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Abstract

To meet requirements in air quality monitoring, sensors are required that can measure the concentration of gaseous pollut-
ants at concentrations down to the ppb and ppt levels, while at the same time they exhibiting high sensitivity, selectivity,
and short response/recovery times. Among the different sensor types, those employing metal oxide semiconductors (MOSs)
offer great promises as they can be manufactured in easy/inexpensive ways, and designed to measure the concentration
of a wide range of target gases. MOS sensors rely on the adsorption of target gas molecules on the surface of the sensing
material and the consequent capturing of electrons from the conduction band that in turn affects their conductivity. Despite
their simplicity and ease of manufacturing, MOS gas sensors are restricted by high limits of detection (LOD; which are
typically in the ppm range) as well as poor sensitivity and selectivity. LOD and sensitivity can in principle be addressed by
nanostructuring the MOSs, thereby increasing their porosity and surface-to-volume ratio, whereas selectivity can be tailored
through their chemical composition. In this paper we provide a critical review of the available techniques for nanostructur-
ing MOSs using chemiresistive materials, and discuss how these can be used to attribute desired properties to the end gas
sensors. We start by describing the operating principles of chemiresistive sensors, and key material properties that define
their performance. The main part of the paper focuses on the available methods for synthesizing nanostructured MOSs for
use in gas sensors. We close by addressing the current needs and provide perspectives for improving sensor performance in
ways that can fulfill requirements for air quality monitoring.
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Introduction impacts, air pollution also has detrimental environmental

effects as among others it accelerates climate change, leads

Air pollution is associated with negative effects upon human
health [1-3], leading to some 7 million premature deaths
per year worldwide as recent estimates from the World
Health Organization (WHO) show [4]. Aside from its health
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to acid rain, and changes soil chemistry that in turn affects
plant growth and groundwater quality [5-9]. According to
the Organization for Economic Co-operation and Develop-
ment (OECD), the environmental impacts of air pollution
lead to economic repercussions that are estimated in the
order of multiple trillion US dollars per year globally [10].

Traditional air quality monitoring is carried out by ana-
lytical instruments installed at fixed stations. The location
of these stations is selected based on the proximity to major
air pollution sources, whether the resulting measurements
would be representative for a wider region, and other practi-
cal factors such as availability of power and site safety. The
number of air quality monitoring stations used in national
networks varies depending on the size and the economic
wealth of each country. For instance in the UK, which is a
country that makes substantial investments in environmen-
tal monitoring, the Automatic Urban and Rural Network
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(AURN) has ~300 monitoring stations (1 station in ca. every
830 km?) to monitor common gaseous pollutants and partic-
ulate matter [11]. Even in London, where the need to map air
quality is stronger due to the high population density, moni-
toring is carried out at 14 stations that cover ca. 1600 km?,
yielding a coverage of 1 station in ca. every 110 km? [12].

To determine the impacts of air pollution on human health
and on the environment, we need to monitor the concentra-
tions of the most harmful pollutants with a spatial coverage
that is far higher compared to that of existing air quality
monitoring stations. This can be achieved by using station-
ary and/or mobile platforms with integrated gas sensors that
have a suitable limit of detection, small response times, and
low cross sensitivity. Moreover, it is desired that sensors be
made low-cost, energy efficient, and robust.

Gaseous pollutants can be either inorganic (e.g., CO, NO,
NO,, SO,, and O;) or organic (volatile organic compounds;
VOCs) molecules, and their concentration in the atmosphere
can vary from a few ppt to a few tens of ppm. Depending
on their operating principle, gas sensors can be categorized
as: acoustic wave sensors [13], quartz microbalances [14],
calorimetric sensors (also referred to as anemometers or pel-
listors) [15], electrochemical cells [16], and field-effect tran-
sistors [17]. Other categories of sensors include those that
probe changes of the optical properties (transmission and/or
reflection) [18] of the sensing material caused by absorption
of the target gas molecules, or of the electrical properties
(resistance, conductance, capacitance, and impedance) of
the gas sensing material as a result of the adsorption of gas
molecules onto their surface.

A promising category of sensors, which is increasingly
being considered for air quality monitoring, are those that
employ a metal oxide semiconductor (MOS) [19]. The
resistance of MOSs can be highly sensitive to the type and
number of adsorbed molecules on their surface. Compared
to other types of materials, they have several advantages,
including that they can be easily manufactured and imple-
mented, and that they can yield sensors having adequate
response (from a few seconds to minutes) and sensitivity for
a wide range of target gases [20].

Patented in the 1970s, Taguchi demonstrated that tin
oxide chemiresistors can be used as effective gas sensors
[21]. Following that, a number of studies have provided tech-
niques for improving sensor sensitivity, selectivity, stability,
and response time, as well as for reducing fabrication cost
[22]. At present, MOS chemiresistors are mostly used for
industrial applications where the concentrations of the tar-
get gas molecules are relatively high (ppm or % levels). For
example, Renesas Corporation, in Japan, produces indus-
trial MOS H, sensors which have a specified operating range
from < 10 to 1000 ppm, whereas Figaro Inc., also in Japan,
fabricates MOS gas sensors for measuring the concentration
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of H,S, NH;, and CO, among other gases, in the range of
10-1000 ppm.

Gas sensors that employ MOSs hold great potentials for
applications in air quality monitoring due to their low cost
and high portability, and thus significant efforts have been
made towards optimizing them for sensing key gaseous pol-
lutants. Although the majority of MOSs can exhibit changes
in their resistance as a result of the adsorption of gaseous
species on their surface, specific materials have been shown
to be more appropriate than others for different target gases.
For example, ZnO, SnO,, and TiO, are commonly used for
measuring CO [23], whereas WO; is traditionally employed
for NO, sensors [24]. A number of techniques such as dop-
ing, nanostructuring, and mixing with other families of
materials to produce composites have been employed to
improve the specifications of the end sensors, including their
sensitivity, selectivity, and response/recovery times.

