Blend (obtained from epitaxial growth on seed crystal
with cubic structure), and Wurtzite (hexagonal close-packed structure
with space group P63mc, easily obtained in ambient conditions) [85].

The crystal structures presented as well-defined crystalline arrange-
ments exhibit structural defects of different natures. These defects might
affect grain boundary properties, mechanical properties, electrical
conductivity of the semiconductors and atomic diffusion processes. The
defects present in the crystalline structures can be classified in four basic
types: point defects (zero-dimensional), line defects (one-dimensional),
surface defects (two-dimensional) and volumetric defects (three-di-
mensional), related to the morphologies of the nanostructures (Fig. 3).
These defects are originated during the synthesis process, due to varia-
tion in temperature, pressure, solvent, concentration and synthesis time,
which can affect the morphology of the nanostructure and thus modify
the material’s crystal lattice [86,87].

In ZnO the most common defects are point defects such as oxygen
vacancy (Vp), interstitial zinc (Iz,) (Fig. 4a), interstitial oxygen (Io) [88,
89,90,91], and even interstitial hydrogen (Iy). Vo, Iz, and Iy are
assumed as potential donors, and are found in low concentrations in
n-type ZnO under thermal equilibrium, indicating that the conductivity
is attributed to residual impurities, including H impurities with various
atomic configurations, metastable shallow O-vacancy, and Zn interstitial
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[92,93]. Zinc vacancy (Vzy), oxygen interstitial (Ip) and anti-local oxy-
gen (Oz,) are assumed as possible acceptors, where the energy of defects
formation suggests a preference for donor defects over acceptors, either
for ZnO type n or type p [92,93]. In this way, point defects will generate
surface defects in nanostructured ZnO influencing its final properties
[82,94].

Thus, ZnO crystal lattice defects can be estimated, in general, by
photoluminescence (PL) spectra that present emission bands in the ul-
traviolet (UV) regions centered at 380 nm, due to a band recombination
and excitonic transition, and visible regions associated with intrinsic
and extrinsic defects. Specifically, yellow-orange (577-622 nm) emis-
sions can be attributed to interstitial oxygen, green emissions can be
attributed to oxygen and zinc vacancies, and blue-violet emissions can
be attributed to Iz, Iy and Vz, (Fig. 4b) [89].

X-ray photoelectron spectroscopy (XPS) technique is another way to

determine existing defects in ZnO nanostructures. This technique pro-
vides information on the chemical states of ZnO on the surface of the
nanomaterial as well in the defects, complementing the PL technique
[84]. For instance, it is well known that peaks in the ZnO XPS spectra
around 530 eV are attributed to oxygen vacancies and at 1020 eV are
attributed to interstitial zinc [84].

Considering ZnO-based chemiresistive sensors, generally the detec-
tion mechanism works by adsorption of the target species onto the oxide
active sites such as adsorbed oxygen species and short-range structural
defects. The adsorption of oxidizing gas molecules, such as SO,, can
remove and deplete electrons from the conduction band, resulting in a
reduction in conductivity of ZnO chemiresistive sensor. On the other
hand, reducing gas molecules such as CO can react with oxygen species
adsorbed onto the surface, sharing electrons and increasing the con-
ductivity [82].
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4.1. Zinc oxide heterojunctions architectures

Despite the many interesting characteristics to be employed as gas
sensors, ZnO requires high working temperatures to activate the
adsorbed oxygen species and increase the reactivity towards the analyte
gas. Besides, such high temperatures can decrease the sensor’s stability
[95] and lifetime [96], induce uncontrolled grain growth and limit the
detection of flammables or explosive analytes [97]. Other drawback is
the potential interference by water molecules present in the atmosphere,
which can interact with ZnO through chemi- and physisorption pro-
cesses [98]. In an attempt to mitigate these disadvantages towards gas
sensing application, nanostructured ZnO, doped ZnO and ZnO hetero-
structures have been explored to increase sensitivity, selectivity and
lower the operating temperature of the sensor. Regarding doping of
ZnO, aluminum is perhaps the most common metal for this purpose, as it
generates extra electrons and improves the optical, thermal, magnetic
and electrical properties of ZnO [99]. Doped ZnO sensors are very se-
lective, sensitive and stable and specific applications can be designed
through careful selection of dopants [100,101]. The Fermi level for
doped and intrinsic materials are close, due to the fixation of the Fermi
level, making it difficult to transfer the charge carriers from the dopant
to the semiconductor [102]. Unlike heterojunctions, the Fermi level of
the two hybrid materials enter into equilibrium, with a greater charge
transfer from one material to the other, avoiding the recombination of
the electron-hole pairs and making many sensors working at tempera-
ture environment [48,103].

In general, ZnO heterostructures are obtained as nanocomposites,
which might decrease the operating temperature, and improve the
sensitivity, selectivity and stability of the sensor. Examples of nano-
materials usually combined with ZnO include CuO [104], NiO [105,
106], Co304 [107], WO5 [108], SnO, [109], Fe,05 [110], TiO5 [111],
SiO4 [46,112], carbon-based materials such as graphene, reduced gra-
phene oxide, graphene oxide and conjugated polymers as polypyrrole
[113], polyaniline [114], poly(3,4-ethylenedioxythiophene) [115] and
poly(3-hexylthiophene-2,5-diyl)) [116]. These composites can form
heterostructures with: (i) n-n junction (Fig. 5a), where the available
low-energy conduction band states (holes) stimulate electron transfer to
n-ZnO; (ii) p-n junction (Fig. 5b) [48], where the available low-energy
valence band states stimulate electron transfer across the interface
[48], and (iii) when they are doped with p-type dopants [117] they can
also form p-p junctions (Fig. 5¢). Having holes as majority of the charge
carriers, a region of depleted hole and accumulated hole is formed in
p-doped zinc oxide and p-type nanomaterial, respectively. With this,
under the influence of an applied potential, the electron-hole pairs
formed by the internal electric field are separated, and the holes tend to
flow to the negative field while electrons move to opposite direction
(positive field), resulting in electron-hole pairs efficiently separated,
enhancing sensing properties [118,119].

Another classification of heterostructures for metal oxides can be
defined by the link between the energy bands of the constituent mate-
rials, namely type I, II and III, which correspond to straddling gap,
staggered gap and broken gap [120,121].

For Type I heterojunction, the VB and CB of semiconductor A are
lower and higher than the corresponding VB (valence band) and CB
(conduction band) of semiconductor B, respectively. In this way, the
generated electrons and holes transfer to the CB and VB of semi-
conductor B, which is negative for the separation of electron-hole pairs.
Moreover, the redox reaction of the composite semiconductors with a
type I heterojunction will conduct on the surface of semiconductor B
with a lower redox potential and, thus, the redox ability of the photo-
catalyst may be suppressed [120,121]. For type II heterojunctions, the
VB and CB of semiconductor A are higher than that of semiconductor B,
thus the generated electrons will migrate from the CB of semiconductor
A to that of semiconductor B with a lower reduction potential, and the
corresponding holes in the VB of semiconductor B will migrate to
semiconductor A with a lower oxidation potential. Thus, a spatial
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separation of electron-hole pairs will be completed. On the other hand,
for type III heterojunctions the band gap of the two semiconductors will
not overlap and, as a result, there is no transmission or separation of
electrons and holes between semiconductor A and semiconductor B.
Consequently, the type II heterojunction is the most effective structure
for improving the gas sensor performance of semiconductors, and has
received a great deal of research attention [120,121].

P-n heterojunction has been reported as the most efficient for the
construction of sensitive, selective and stable gas sensors with short
response time operating at ambient temperature for the analysis of gases
[48]. Besides, the most reported morphology are based on
one-dimensional (1D) structures, once they are very easy to be obtained,
display large surface area to volume ratio and enable rapid charge
transfer, enhancing the response time and sensitivity of resistive gas
sensors [122]. Moreover, most heterojunctions based on ZnO are ob-
tained in relative mild conditions through hydrothermal method using
temperatures ranging from 100 to 200 °C under pressure, in addition to
using water as solvent with adjustable pH [123-125]. For instance,
ZnO-CuO heterostructures have attracted attention recently due to the
high stability under exposure to several gases and optoelectronic prop-
erties [126,127]. Besides, ZnO-CuO are non-toxic, inexpensive cost of
production, turning it in a featured alternative with suitable properties
for application in gas sensors [126,127].

In addition to heterojunctions formed with inorganic materials, ZnO
can also form heterostructures with organic compounds. For instance, in
p-type organic semiconductors x electrons have a strong influence on the
entire organic structure due to multiple intermolecular interactions, as
well as suppressed molecular motions, resulting in two-dimensional
(2D) charge transport packing structures [128]. On the other hand,
n-type organic semiconductors have n-electron deficient nuclei and a flat
and rigid molecular structure throughout the extended n-electron
structure, promoting charge carrier transport via n-n intermolecular
superposition in the solid state [128].

Apart from organic semiconductors, there are also some conductive
carbon materials [129], such as carbon nanotubes and graphene, which
are suitable for sensing applications, once they combine excellent
detection and transduction properties at room temperature, where the
conductivity is changed by very small amounts of adsorbed gas mole-
cules. In short, the electrical resistance of carbon nanostructures is
altered by the electron transfer between carbon nanostructures and
oxidized or reduced gas molecules that are adsorbed onto their surface,
being considered the main detection mechanism. Even though gas sen-
sors based on carbon nanostructures have these advantages, they have
certain limitations, such as irreversibility and long recovery time. One of
the possibilities to improve the properties of these sensors is to use
carbon materials/metal oxide (MOs) heterostructures in order to
develop systems with suitable response at ambient temperature towards
varied analytes. These materials are not just the sum of the individual
components, but new compounds with new properties and functional-
ities. Some of the carbon nanostructures/MOs heterostructures
mentioned have greater sensitivity to the target gas at room temperature
than the individual materials [129]. These characteristics can also be
observed in heterostructures with conductive metals/metal oxides
[130-132].