Despite the immense research efforts, use of MOS sen-
sors for environmental monitoring have challenges: (a) their
output signal should ideally not be affected by gases other
than the target gas (i.e., they should have a high selectiv-
ity), (b) their sensitivity should be temperature and humid-
ity independent, and (c) they should exhibit high repeat-
ability. Recent advancements in nanomaterial synthesis
have addressed a number of limitations of MOS gas sensors
for application in air quality monitoring. This has led to a
number of proof-of-concept studies for the development and
implementation of MOS gas sensors with limits of detection
down to 0.05 ppm for explosive markers [25], as well as for
environmental monitoring of several key urban air pollut-
ants, including nitrogen oxides (NO and NO,) and ozone
(05) [26], volatile organic compounds (VOCs) [27], sulfur
oxides (SO,) [28], and carbon monoxide (CO) [29].

A number of review papers focusing on different aspects
of MOS gas sensors have been published recently. Dey et al.
[30] focused on the selectivity, sensitivity and stability of
MOSs, whereas Ji et al. [31] provided an overview of the
involved gas sensing mechanisms and Al-Hashem et al.
[32] focused on the role of oxygen vacancies on the sensing
mechanism of MOS materials and the overall sensor perfor-
mance. Application of MOS gas sensor for air quality moni-
toring has also been reviewed [33]. Despite those efforts,
however, an overview of the field addressing the operating
principles, the performance characteristics and the meth-
ods for synthesizing MOSs for gas sensing applications is
missing.

In this paper, following an extensive discussion on the
operating principles and properties of gas sensors, we pre-
sent a comprehensive literature review on the relevant state-
of-the-art synthesis methods of MOS nanomaterials that can
provide properties required for use in environmental moni-
toring. The last section gives future research and devel-
opment directions for enabling industrial manufacturing
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of MOS gas sensors that can be employed in air quality
monitoring.

Operating principle and performance
of MOS gas sensors

Operating principle

Low-cost gas sensors typically rely on changes of the mac-
roscopic properties of their sensing material upon exposure
to different concentrations of target gases. To achieve good
sensitivity, the materials are typically comprised of grains
(i.e., particulate building blocks) that gently attach one
another. Gas sensors employing MOS grains/particulates in
the form of thin films rely on changes in the conductivity
of the material caused by the adsorption of a number of
target gas molecules on their surface, which is proportional
to the concentration of the gas in the overlaying gas (cf.
Fig. 1). Overall, the sensing mechanism of MOS gas sensors
can be described in two steps: 1. the gas—solid interfacial
interaction (referred to as receptor function), followed by
2. the transduction of this interaction to an electrical sig-
nal caused by the resistance change of the sensing material
(called transducer function).

Two widely accepted mechanism for the receptor function
have been proposed in the literature: namely the ionosorp-
tion and the oxygen vacancies mechanism [34]. In ionosorp-
tion, the chemisorption of oxygen species on the surface of
the MOS is considered the primary sensing mechanism. In

Metal Oxide Film Deposited
on Interdigitated Electrodes

Finger
Electrodes

Fig.1 Schematic diagram showing a particulate-based thin film
deposited on an interdigitated substrate, and the interaction of the
grain boundaries after the gas species adsorb on the metal oxide sur-
face. Left: Illustration of a chemiresistive gas sensor consisting of the
metal oxide semiconducting nanomaterial (orange film) deposited on
an interdigitated substrate with two finger electrodes providing con-
nections to a circuit for resistance measurement; Middle: Microstruc-
tural characteristics of the MOS film showing the grain boundaries
(orange layers), Right: Ambient oxygen species adsorb on the metal
oxide surface, depleting the electrons from the conduction band

the oxygen vacancies mechanism, on the other hand, changes
in the electrical properties of the MOS are induced by oxi-
dation/reduction reactions that take place on its surface. In
either case, the sensitivity and other properties of the sen-
sors depend on factors influencing these surface reactions,
including chemical interactions between the gaseous species
in the sample and the sensing material, surface-modification
and microstructures of sensing material, as well as environ-
mental factors such as temperature and humidity.

Oxygen species (0,7, 07, 0*~, 0,) play a major role in
the operating mechanism of MOS gas sensors. While molec-
ular oxygen is stable below 150 °C, atomic species dominate
at higher temperatures as oxygen ionizes to form molecular
(O,7) and atomic (O~ 02_) species [35]. Adsorbed oxygen
primarily modifies the charge distribution on the surface
of the MOS. Formation of oxygen surface ions takes place
as the adsorbed molecules extract electrons from the con-
duction band at the grain boundaries, creating an electron-
depleted region that forms a space-charge layer that is mani-
fested as a conduction band bending. The electron-depleted
regions throughout the material create locally (at the grain
boundaries) a potential barrier that affects the flow of charge
carriers in the material [36].

The potential barrier of the electron-depleted regions is
further increased when apart from the oxygen also the tar-
get gas molecules adsorb at the particulate MOS surface, as
illustrated in Fig. 1. Depending on the type of the sensing
material (i.e., whether it is an n- or a p-type semiconductor)
and the target gas (i.e., whether it is oxidizing or reducing),
the absolute change in material electrical resistance can vary

O Adsorbed Oxygen
® Adsorbed Target Gas

Electron
Depletion
Region

Potential T
Barrier

throughout the material. This creates a space charge layer (depletion
region), and consequently a barrier to the charge carrier flow at the
grain boundaries. For an n-type particulate MOS gas sensor in the
presence of adsorbed target gas molecules (e.g., NO,), the space-
charge region widens and the conduction band bending of the mate-
rial increases from Eg, to E¢,. This bending creates an increase of
the potential barrier to the path of the charge carrier (e.g., electrons),
which transduces to a change in resistance of the MOS film measured
by an external circuit connected to the interdigitated electrodes
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substantially over several orders of magnitude. While an oxi-
dizing gas would deplete the surface from the electrons, the
reverse is true for a reducing gas. Depletion of conduction-
band electrons causes a decrease of charge carriers in an
n-type semiconductor, thereby increasing the resistance of
the sensing material [37]. The opposite happens for a p-type
semiconductor. In contrast to p-type, n-type nanomaterials
do not exhibit any tendency to exchange their lattice oxygen
atoms with the gas, making them more stable and thus more
favorable as gas sensing materials [38].