According to the literature, ZnO combined with carbon compounds
are more promising as gas sensors than those that are decorated with
metals. This is possible due to the fact that metals have around one, two
or three electrons in the valence band, forming the electronic cloud of
the metal, while conductive carbon compounds, due to sp? hybridiza-
tion, have delocalized = electrons, being bound to a greater number of
carbon atoms by covalent bonding than metals in a metallic bond [133,
134]. Thus, the electron sea of these compounds is larger as well as it is
the surface area, causing the working temperature of the sensor to
decrease, and the sensitivity and selectivity to increase compared to
metals. Besides, when conductive carbon compounds are confined to
zero dimension (quantum dots), in addition to decrease the working
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Table 1
An overview of ZnO-based gas sensors employing different morphologies.
Morphology Synthesis method Operating Gas and Response Response time Recovery time Ref.
temperature /°C concentration S) /s /s
/ ppm
ZnO nanoparticles Sol-gel method 350 H,S / 150 ~23 (1) 265 940 [139]
ZnO-Cry03 27 (1) 385 690
ZnO nanoparticle Hydrothermal reaction 350 Ethanol / 400 20.3 (2) 12 4 [140]
ZnO Nanoplates 23.3(2) 23 5
ZnO Nanoflowers 30.4 (2) 10 4
ZnO QDs Colloidal method 225 Formaldehyde ~15(2) 5 9 [40]
300 /50 ~8.5(2) - -
275 Toluene / 50 ~6.5(2) - -
200 Benzene / 50 ~8(2) - -
Ammonia / 50
ZnO QDs Colloidal method 120 H,S / 68.5 ~1700 (2) - - [141]
ZnO nanorods Precipitation reaction 219 Acetone / 100 12.9 (2) 13 29 [39]
Au-ZnO 172 50.5 (2) 1 20
ZnO nanowires Electrospinning technique RT NHs3 / 50 20 (2) 88 65 [142]
Ag-ZnO nanoneedles Hydrothermal reaction 370 Acetone / 100 18.112 (2) 10 21 [143]
ZnO nanoneedles VS and VL mechanism 195 NO, /5 600% (3) 1050 840 [144]
310 Benzene / 5 35% (3) 240 150
310 Formaldehyde 25% (3) 180 210
/5
ZnO-U Nanofibers Electrospinning technique / Oxygen- 250 Acetone / 100 ~50 (2) 65 75 [116]
ZnO-0 Nanofibers plasma treatment ~125(2) 75 125
ZnO-H Nanofibers ~80 (2) 130 135
ZnO Nanofibers Electrospinning technique / Sol-gel 200 HyS /1 ~55% (3) 14 87 [104]
Cu-ZnO Nanofibers method 83.98% (3) 9 160
ZnO Nanosheets Hydrothermal reaction 307 Ethanol / 200 212 (2) 8 7 [145]
Au-ZnO Nanosheets Hydrothermal reaction 300 Ethanol / 60 35% (2) 15 - [146]
ZnO Nanosheets Hydrothermal reaction RT H, / 100 115% (4) ~9 [147]
GQD-SnO5/ZnO - RT H,S /0.1 15.9 (2) 14 13 [148]
Nanosheets
Pd-ZnO Nanosheets Solvothermal method 300 Hy / 50 2.514 (2) - - [149]
Benzene / 50 1.241 (2)
Toluene / 50 1.312 (2)
CO /50 1.208 (2)
ZnO Nanoplates Hydrothermal reaction 250 Formaldehyde ~2(6) 80 60 [150]
/1
ZnO Nanosheets Hydrothermal reaction 200 NO, /1 2.0(5) ~30 ~400 [151]
ZnO Nanosphere 2.2 (5) - -
ZnO Nanoplates 156 (5) ~30 ~300
Zn Nanoflowers Hydrothermal reaction RT NO, /1 128 (4) 360 240 [152]
Zn Nanoflowers Hydrothermal reaction 250 NO, /1 ~25(2) - - [153]
Zn nanorods CegHg / 10 ~3(2)
EtOH / 20 ~18 (2)
NO; /1 ~15(2)
CeHe / 10 0(2)
EtOH / 20 ~20 (2)

ZnO-U - untreated/ ZnO-O - Oxygen-plasma-treated
(1) S = (Rair - Rgas)/ Rair x 100%

(3) S = (Rgas - Rair)/ Rair x 100%

(5) S = Rgas/Rair

ZnO-H - Hydrogen-plasma-treated
(2) S = Rair/ Rgas
(4) S = (Rair - Rgas)/Rgas x 100%

temperature, they greatly increase the sensor response, due to the
greater contact of the gas of interest with the sensor surface [134].

5. ZnO structures for chemiresistive gas sensing

As mentioned before, ZnO has been employed to design chemir-
esistors, in which changes of electrical resistance occurs when gas
molecules react onto its surface [43]. Specifically, oxygen molecules
adsorbed on the surface of the ZnO can ionize in oxygen species (05,0,
0%7) [135], capturing electrons from the conduction band, leading to
formation of the depletion layer and, thus, increasing the resistance of
the sensor [43]. When reducing gases, such as ethanol, approach the
ZnO surface, oxygen species will interact with these gas molecules and
release electrons trapped back into the conduction band, causing the
resistance of the sensor to decrease [38,136,137]. During exposure to
oxidizing gases as SO, which act as an electron acceptor, the resistance
of the sensor increases [38,138]. In this way, gas detection is achieved
by varying the resistance of the sensor [43]. Currently, efforts have been

devoted to develop miniaturized chemiresistors using zero dimensional
(OD), one dimensional (1D), two dimensional (2D) and three dimen-
sional (3D) nanostructures. The Table 1 presents a compilation of some
of the most relevant works reporting ZnO sensors based on different
morphologies. Besides, a few of them were selected to be presented and
discussed in more details in the next subsections.

5.1. ZnO nanoparticles and quantum dots

ZnO nanoparticles and quantum dots exhibit 0D morphology and
high surface area-to-volume ratio, which is key to increase the sensor’s
figure of merit [154]. The techniques employed for developing nano-
particles and quantum dots (QDs) with controlled size and shape include
spray pyrolysis [138], hydrothermal method [140,155,156], sol gel
[139,157-159], wet chemical method [40,45,141] and others. It is very
important to control the growth rate and the nucleation process to
achieve nanoparticles and QDs with suitable properties for sensing ap-
plications, and usually chemical processes are the preferred over other
methods. As an example, Niarchos et al. explored sol-gel method to
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Fig. 6. (a) ZnO NPs doped with Mg (yielding the sample M3ZO) (i) Comparison of the sensing platforms in the presence of 5 ppm of ethanol, (ii) schematic rep-
resentation of ethanol sensing mechanism and (iii) SEM images of M3ZO and (iv) energy band structure of M3ZO based on the proposed sensing mechanism.
Reprinted with permission from Ref. [157]. (b) (i) dynamic response curves of ZnO QDs at 350 °C as a function of isoprene concentration, (ii) sensing response
comparison for ZnO NPs (blue) and ZnO QDs (red) for isoprene concentration ranging from 0.01 to 1 ppm, the inset presents SEM images of ZnO QDs, schematic
representation of the sensing mechanism for (iii) ZnO NPs and (iv) ZnO QDs. Reprinted with permission from Ref. [163].
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Fig. 7. Scanning electron microscopy of ZnO (a) nanosheets and (b) nanoplates. (c) Sensor response and selectivity towards 0.5 ppm of NO,. Reprinted with
permission from Ref. [151]. (d) Scanning electron microscopy of ZnO nanoflowers, () ZnO nanoflowers, (f) sensor response to low concentrations of NO, and (g)
sensor selectivity towards 5 analytes. Reprinted with permission from Ref. [152].

synthetize ZnO nanoparticles further applied as humidity sensor by
spreading the nanoparticles onto electrodes (paper) surface and
annealing at 100°C to bind the material as a film. Nanoparticles coa-
lescence resulted in better long-term stability proving to be an alterna-
tive material to improve paper-based devices stability over humidity
[158].

ZnO nanoparticles morphology can be designed to improve sensi-
tivity and selectivity, where the surface reactivity is dependent on the
metal oxide crystalline faces facing out [37,68,160]. In this direction,
Ryzhikov et al. [161] prepared ZnO nanoparticles (NP) with different
morphologies (nanorods, isotropic, and cloud-like) by organometallic
route and tested them as gas sensor for CO, CsHg, and NH3. ZnO NP
morphology showed significant influence on sensors response and
selectivity for reducing gases. Nanorods showed the highest response to
C3Hg and CO, whereas, for NH3 detection no effect of morphology could
be observed [161]. The authors highlighted that the ZnO nanoparticles
control was made without drastic changes on the synthetic route and
that the sensor response and selectivity could be related to basal and
lateral crystalline faces presence and percentage, justifying the nanorod
higher sensitivity to propane.

Another strategy highly explored to improve nanostructured ZnO
performance as gas sensor is the doping process of ZnO. For instance,
Jaballah et al. [157] prepared sensing devices based on ZnO NPs and
ZnO NPs doped with Mg (Fig. 6a (i-iii)). The Mg-ZnO (M3ZO) platform
showed a response 200% higher than pristine ZnO NPs for 5 ppm of
ethanol at 250 °C, best operating temperature (Fig. 6a (i)). The proposed
sensing mechanism explores the idea of ethanol acting as a reducing gas
by interaction with oxygen species adsorbed at the oxide surface (Fig. 6a
(ii)). Once the gas is adsorbed, oxygen species release the trapped
electrons from the depletion layer to the oxide bulk decreasing its
electrical resistance (Fig. 6a (iii)). The authors estimated that by doping
ZnO with Mg, the adsorption of oxygen species during the material
synthesis is favored since the dopant will act as donor. Once the gas
sensing is dependent on these oxygen species, higher concentration of
oxygen species led to improved sensing response to ethanol [157].

Metal oxide quantum dots have also demonstrated promising sensing
performance, indicating that very small particles (2-10 nm) with charge
carriers confined in all three spatial dimensions can boost electrical
properties of semiconductors, offering insights to the new era of gas
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sensors [154,162]. Specifically, ZnO QDs have also been successfully
applied in chemiresistive sensors, being one of the three most explored
metal oxide quantum dots along with SnO3 and TiOy [154]. In this di-
rection, ZnO QDs with different grain sizes can be obtained by wet
chemical method with different reaction times as a parameter able to
modulate sensors response to gas analytes such as demonstrated by Hu
et al [141]. In this case, the sensors demonstrated direct correlation
between signal response and crystal grain size when applied to HyS
sensing. This correlation could be corroborated by mathematical
calculation method [141]. Comparing ZnO QDs with ZnO NPs it is
possible to observe the better performance of ZnO QDs (Fig 6b(i, ii))
[163]. Both ZnO NPs and ZnO QDs sensing is based on the same
mechanism, the depletion theory. Nevertheless, ZnO QDs presents
higher resistance once the band gap is larger thanks to quantum
confinement effect and higher amount of oxygen vacancies (Fig. 6b (iii,
iv)). Therefore, ZnO QDs and their greater number of surface-sensing
active sites for isoprene adsorption leads to increased sensing response.

In another example, researcher synthesized ZnO QDs with ~2.53 nm
of diameter and showed a high selective response towards H, when
compared to the other six (interferents) volatiles [45]. In this case, ZnO
QDs sensitivity and selectivity could be addressed to the reaction of Hy
molecules with oxygen species adsorbed onto the sensor surface, and
then with ZnO creating acceptor surface states and releasing electrons to
ZnO QDs bulk. Moreover, QDs have been largely exploited in combi-
nation with other compounds as sensing layer. In a recent study, Sun et
al prepared a mixed platform using ZnO QDs and SnO; hollow nano-
spheres, which hybrid platform showed a better sensing performance
towards formaldehyde than the sensors based on the pristine of ZnO QDs
and pristine SnO3. The improvement was attributed by the authors as a
heterojunction formation resulting from the distinct materials combi-
nation [40]. More examples of hybrid material obtained with ZnO QDs
are discussed in further sections.