The charge transfer mechanism between an n-type semi-
conductor and an electron depleting gas (e.g., NO,) can be
described by the following reactions [39]:

0O,(gas) — O;(ads)(for Top< 150 °C) Reaction 1
0O, +2e~ — 207 (ads)(for Top> 200 °C) Reaction 2
NO,(gas) <> NO,(ads) Reaction 3
NO,(ads) + €~ < NO; (ads) Reaction 4
NO,(ads) + e~ < NO(gas) + O~ (ads) Reaction 5
NO,(ads) + O3 (ads) + 2e™ « NO; (ads) + 207 (ads) Reaction 6
NO, +M*" — M&+D+_ NO; — M&+D+ — O~ + NO Reaction 7
(desorption)
2 M&+D+ — O~ — M** + O, (desorption) Reaction 8

The operating temperature (7,,) refers to the surface
temperature of the MOS, which defines the type of oxygen
species present on its surface, as listed in Table 1, and con-
sequently the response of the sensor. Reaction 1 ccurs when
T,, is <150 °C, while Reaction 2 takes place at 7;,,>200 °C
[40], inducing different surface chemical reactions with the
target gas molecules.

Table 1 Oxygen species on SnO, at various temperatures identified
by Fourier-transform infrared (IR), temperature programmed desorp-
tion (TPD), and electron paramagnetic resonance (EPR). The domi-
nant oxygen species changes from O,~ at lower temperatures towards
O~ at temperatures around 175 °C. Data extracted from Barsan and
Weimar [42]

Molecular ionic species Atomic ionic species

0,(physisorbed) + e~ = 0, 0, +e” =20~
2 - - g
02 _T[02_ E
""""""""""""""""""" .
0,— 0, :
[a] '
& . g
0, E
T .
________________________ ;S I
. o——
& 05 ————+—0"
dominant i dominant
50 100 150 200 250 300

Temperature in °C

@ Springer

Wang et al. demonstrated that 7, plays a major role in
gas sensor sensitivity when this is < 180 °C. This is because
surface reaction kinetics are slow at this range of tempera-
tures, becoming the limiting factor of the gas sensing mech-
anism. Target gas diffusion through the grain boundaries,
which is another factor that affects the overall performance
of the sensors, play an important role as T, increases [41].
At higher operating temperatures, the surface reactions show
faster kinetics and thus cease to be the rate determining fac-
tor. At T,,>260 °C, the diffusion rate of the target gas mol-
ecules becomes the limiting factor for gas sensing, indicating
that the grain morphology, the nanostructure pore size, and
surface to volume ratio can become important parameters
defining the overall gas sensing mechanisms [41].

Performance of MOS sensors

Sensor performance can be characterized by several param-
eters including the limit of detection, sensitivity, response
and recovery times, selectivity, cross sensitivity, stability,
and lifetime. These parameters are crucial for selecting the
most appropriate solution depending on the application.
Definitions of each of these parameters is provided in the
following paragraphs.

Limit of detection (LoD)

Limit of detection is defined as the lowest concentration of
the gas analyte that can be measured. The LoD is an essential
parameter defining the suitability of any type of gas sensors,
including those employing MOS sensing materials, espe-
cially when those are designed for air quality monitoring.
Threshold limits of the main air pollutants set by the Euro-
pean Union (EU) and by the National Ambient Air Quality
Standards (NAAQS) in the US range from a few ppb to a
few ppm as shown in Table 2. Although results reported in
the literature show that MOS gas sensors can operate below
these limits (cf. cited references in Table 2), these systems are
still at the research and development stage. Before assessing
if and how these can systematically be employed in air qual-
ity monitoring, several parameters including their selectivity,
robustness and cost-effectiveness need also be considered.

Sensitivity

As described in the “Operating principle” section, adsorbed
species on the surface of thin-film MOSs affect the current
that can pass through the nanostructure. Sensitivity repre-
sents the change in electrical signal (i.e., change in the resist-
ance of the MOS) as a function of gas concentration. It is
defined as the ratio of the response signal when the sensing
material is exposed to the target gas analyte, to the response
signal in the presence of air:
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Table 2 Threshold limits of

o Pollutant EU Threshold US Threshold Lim- LoD of best-performing sensor ~ References
common pollutapta as set Limits** its**% [43] reported in literature
by European Union and US
agencies, as well as LoD Co 10 ppm 9 ppm 1 ppm [44]
of best-performing sensors
reported in literature NO, >0 ppb 33 ppb > ppb (431
O, 120 ppb 70 ppb 20 ppb [46]
SO, 130 ppb 75 ppb 38 ppb [47]
CO, N/A N/A 150 ppb [48]

**EU air quality standards described in Directive 2008/50/EU
***National Ambient Air Quality Standards (NAAQS) of the US

=_°
S=2 ey

a

where R, and R, are respectively the resistance of the
MOS in pure air, and air containing a fixed concentration
of target gas. It should be noted here that sensitivity is a
function of the temperature at which the MOS can be main-
tained (i.e., the operating temperature of the sensor), typi-
cally exhibiting a maximum/optimum value as illustrated
in Fig. 2.

As the temperature increases, enhanced thermal motion
of the target gas molecules leads to an increase of their dif-
fusion to the bulk MOS. In addition, chemisorption is pre-
ferred over physisorption at lower temperatures, forming
strong target gas-MOS surface chemical bonds that promote
adsorption. This enhanced interaction increases the resist-
ance changes of the MOS and thus the sensitivity of the sen-
sor (cf. Fig. 2). As temperature is further increased, thermal
motion of the adsorbed species increases desorption rate,
which in turn decreases the sensitivity [49]. Given that these

<& >
<

Low reaction rate
which increases
with Temperature

Low penetration depth of
adsorbed species due to
increased thermal motion

Sensitivity

Optimum Temperature

Operation Temperature ———

Fig.2 Dependence of the sensitivity of MOS gas sensors on the
sensor operating temperature. An increase in temperature initially
increases the adsorption (chemisorption and physisorption) of gas
species. However, after a specific threshold (which varies depending
on the MOS and the target gas molecule) the high thermal motion of
the adsorbed species promotes desorption, which in turn decreases
sensor sensitivity

two competing processes have opposite temperature depend-
ences, their dominance determines the optimum operating
temperature of the sensors [50].