5.2. 1D ZnO nanostructures

One-dimensional ZnO nanostructures are versatile materials
employed in supercapacitors [164], photocatalytic degradation [165]
and batteries [166]. Additionally, these structures have also been
applied in gas sensors [167] in varied morphologies, such as nanotubes
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Fig. 8. (a) SEM images of hollow ZnO
nanotubes obtained at (i) 500 °C, (ii) 600 °C
and (iii) 700 °C, (iv) schematic representa-
tion of proposed sensing mechanism for
hollow ZnO nanotubes obtained at 600 °C.
Reprinted with permission from Ref. [198].
(b) (i) sensing response of single-shelled
ZnO (ZnO-2), double-shelled ZnO (ZnO-6),
double shelled ZnO (ZnO-12), singles shel-
led ZnO (Zn0O-24) and ZnO microparticles
(ZnOethanol-12) at 300°C upon exposure to
acetone, (ii) SEM image of ZnO hollow mi-
crospheres, (iii) schematic representation of
proposed depletion layer and (iv) ZnO hol-
low microspheres sensing mechanism.
Reprinted with permission from Ref. [199].
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Table 2
Overview of room temperature sensors employing composites based on ZnO.
Materials Operating temperature /°C Gas and concentration / ppm Response (S) Response time / s Recovery time / s Ref.
ZnO nanosheets — Aniline RT NH;3 / 10 2150% (1) 431 (for 5 ppm) 387 (for 5 ppm) [160]
ZnO 130 Methanol / 100 7 (2 ~17.5 ~15 [202]
ZnO-PANI 60 19.2 (2) 18.2 5.1
PPY 26 NH3 / 50 24 (3) - - [203]
ZnO nanorods — PPy 41 (3) 23 62
ZnO nanorods — PPy — CSA 77 (3) 21 51
ZnO nanoparticle 200 NO, / 100 14 (4 - - [204]
ZnO nanoparticle - PPy RT 37 (4 120-240 24h
ZnO Nanofibers RT NH3; / 100 ~2(4) - - [205]
ZnO Nanofibers — PPS ~10 (4) 51 160
ZnO@CuO RT HyS /10 20,7 (5) 33 298 [206]
ZnO@Ag RT Ethylene / 4.05 (4) 300 600 [207]
30 448 (4 435 1430
50
ZnO@Si05/rGO 29 Ethanol / 300 131.7 (5) - [46]
Methanol / 300 21.8 (5)
1-propanol / 300 156.85 (5)
ZnO NS RT Aniline / 100 1.5 (5) - - [208]
ZnO@CeO 15.1 (5) 67 113
ZnO/Au RT NH; / 10 ~15% (0%RH) (6) 4440 (0%RH) 1680 (0%RH) [209]
~13% (20%RH) (6) 1200 (20%RH) 180 (20%RH)
ZnO/graphene RT NO, /5 6.78% (1) 193 2022 [210]
Zn0/GO RT NH; / 50 ~60 (5) 19 73 [211]
GO ~2.1(5) 250 240
ZnO RT NH; / 1000 ~200 (5) - [212]
Zn0:GQDs 6047 (5)
ZnO:rGO RT NO, /1.5 1.4 (2) 405 760 [213]
HyS / 20 2.68 (2) 404 275
Graphene/ZnO nanorods RT CO / 10-90 21.68-41.08 (4) 435-370 45-115 [214]

(1) S = (Rg-Ra)/R, x 100
(3) S = (Rg-Ra)/Rg X 100
(5) S = Ra/Ry

(2) S = (Ra-Rg)/Rg x 100
(4) S = (Ra-Rg)/Ry x 100
(6) S = (I — 1.)/I, x 100

[168,169], nanowires [142,170-172],
173-175], and nanofibers [104,176-179].

The judicious choice of the production method and associated pa-
rameters can be an excellent way to improve the material performance
towards sensing applications [142]. For example, when ZnO nanowires
are prepared by electrospinning and calcined at different temperatures,
the resulting material might present different performance over gas
detection based on the junction formation for each treatment tempera-
ture. The temperature optimization can be an ally on the sensing per-
formance improvement [142], as well as the optimization of all
synthesis parameters might direct influence the sensor performance.
Post treatment of ZnO nanostructures is also a strategy for properties
modulation and improvement of sensing properties. Researchers have
explored low-temperature plasma treatment of electrospun ZnO nano-
fibers aiming to increase nanofibers surface area and porosity for better
gas sensing performance [116]. This proposition could be corroborated
by DTF calculations and adsorption energy variation according with
ZnO nanofibers surface treatment. Such evidence indicates the direct
influence of plasma treatment on electrons movement and electrical
resistance after exposure to the gas analyte. Thus, the improvement of
1D sensor properties of ZnO has been increasingly expanded beyond the
conventionally found structures. Aside from the high surface area and
great amount of available active sites, ZnO 1D nanostructures sensing
mechanism is benefited from improved charge carriers’ mobility thanks
to a continuous conducting channel formed along the 1D preferential
axes. With that in mind, it would be very welcome future contributions
comparing the length of 1D nanostructures based on the same material
with its sensing performance. Besides solid and porous ZnO 1D nano-
structures, hollow ZnO nanofibers have also been extensively explored
in gas sensors and although it is a 1D morphology, the most recent
classification indicates its 3D character, evidenced by the internal
exposed surface available for gas adsorption. For that reason, hollow
ZnO nanofibers will be discussed along with nanoflowers and hollow
spheres in Section 5.4.

nanoneedles [143,144,
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5.3. 2D ZnO nanostructures