Sensitivity can be enhanced by modulating the physical
properties of the nanomaterial (e.g., decreasing the sub-
strate inter-electrode distance [51], increasing the porosity
[52]), affecting its composition through doping [53], or by
using composite materials [54]. While sensor sensitivity can
increase by decreasing the size of the grains in the sens-
ing nanostructured materials [55], doing so leads to dense
agglomeration and clogging at elevated operating tempera-
tures, thereby decreasing the sensing ability in the long run
[56].

Table 3 lists a number of SnO, nanostructured materials,
fabricated by different techniques, and the associated sensi-
tivities to 50 ppm CO as determined by the data provided in
the respective papers and Eq. 1. Evidently, different fabrica-
tion techniques can affect the structure of the nanomaterial
building blocks, their crystallinity, and thus their surface
functionality [57]. In addition, by decorating the surface of
the resulting nanomaterials with well-defined nanoparticles
can provide another means of affecting sensor sensitivity as
they can change the surface electronic configuration and thus
impact the adsorption/desorption of the target gas.

It should be noted here that while many attempts have
been made to improve the sensitivity of MOS gas sensors
by affecting the intrinsic (physical and chemical) properties
of the sensing materials (i.e., the MOS), external factors
including temperature and ambient humidity have shown to
be rather dominant in defining overall sensor performance
[58]. This warrants for thorough testing and optimization
under laboratory and real-life conditions (i.e., at differ-
ent ambient humidity conditions and oxygen partial pres-
sures) when developing MOS gas sensors for air quality
monitoring.

Response and recovery times
The dynamic behavior of gas sensors can be expressed by

their response and recovery times. The response time is the
time that the sensor requires to attain a stable signal when

@ Springer
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Table 3 Sensitivities of
SnO,-based MOS sensors,
fabricated by different methods,

when exposed to 50 ppm CO.
The sensitivities reported are
calculated using Eq. 1

Structure and decorating nanoparti- Synthesis method Sensitivity References
cles on SnO, nanomaterials

Nanosheets—Ni/Zn Hydrothermal process 73 [59]
Nanoparticles—Pt Flame spray 1.5 [60]
Nanowire Chemical Vapor Deposition 2.5 [61]
Nanopowder—Zn/Fe Sol gel synthesis 2.0 [62]

SnO, thin films Pulsed laser deposition 4.0 [63]

exposed to a specific concentration of the test gas. Defini-
tions of the response time vary in the literature. In most
cases, it is described as the time required for the resistance
of the sensing material to reach 90% of the saturation value
following exposure to the target gas as shown in Fig. 3. The
recovery time is the time required by the resistance of the
sensing material to return to the value it had in the absence
of target gas analyte. Typically, the time required to reach a
value that is approximately 10% higher than the initial resist-
ance is reported as the recovery time. Reporting the response
and recovery times corresponding respectively to the 90 and
10% of the saturation signal of a sensor is practical because

(Target gas ON) (Target gas OFF)

1! G |

Resistance () —

tl' €S trec

Time (sec) ——

Fig.3 Schematic diagram showing typical response and recovery of
the resistance of an n-type MOS gas sensor in the presence of an oxi-
dizing target gas. The resistance of the sensing material is stabilized
after exposure to the ambient atmosphere and thus is dominated by
the adsorption of oxygen species (region I). Upon introduction of the
target gas (region II), the resistance begins to rise, reaching a final/
saturation value. The time required to reach 90% of the final resist-
ance value is defined as the response time of the sensor (t,,). Upon
removal of the target gas (region III), the resistance of the sensing
material decreases, reaching its initial value prior exposure to the tar-
get gas. The time required for the resistance of the sensing material
to reach values close (typically 10% higher) to the initial value is the

recovery time of the sensor (t,..)

@ Springer

most sensors can take several hours to reach the final satu-
ration or base signal due to the relatively slow kinetics of
adsorption/desorption.

Similarly to the sensitivity, the response and recovery
time of MOS gas sensors can be affected by the intrinsic
properties of the materials. Table 4 shows optimal operating
temperatures as well as response and recover times of ZnO
nanomaterials used for H,S sensing. Interestingly, using thin
films, but functionalizing them with different metals (Ni, Ti,
or Cu) attributing to the materials a different optimal operat-
ing temperature as well as improved response and recovery
times. Evidently, nanostructuring the thin films can also
affect the properties of the material and thus provide another
parameter to tune the desired response of the sensors.

Selectivity

Selectivity is the ability of gas sensors to identify a target gas
among other different gases. For air quality sensors, selec-
tivity is an important parameter because myriad of gaseous
species that are present at the ppb or ppt levels in the ambi-
ent air could induce changes in the resistance of the MOS in
a similar manner with the target gas. Evidently, for species
that are typically in high concentrations in the atmospheric
environment (i.e., higher than a few tens/hundreds ppm; e.g.,
CO, and H,0) it is much easier to develop selective gas
sensors as not many other atmospheric compounds are so
abundant [69]. For target species that are in the ppb range,
selectivity can be improved by modulating the physical (e.g.,
metal oxide grain size, operating temperature), or the chemi-
cal (e.g., doping, surface functionalization) properties of the
MOS, using similar strategies to those for enhancing sensor
sensitivity. Adding metallic nanoparticles on the surface of
the MOSs can provide another means of improving selectiv-
ity, among other properties of the sensors. For example ion
reduction can be used to form functionalizing nanoparti-
cles on the surface of metal oxides, similarly to the method
reported by Wali et al. [70, 71].

Cross-sensitivity

The sensor response to gas analytes other than the target
gas is referred to as cross-sensitivity. The term is used
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complementary to selectivity, as a gas sensor with low
selectivity will have high cross-sensitivity, which is typi-
cally expressed as a percentage of target gas response. For
example, a CO sensor with 25% cross-sensitivity to H, (the
interfering gas) will produce a signal that is 25% of the full-
scale deflection in the presence of H, without CO. Cross-
g sensitivities can be positive or negative depending on the
5 MOS surface reaction.
b5 T a8 & x e
~ © o O o O The methods to suppress sensor cross-sensitivity are the
same to those for increasing their selectivity. For any sen-
sor designed for air quality monitoring, cross-sensitivities
to gases that are rather abundant should be extremely low.
Among these gases, H,O, which is not a gas pollutant but
is rather abundant in the atmospheric environment, can sig-
nificantly affect the response of the sensors [72, 73]. What
is more, the concentration of water vapor in the atmospheric
o o o environment can be highly variable depending on location
2Zz|l8 ETRELA and meteorological conditions, and thus the slightest cross-
sensitivity to it may affect the response of the sensors in an
unpredictable way. A drier can be installed upstream of the
sensor to remove most of the water vapor. However, this
needs an efficient design since even variabilities of the order
= of 1% in relative humidity at 21 °C can translate to H,O
£ vapor concentration fluctuations in the order of a hundred
2 ppm in dry air.
on
Al 2]l oo oo .
cai il A Sensor stability
o
o~
2 £ The stability, or reproducibility, of a sensor reflects its ability
] . .
é El to produce the same signal over time when exposed to the
S g same concentration of a target gas. It can be distinguished as
§ E active or conservative stability [52]. Active stability reflects
S < the reproducibility of the sensor characteristics over time,
=] .
B |E whereas conservative stability expresses the retainment of
[72] et
é é qomon § § th.e s.electivity and sensitivity of the sensor over time wh.en
I this is stored under room temperature and ambient humid-
St
2 |5 ity [52].
g |2 The stability of MOS gas sensors can be affected by a
2 % number of factors. Structural changes of MOSs used in gas
2 = sensors, which can significantly degrade their overall per-
(5} . . .
< | formance, can be induced by usage over time [74]. Grain
g g growth due to absorption or adsorption of gaseous species
g g 2 can also cause changes in the crystallographic faces [75], the
h~1 =] . . .
a S&lg = 8 § § band gap, and the point defects in metal oxides [76].
g A property of a sensor that is relevant to stability is drift.
‘éo ” This is defined by small changes in the response of the sen-
5 g sor, which are primarily induced by the slow diffusion of
§ é = adsorbed oxygen species in the lattice of the MOS when
= |2 18 this is exposed to identical conditions and the same gas ana-
E = Q a0 p g
2] v 4 g . . .
) g % E é 3 é 5) lyte over long periods of time [77]. Long-term drifts can be
S 5 . .
© o SE E T = NS observed throughout the sensor lifetime, whereas short-term
< | 2 22885 % . . . )
o | B 2 = =g drifts are visible in the first few days of their operation [78].
2|3 §oo0o0 of P
= 2 =]
el 18858382
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Sensor lifetime

The lifetime of a gas sensor can be expressed in two ways:
storage lifetime and operation lifetime. Storage lifetime
refers to the time between sensor fabrication and use for
the first time. The storage conditions play an important role
in the overall lifetime of the sensors. Proper sensor stor-
age should be free of contaminants while temperature and
humidity conditions are controlled to the appropriate levels.
Operation lifetime refers to the duration between the first
time a sensor is used and the time it becomes unfit. Com-
mercial low-cost sensors have typical operation lifetimes of
the order of a couple of years.

Effect of ambient conditions on sensor performance

Designing and building MOS gas sensors that are robust
enough and able to measure the concentrations of air pollutants
over ranges that are relevant for the atmospheric environment
is extremely challenging. Apart from the structural properties
of the nanomaterials that can affect sensor sensitivity, selectiv-
ity, response time, stability and lifetime, external factors can
have a significant impact on their performance. The paragraphs
that follow describe how ambient conditions (humidity and
temperature) can impact the quality of MOS gas sensors, con-
sidering that those are designed to determine air quality.

a)

Adsorbed
species

Metal oxide
surface

Humidity

Humidity remains one of the main challenges when it comes
to optimizing the response of MOS gas sensors, especially
when those are designed to be used in the atmospheric envi-
ronment where the concentration of water vapor can vary
substantially over time. Atmospheric water vapor, being
the most abundant species in air after nitrogen and oxygen,
influences sensing performance because it can easily yield
hydroxyl (OH™) groups upon adsorption onto the surface of
the MOS. This process is in competition with the adsorption
of the target gas analyte molecules, thereby affecting sen-
sor performance [79]. The mechanism through which water
vapor can affect sensor performance is as follows [35]:

H,0 = OH™ +H*
H,0(gas) + 2(M + O;) < 2(M® — OH"") + V2§ + 2¢~ Reaction 10
H,O(gas) + (M +0,) < (M* — OH*") + (OH)} + e~ Reaction 11

Reaction 9

Here M and Oy indicate the lattice metal atom and oxygen,
whereases Vg and (OH): are the oxygen vacancy and the
hydroxyl group embedded in the MOS lattice, respectively.