The development of 2D materials composed of a single or a few
atomic layers has been shown to be a promising strategy for optoelec-
tronic devices. Graphene, for example is a 2D material that has aroused
enormous scientific interest owing to their appealing mechanical, elec-
trical and optical properties [145] combined to high porous volume for
gas diffusion [180]. All these features have driven the development of
sensor devices that show high sensitivity to toxic gases with fast
response. Two common ZnO 2D nanostructures normally employed as
sensors are nanosheets [147-149,151,181] and nanoplates [182,183].
In order to compare different 2D morphologies in sensors application,
Duy et al. prepared platforms based on ZnO nanosheets (Fig. 7a) and
nanoplates (Fig. 7b) exposed to low concentrations of NO,. By modu-
lating the hydrothermal synthesis parameters, materials with different
morphologies and related sensing behaviors could be achieved. The
nanoplates were characterized to have a 15 nm thickness, which is
almost 10 times smaller than 3D ZnO (~100 nm). Besides lower thick-
ness, 2D ZnO is also highlighted by the increased surface area and both
together contribute for a high response (S = 76 for 0.5 ppm of NO2) and
selectivity towards NOy against acetone, ethanol, isopropyl alcohol,
triethylamine, SO, and CO (Fig. 7c) [151]. Furthermore, the authors
reported a calculated limit of detection of 3 ppt towards NOs.

5.4. 3D ZnO nanostructures

3D ZnO nanostructures are advanced morphologies that can be
employed for developing chemiresistive sensors with interesting prop-
erties [184-186], although some limitations may occur owing to the
difficult to control the synthesis parameters and limited production rate
[187]. ZnO nanoflowers, for instance, have been successfully employed
in chemiresistive sensors by distinct research groups through different
methods [153,188-192]. Song et al. have prepared ZnO nanoflowers
(Fig. 7d, e) by a hydrothermal method with average diameter of 0.9-1
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Fig. 9. (a) (i) In-situ oxidative polymerization of polypyrrole-ZnO-CSA
nanocomposite, (ii) Ammonia gas molecules adsorption and (iii)
electrical response of polypyrrole-ZnO-CSA nanocomposite towards
ammonia, HyS, NO,, CO and ethanol. Reprinted with permission from
reference [203]. (b) (i) Scanning electron microscopy of ZnO,
ZnO/rGO and 5 atom% Fe-ZnO/rGO, (ii) sensor response of ZnO,
Zn0O/rGO, and 5 atom% Fe—ZnO/rGO to 5 ppm of formaldehyde, (iii)
structure of energy band for ZnO, ZnO/rGO, and 5 atom% Fe—Z-
nO/rGO, (c) (i-iii) schematic illustration of the proposed sensing
mechanism for Fe—ZnO/rGO nanocomposites. Reprinted with
permission from Ref. [223].
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um without any doping or modification. The pure ZnO nanoflowers
sensing performance towards NOy monitoring (Fig. 7f) was attributed to
the formation of an Schottky barrier between the ZnO film and Au
electrodes yielding to a detection limit of 50 ppb and high selectivity for
NO, (Fig. 7g) [152].

3D ZnO nanostructures are usually composed by hollow spheres and
nanofibers. Usually, multiple steps reactions and methods are necessary
to achieve hollow nanostructures which is time consuming and costly
[32]. Therefore, the development of straightforward and effective
one-step synthetic rout to produce hollow nanostructures is still chal-
lenging. Both hollow ZnO nanofibers/nanotubes/nanoneedles and
spheres have been explored for gas sensing and their properties studied
to better understand its influence on the final sensing performance.
Some reports defend the electron-hole pair segregation, where electrons
are located on the external surface while the majority of holes are
located on the internal surface [193-195]. Sensor response time has
been related to wall thickness of hollow ZnO nanotubes, indicating that
response time can be greatly decreased by reducing the wall thickness
[196]. Besides, sensor response can be improved by enhancing the
number of shell structures in hollow ZnO nanospheres [197]. Moreover,
hollow ZnO nanostructures are advancing on the pathway of large-scale
production as demonstrated by Na et al. [198]. The authors achieved
hollow ZnO nanotubes as sensor device for HyS detection with
outstanding figures of merit such as surface area of 31 m?g~!, response
time of 29 s and sensor response of 85% for 10 ppm of H5S for optimized
synthesis temperature (Fig. 8a (i-v)). For hollow ZnO structures, it has
been demonstrated that double-shelled can operate on gas sensing
detection with a response time of 1 second upon exposure to 100 ppm of
acetone along with low limit of detection, low temperature of operation
and high selectivity (Fig. 8b (i, ii)) [199]. The sensing mechanism for
hollow spheres consider the depletion theory in which oxygen species
are adsorbed onto double-shelled ZnO hollow microsphere surfaces
capturing electrons from ZnO conduction band and releasing them when
in contact with the target gas (Fig. 8b (iii)). Besides, the interspace be-
tween the shells is advantageous to gas diffusion as well as double shells
offering large active sites ensuring the gas access from different direc-
tion and resulting in high response (Fig. 8b (iv)).

6. ZnO heterostructures for chemiresistive gas sensing

As discussed in the previous sections, sensors based on semi-
conductor oxides in general require high temperature to control their
kinetics, electron mobility and activation of reactive sites [200]. Other
drawbacks are the energy costs associated with heating the device and
the high temperatures can trigger explosions with flammable gases and
create measurement instability [74,200] in addition to induce crystal
growth and loss of sensitivity. In this way, different approaches have
been explored to develop sensors that can operate at room temperature
with long-term stability [74,200,201]. The additive doping has been
extremely explored for this propose where four classes of materials can
be highlighted: metals, inorganic materials, conducting polymers and
carbon materials. A collection of some of the most relevant works
reporting ZnO/nanocomposites sensors for operation at room tempera-
ture are summarized in Table 2. Besides the compilation of these results
in Table 2, a few of them were selected to be presented and discussed in
the next subsections. Next, we present the major classes of materials that
have been explored for the development of ZnO-based nanocomposites.