A schematic illustration of water vapor-MOS interaction
is provided in Fig. 4. Water molecules can dissociate on the
metal oxide surface by two possible mechanism [80]. In the
first case, MOS lattice oxygen atoms from the surface are

\\\\\\e

Scheme 1

b)

Adsorbed
species

Metal oxide
surface

v

Fig.4 Iillustration showing the interaction of adsorbed water mol-
ecules on the surface of a metal oxide, which can deteriorate the per-
formance of gas sensors [81].Water molecules can either adsorb on
the metal oxide surface via their (a) H or (b) O atoms. In the first
case, adsorbed H atoms form OH-M bonds on the surface, extracting
O atoms from the metal oxide surface and thus create O vacancies

@ Springer

| OH

OH
OHMOHK

(V). In the second case, when water molecules approach the MOS
surface via the O atoms, the H of the water molecule chemically
interact with the MOS lattice O atoms, incorporating an OH group
within the metal oxide surface. Key: M: metal atom; O: oxygen atom;
V: oxygen vacancy; OH: Hydroxyl group; H: Hydrogen atom

Scheme 2
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extracted by the adsorbed hydrogen species, creating oxygen
vacancies. At the same time, the surface is decorated with
chemisorbed OH groups. In the second case, the oxygen
atoms of the water molecule can interact with the MOS sur-
face enabling hydrogen atom incorporation into the MOS
surface. In both cases, the surface layer has few metal oxide
sites occupied by adsorbed OH™ ions, which block the direct
interaction with the target gas molecules. What is more, the
interaction of hydroxyl ions with adsorbed oxygen species
decreases the metal oxide baseline resistance, and conse-
quently the overall sensitivity of the sensor [72].

High humidity aging is one technique used to prevent the
degradation of sensors in the presence of water vapor. The
sensing layer loaded with an additional noble element (e.g.,
Pt or Au) is exposed to high concentrations of water vapor
(e.g., 90% relative humidity) for a couple of weeks, making
the sensor humidity indifferent in a certain range of operat-
ing conditions. During this process, the sensing film forms
strong bonds with hydroxyl ions, reducing the number of
reversible water absorption sites, which in turn makes the
sensor resistant to humidity.

Humidity effects on the overall sensor performance can
also vary depending on the target gas species for a given
MOS. For instance, WO; nano-powders synthesized by lig-
uid-based methods (from tungstic acid) are humidity inde-
pendent to NO,, but are affected by humidity when sensing
H,S [82]. This unique characteristic can be attributed to the
molecular structure of the gas species involved. The struc-
tural configuration of H,S and H,O are very similar (bent
geometry), hence they can compete for the same adsorp-
tion sites on the MOS surface. On the other hand, nitrogen
oxides, which have a linear (for NO) or a trigonal planar
(for NO,) structure, do not compete with H,O molecules,
and thus the sensitivity exhibited by the respective MOS
sensors is not dependent on humidity levels as reported by
Jiménez et al. [82].

Temperature

In principle, the performance of MOS gas sensors is not
affected by temperature variabilities as the sensing material
is typically maintained at elevated temperatures (of the order
of a couple of hundred °C) where they exhibit the maximum
sensitivity (cf. previous section). In practice, however, small
fluctuations in the operation temperature of the sensor can
be induced when a sample flow is passed over the sens-
ing MOS (i.e., when the sensor employes active sampling),
thereby inducing potential instabilities in the dissipated heat.
Dong et al. pointed out the effect of sample gas velocity
on the sensor surface temperature and the effect on surface
chemical reactions [83]. With higher velocities, the elevated
temperature of the MOS surface drops, thereby affecting gas
sensitivity. This is expected as surface chemical reactions are

temperature-dependent, and thus define the sensitivity of the
sensors as explained above (cf. Fig. 2).

MOS gas sensors operated at room temperature have also
been proposed and investigated, as they can provide systems
that have a low power consumption given that no heating of
the sensing material is required [84]. Such sensors, however,
are more prone to variabilities of the ambient temperature
as typically the operation temperature is not controlled. To
overcome this limitation, MOS gas sensors operating at
room temperature must be maintained under well-controlled
conditions.

Synthesis and structure of MOS gas sensor
nanomaterials

A wide range of methods have been used to synthesize
metal oxide nanostructured materials for applications in
gas sensing, with each one attributing sensor characteristics
that range widely. The properties of the resulting materials
depend strongly on their composition and structure, which in
turn are determined by the nanoparticle building blocks they
consist of. Particle size, morphology and crystal structure
are key factors controlling overall gas sensor performance.

Nanomaterial synthesis techniques can be classified
either as top-down or as bottom-up approaches. Top down
approaches initially start with a macroscopic substance on
which nanoscale structures can be created through subse-
quent removal of material. Common top down approaches
include e-beam lithography, photolithography, milling and
dry or ion/plasma etching. Top-down processes are typi-
cally associated with high manufacturing throughput, but
control over surface morphology is limited. Moreover,
these approaches typically utilize sophisticated fabrication
techniques that are not favorable for cost-effective and/or
large-scale industrial production required for a number of
applications including gas sensing [85].

In bottom-up approaches, the nanomaterials are built up
atom-by-atom and/or block-by-block. Nanomaterials are
formed by synthesizing nanoparticle building blocks on
surfaces by depositing vapor molecules (in the gas phase)
or ions (in the liquid phase). Atoms/ions are stacked together
to give rise to crystal planes or atomic clusters, which can
further grow to larger particles and material structures.
These crystal planes and/or clusters eventually give rise to
the nanostructure of the sensing material. Alternatively, one
can use nanoparticles synthesized either in the gas (aerosol)
or in the liquid (colloid) phase, and then deposit them in a
controlled way to form the nanomaterials.

Bottom up approaches can be broadly classified into
vapor-phase, liquid-phase, aerosol-based, and colloid-based
techniques (cf. Fig. 5). Common bottom-up methods include
sol-gel, supercritical fluid synthesis, electrospinning,

@ Springer



196 Page 10 of 22

Microchim Acta (2022) 189: 196

Fig.5 Illustration of the four
different bottom-up approaches
for nanomaterial synthesis.
Vapor phase synthesis methods
include formation of vapor
atoms or molecules which are
subsequently collected on a
substrate. Liquid phase methods
rely on the formation of atoms/
molecules in the liquid phase
and on their subsequent deposi-
tion on the substrate. Aerosol-
or colloidal-based synthesis,
employ nanoparticles that are
formed in the gas or liquid
phase, respectively, before being
deposited on a substrate
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biologically-assisted synthesis, electrodeposition, spray
pyrolysis, flame synthesis, chemical and physical vapor
deposition, as well as spark and arc ablation.

Vapor-phase techniques Synthesis methods in which vapor
molecules deposit on a substrate to form nanostructured build-
ing blocks are typically referred to as gas or vapor synthe-
sis techniques. Supersaturated vapors of material are created
inside a reactor, which can be stabilized through deposition
onto a surface. Common examples include sputtering, thermal/
e-beam evaporation, laser ablation, low pressure chemical
vapor deposition, and epitaxy. High purity epitaxial films
can be prepared by such techniques. All these techniques are
rather flexible and versatile, and can produce polycrystalline
or amorphous films depending on the material and the reac-
tor conditions. Vapor phase techniques offer the advantage of
providing high purity nanomaterials, with ways to control their
crystallography and thus their reactivity. However, they have
low throughput and typically involve expensive equipment.

Liquid-phase techniques Liquid phase nanomaterial synthe-

sis involves techniques that employ chemical reactions in
liquid solvents. Examples of such techniques include atomic

@ Springer

layer deposition and template assisted electrodeposition.
Compared to vapor phase techniques, liquid-phase meth-
ods are easily scalable for industrial applications, relatively
inexpensive, and also easy to handle [86]. As temperature
and heat dissipation can be better controlled in liquids as
compared to gases, liquid-phase methods provide very good
control of the size and morphology (including cubes, rectan-
gles, and pyramids) of the resulting particles. Despite these
unique advantages, however, they are typically implemented
as batch process that have high yields, which can be consid-
ered as a downside for certain applications.

Aerosol-based techniques In aerosol-based processes, nano-
particles are synthesized, treated and transported in the gas
phase, typically at atmospheric pressure. Aerosol nanoparti-
cles can be either neutral or charged depending on the synthe-
sis process and can thus be collected on substrates using either
mechanical (inertial impaction, diffusional or thermophoretic
deposition) or electrostatic methods. By avoiding solvents,
aerosol-based methods produce particles of high purity while
at the same time they are environmentally friendly as they do
not produce any waste streams. Common techniques involve
flame synthesis, laser ablation, spark/arc ablation and glowing
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wires. Aerosol-based methods usually yield small spherical
singlet particles or large agglomerates consisting of spheri-
cal primary particles. Additionally, they offer the advantage
of controlling the structure (or the porosity) of the resulting
nanomaterials depending on the technique selected for deposi-
tion (e.g., diffusional deposition, which is gentler, or impac-
tion deposition which is more aggressive).

Colloid-based techniques Colloidal processes are well
established. In contrast to the solution-phase techniques
where the nanoparticles/nanostructures are formed and grow
on the substrate, nanoparticles in colloid-based techniques
are formed as suspensions in the solvent, yielding a colloidal
system. Nanoparticles suspended in liquid media can be sta-
bilized using ligands or surfactants, providing complete con-
trol over the desired physical properties of the synthesized
material. Examples of colloid-based techniques include
chemical precipitation, as well as hydrothermal and sol—gel
processes. With efficient temperature and pressure control
insoluble precipitates can be formed, yielding metal, metal
oxide, organic and pharmaceutical nanoparticles. The reac-
tion conditions are monitored during the process to ensure
that nucleation and growth of the nanoparticle building
blocks is slow and can form colloidal sols.

Table 5 provides a brief overview of all the above-men-
tion techniques, including short descriptions of their advan-
tages and disadvantages.

Types of MOS sensing materials

MOSs showcase a wide range of materials with electrical
behavior that can range from that of insulators (e.g., Al,O;
and MgO), wide-band/narrow-band gap semiconductors
(TiO,, Sn0O,, and Ti,03;, respectively) and metal-like con-
ductors (V,05, Na, WO;, and ReOj). They can also be clas-
sified as transition and non-transition MOSs [105]. Non-
transition MOSs are expected to be relatively inert due to
their limited oxidation states, whereas transition MOSs are
more sensitive to changes in the ambient conditions. Due to
their limited performance at high operation temperatures and
relatively poor electroconductivity, however, non-transition
MOSs are in general less popular for use as gas sensing
materials [106]. That said, they can exhibit enhanced sens-
ing performance for specific target gases as a result of their
superior catalytic properties, especially when combined with
other metals or metal oxides [107].

In fact, catalytic activity at the surface of MOSs can
enhance the sensitivity and selectivity of the end sensors. In
this respect, composite metal oxides (e.g., tin dioxide/zinc
oxide or tin dioxide/indium oxide) whose behavior towards
detecting specific target gases is complementary, offer higher
sensitivity and faster kinetics as compared to single metal

oxides [108]. Considering also that catalytic reactions are by
nature temperature-dependent, producing sensing materials
that rely on the catalytic activity on their surfaces can also
provide another great means of tuning sensor sensitivity and/
or selectivity. We should highlight here that catalytic activ-
ity is an important but not a determining factor; in other
words, it can improve the performance of the sensors, but
not define it.

Other properties of the sensing materials that are impor-
tant for identifying/selecting the most appropriate for spe-
cific target gases include their band gap and type. A high
band gap (larger than ca. 3 eV) in combination with low
activation energy for the chemical reactions responsible for
gas sensing mechanisms is ideal for sensing applications.
This is because for higher band gap MOSs the effect of sur-
rounding temperatures on sensor performance is reduced
[109]. The type of MOS (p- or n-type) also plays a role. The
most popular MOS materials (i.e., SnO,, TiO,, WO;, ZnO)
are n-type as they have a number of advantages including
that they are thermally more stable and can work at lower
partial pressures of ambient oxygen [77]. Common p-type
oxides (e.g. iron oxides) are typically used to form nanocom-
posites with n-type MOSs in order to improve their sensing
performance [110].