6.1. Conductive polymer composites

Composites using conductive polymers have attracted great atten-
tion mainly due to their ease of production and interesting optical and
electrical properties [215]. These materials can be explored in areas as
catalysis [216], batteries [217], supercapacitors [218] and sensors
[219-221]. However, it is worth mentioning that sensing platforms
based on some polymers can respond to multiple gases at room
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temperature and undergoing quick degradation. In this way, the asso-
ciation of this material with SMOs has overcome different limitations
presented by their separate phases such as high working temperatures
(oxides) and low selectivity (polymers) [222]. A wide variety of works
have demonstrated ZnO-based composites with high sensitivity and
stability at room temperature [160,202-205].

ZnO nanostructures have been combined with polyaniline (PANI),
polypyrrole (PPY), poly(3,4-ethylenedioxythiophene) (PEDOT) among
others for sensing and detection applications. For instance, ZnO com-
bined with PANI as a hybrid platform presented sensor response to 100
ppm of methanol 2.5 higher than the pure ZnO platform [202]. Besides,
the combination of ZnO with PANI can result in operating temperature
optimization by improving metal oxide performance at mild tempera-
tures. Such behavior can be attributed to the formation of a hetero-
junction between the ZnO and the conjugated polymer [202]. The
heterojunction formation will further contribute to improved sensor
response once the depletion layer formed at the junction presents a
lower energy barrier, thus favoring the charge transfer. The response of
ZnO/conjugated polymers platforms can be even further optimized
using a complex doping process. For example, Jain et al. studied the
performance of three different platforms using PPy (polypirol),
PPy-ZnO, PPy-ZnO-CSA (camphor sulphonic acid) produced by in-situ
polymerization (Fig. 9a, b). The complex platform (PPy-ZnO-CSA)
showed the better performance towards ammonia detection (Fig. 9c),
with a response of ~80% contrasting with a response of ~40% with the
PPy-ZnO plataform, due to the electronic delocalization created by the
CSA, which has increased the interaction with the analyte and the
selectivity to ammonia against HaS, NO, CO and ethanol [203].

6.2. Carbon materials adding

Carbon materials as doping elements have been employed in the
design of chemiresistive sensors. Common examples that can be site are
carbon nanotubes [224,225], graphene [210,226], carbon black [227,
228], carbon nanofibers [229]. These materials are known for their good
stability, electrical conductivity, and for the surface defect sites which
can be created when employed in nanocomposites with other materials
[229]. Their utilization with metal oxides have proved to be very
promising to develop sensing platforms highly sensitive at room tem-
perature [212,214]. In this way, further improvements have been made
to combine different carbon materials in functional sensing platforms for
operating at room temperature with high sensing performance. Guo
et al. reported a tertiary nanocomposite in which reduced graphene
oxide was combined with ZnO and doped with Fe (Fig. 9d). The nano-
composite was explored towards formaldehyde sensing and showed
improved response when compared with pristine ZnO and ZnO/rGO as
shown in Fig. 9e. This composition allowed the sensor to operate in
lower temperature than common formaldehyde sensors reaching the
detection of a minimum concentration of 5 ppm at this temperature. The
valence band level could be determined by VB XPS (Fig. 9f) and showed
a shift of Fe—ZnO/rGO CB level as a result of Fe doping and rGO intimate
interaction with ZnO. This Fe—ZnO/rGO CB level shift was responsible
for generating more electrons, increasing the content of adsorbed oxy-
gen species and ultimately improving the sensing performance
(Fig. 9g-i) [223].

Besides electrical properties improvements, carbon-based materials
such as graphene can contribute to the design of flexible and wearable
ZnO sensors. For instance, Utari et al. have developed flexible platforms
based on graphene/ZnO nanocomposite highly sensitive and selective
towards CO. The graphene/ZnO nanocomposite showed a 40% higher
sensitivity than bare graphene. By combining p-type graphene with n-
type ZnO, the Fermi levels will be aligned causing a band bending as the
electrons are transferred from ZnO to graphene. The potential barrier
formed at the interface will receive electrons from CO gas during
exposure giving the resistance change as sensor response [214]. The
same behavior was observed by Wongrat et al., who developed ZnO
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nanostructures decorated with graphene QDs reported a superior elec-
trical response towards NH3 at room temperature compared to the
platform based only on ZnO. The QDs provides carboxyl and hydroxyl
groups to the system enabling a higher amount of water absorption
trough hydrogen bonds. Such behavior increases the content of H'
leading to a response 2 order of magnitude higher and great selectivity
(more than 30 times higher response) towards ammonia against ethanol
and acetone [212]. Additionally to the works presented in this topic, the
addition of carbon materials to ZnO composites can be seen as one way
to create surface defect sites and increase the adsorption of target gases
on those platforms, consequently increasing the sensor response.

6.3. Metal and inorganic adding

A large range of metals such as Pt [181,183], Ag [143,159], Pd [149,
182,230], Al [231], Mg [157], Cu [232], Au [39,146,193,233], Cr [139,
234] and Mn [235] have been employed in combination to ZnO to
produce hybrid sensing platforms. It is worth noting that the addition of
metals can result in different behaviors for each platform: in some cases,
the improvement in some parameters (device response and working
temperature) is observed, while in other cases only one parameter is
changed. This behavior can be explained by the nature of the added
metal where two effects can be observed: chemical effects and electrical
effects [236].

The chemical effect concerns the increase in the adsorption rate of
oxygen molecules (O3) and their dissociation into atomic species (O) on
the material surface. This process is responsible for generating an elec-
tron flux from the conduction band of ZnO that will be used for the
ionization of these atomic species. This phenomenon will stimulate the
creation of a depletion layer in the material, which in turn will change its
electronic structure and improve the electrical performance [73].
However, the opposite phenomenon can be also observed. In this case,
the electrical effect created by the work function difference between the
oxide and metallic material can influence electron extraction from the
oxide structure and also create a depletion barrier which will obstruct
the electronic movement and consequently decrease the sensor perfor-
mance at room temperature [38]. In this way, the addition of metals can
show some drawbacks, so it is very important the judicious choice of
materials. For example, Kim et al. reported a sensor employing a hybrid
structure of Au@ZnO nanowires towards CO. The authors found higher
performance and lower operating temperature to the hybrid platform
compared to the ZnO pure platform. The sensor based only on the
nanowires showed good response at 300°C while the hybrid platform
showed high sensitivity at room temperature [47]. In this case, it can be
observed that the doping process was successfully used to create better
response at room temperature. However, the same behavior is not al-
ways observed. Nagarjuna and Hsiao have developed sensing platforms
for ethanol employing Au as a doping element for ZnO nanosheets. The
authors noted an increase of 75% in the sensor response for 60 ppm of
ethanol between the hybrid platform and the platform based only in ZnO
nanosheets. However, the optimum working temperature of the plat-
forms remained at 300 °C [146], suggesting that the doping process is
not always associated with room temperature sensors.

Similarly to metals, inorganic oxides have also been explored as
doping agents in sensors [206-208]. In this direction, Zhang et al have
prepared sensing platforms using Ce as a doping material to ZnO
nanosheets. The authors observed an improvement in sensor perfor-
mance for the hybrid platforms attributed to an increase in oxygen va-
cancies, higher surface area and intimate interface interaction between
the materials. The good properties obtained with the hybrid 2D structure
were explained based on a proposed sensing mechanism that consider
the oxygen vacancies content increased by Ce doping, which in turns
increase the content of oxygen species adsorbed on the metal oxide
surface working as adsorption sites for the target gas [208]. Even more
complex combinations have been proposed aiming to boost the sensor
performance. For example, Samadi et al. have proposed a sensing

15

Sensors and Actuators Reports 4 (2022) 100100

a) 7 7000
180 4
160 4 f 6000
c 140 7 “Z
o 5000
_‘S 120 4 7 /
= 4000 &
2 100 20 / 2
s 200\l s
= 80 - 7 3000 O
- o
3 €07 / . // 7 A 2000
40 / 7 /
20 /'/ 1T 1000
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
b 18.26%
) Nanowires 4 ggv,
Nanofibers
14.59%
Nanorods
1.15% Nanoflowers
59.92% 4.09% Quantum Dots
Nanoparticles

Fig. 10. (a) Number of scientific publications and patents (green histogram)
and citations (blue circles) per year (from 2011 to 2021) related to zinc oxide
for chemiresistive gas sensors applications. (b) Distribution of published articles
according to the ZnO morphology. Data obtained from Web of Science accessed
in March 2022 using the keywords “zinc oxide’” and “gas sensor’” and
“chemiresistive sensor”.

platform using ZnO@SiO2/rGO core/shell composite towards 1-propa-
nol at room temperature. The reduced graphene add to the ZnO@SiO,
structure turns to be responsible for the improved response once it
contributes to an increase of electrical current by the heterojunction
formation at the interface of the hybrid structure created with ZnO@-
SiO, when exposed to the target gas [46]. The overall response is higher
than with ZnO@SiO; once the initial state of ZnO@SiO5/rGO is more
resistive and the final state, after exposure to the gas, is more conductive
than ZnO@SiOs resulting in improved sensing response.

7. Conclusions and perspectives

In this review, we surveyed recent developments in ZnO-based
chemiresistive gas sensors over the last decade. ZnO has captured a
great deal of interest thanks to its excellent properties for sensing varied
analytes as alcohols, ethers, ammonia, (NO)x, HsS, SO, and CO. The
development and improvement of synthesis techniques have enabled the
synthesis of hierarchical and functional ZnO structures, which have been
widely explored for sensing applications, as discussed throughout this
review. A great emphasizes has been given on the production of ZnO-
based (organic and hybrid) composites with controlled morphology,
shape and surface to enhance sensing performance regarding sensitivity,
selectivity, response and recovery time as well as long-term stability.
Specifically, it has been demonstrated that dissimilar materials in
nanocomposites can yield suitable heterojunctions or ion-doped struc-
tures presenting structural characteristics that favor the charge carrier
mobility and transfer, enabling amplified sensing signal when exposed
to the target analyte. Moreover, it is important to emphasize that both
materials choice and morphologies (being this latter aspect highly
influenced by the synthesis method and parameters employed) are key
in the final sensing performance. The ongoing relevance of chemir-
esistive ZnO based sensors can be visualized in Fig. 10a by the number of
publications/citations in the literature over the past decade, indicating



M.A. Franco et al.

the field still have room for studies and exploration. In terms of ZnO
morphology, one observes that nanoparticles are the most popular
choice probably due to the ease and well-known syntheses methods
(Fig. 10b). Followed by nanowires and nanorods are the top three
morphologies most common for ZnO applied in chemiresistive sensors.
Another interesting data from this analysis is the fact that ZnO nano-
fibers represents only 2% of total reports indicating an alternative for

further exploration when it comes to ZnO chemiresistive gas sensors.

Nevertheless, some challenges still need to be overcome regarding
the influence of humidity in the sensing response and precise control on
the composite’s morphology, especially when using 3D nanomaterials.
Besides, flexible, portable, and transparent chemiresistive sensors based
on nanostructured ZnO can also be considered a potential approach for

wearable sensor devices.
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