Tuning MOS gas sensor performance

The performance of MOS gas sensors depends on the physi-
cal and chemical properties of the sensing nanomaterials/
nanostructures, which can be tuned during fabrication. The
performance of gas sensors is widely affected by the mate-
rial morphology. The size of the nanoparticles (0D struc-
tures) defines the specific surface area available for sensing.
Apart from nanoparticle-based materials, recent efforts have
focused on the synthesis of materials consisting of MOS
nanofibers (1D structures). An advantage of these materials
is the improved sensitivity [111]. 2D and 3D nanoparticle-
based networks of porous morphologies (e.g., nanosheets)
can enable effective and rapid adsorption of target gas spe-
cies, giving fast response/recovery times even at concen-
trations down to the ppb range [112]. Each aspect of the
gas sensor performance is related to the growth of material
morphologies, which is discussed in detail in the following
paragraphs and summarized in Table 6.

The LoD of MOS gas sensors can be improved by enhanc-
ing the adsorption of the target gas onto the sensing nanoma-
terials. This can be achieved by increasing the porosity of the
sensing materials through controlling the size of the nano-
particle building blocks and also the way those are deposited
on the substrate. Sensor selectivity can be improved using
two approaches as proposed by Bochenkov et al. [52]. The
first approach involves optimizing the operating temperature
of the gas sensors that can enable preferential adsorption of
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target gas molecules on the metal oxide surface. The second
approach involves use of gas sensor arrays from which the
signals produced from all their elements can be analyzed
in order to distinguish among several gas molecules in a
mixture.

The sensitivity of MOS gas sensors is strongly depend-
ent on the size of their grains. The relative thickness of the
space charge layer to the grain size defines whether the sens-

£ 12 ing mechanism is controlled by the size of the grains, the

== size of the grain boundaries, or the thickness of the necks
<lg= .. connecting the grains [113]. Grain size and morphology
§ = g g8 can be controlled during fabrication by adjusting a number
= S . .
-Eé S g g g of technique-dependent parameters. For example, in wet-
— oy = . . . .

= _§ 283 chemistry approaches, the size of the resulting grains can be

BE §~ g g " tuned by controlling liquid phase concentrations, synthesis

et —_— (] .

£1E § g %‘3 temperature, presence/absence of surface modifiers, and

= (= reactor residence time. Similarly, the thickness of the space

" 3 charge layer is governed by the properties of the material
= T, £ £ itself. A high concentration of dopants or the magnitude of
= O —

. ‘é_é é £ the voltage applied on the MOSs during sensors operation

%18 2 €& E can affect the width of depletion region.

3 > @ Jo

52832 Z g The stability of MOS gas sensors can also be tuned by

= 556 < . . . .

E % § é § g controlling the synthesis of the sensing materials. Nanoma-

AlIETT°F terial post-treatment, including isothermal annealing with

R embedded noble metals (e.g., palladium or platinum) can

< . . .

5 & 'z improve thermal stability and crystallite growth rate of gas

g iﬁb § g sensor material [114]. For example, Gaury et al. [115] grew
5.8 . .

g £ = § WO;-based nanowires out of a tree-like nanostructured

72 < s . .. .

£y £ 38 g WO; thin film after depositing KOH and annealing, thereby

= B . . .. .

g éﬂ ; g E improving connectivity between the tree-like structures and

> a . o . .

2|8 = affecting the conductivity of the resulting materials. Such

. o post treatment techniques can apply to nanomaterials pro-
i 5= % § 5 . duced with any of the MOS synthesis methods described

o [RRE 8 22 i';;% above.

—= D o 0.8 = =

Elzez o 2.8 .85

S|E£552LESEE

Z2|lEL a8 =Eg5 =825

g, E SD?; 5 E S n= ) %

= »n O 5 .

:‘5: S £7E ESBEED E State-of-knowledge and future perspectives
MOS gas sensors provide attractive candidates for air qual-
ity monitoring. Key requirements for air quality gas sensors

- is to have low LoD (in the order of a ppb for most pollut-

£ ants), high selectivity, and fast response/recovery times as

(5] . . .

= discussed in the ‘“Performance of the MOS sensors” section.

% = Nanomaterials for MOS gas sensors can be synthesized

=l e by both top-down and bottom-up approaches using physical

>~ | © .

© or chemical processes. Vapor-phase and aerosol-based meth-
ods are known to produce high purity nanoparticle building

S blocks and consequently nanomaterials due to the absence
Q

E of solvents, but have a lower throughput as compared to
g solution-phase/colloidal techniques. Vapor phase techniques
= by virtue of being operated under vacuum provide opportu-
wn .. .

2 nities for well-controlled contaminant-free nanofilm growth,
i crystal growth of single-component materials, or materials
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of uniform stoichiometry in the nanoscale [122]. Aerosol
techniques yield unique filamented morphologies and possi-
bilities to create non-equilibrium metastable phases that can
be challenging for other methods [123]. At the same time,
they enable easy nanomaterial handling and possibilities for
scaling up by virtue of being continuous processes.

Colloidal methods, on the other hand, offer better con-
trol of particle morphology, and can be used to make cube-,
rectangle- and pyramid-shaped nanoparticles [124]. While
several vapor techniques are limited to temperature-resistant
substrates, as they require elevated local substrate tempera-
ture during deposition (e.g. direct current sputtering), col-
loidal approaches are flexible in producing both organic and
inorganic substrates; something that is true also for the aero-
sol techniques that are also independent of substrate type, as
nanoparticle deposition can be separated from the synthesis
process, and carried out at room temperature in case the
temperatures for the latter are high (e.g., in flame reactors
or spark discharge generator).

LoD, sensitivity, selectivity, and response/recovery times
for MOS gas sensors, can be tailored by controlling material
characteristics (i.e., composition and size of the grains, as
well as overall morphology and porosity of the nanomateri-
als) during the synthesis process; e.g., by adding surfactants
or controlling nanoparticle growth [125]. Post-synthesis
steps, such as annealing [126] or functionalization [127], can
also be employed to tune the MOS material properties (e.g.,
post-synthesis stabilization of nanoparticles in an organic
solvent [128], or thermal treatment to improve material mag-
netic properties [129]), providing a wide range of options
for sensors that can meet demands in air quality monitoring.

One of the key properties that can enable a sensor for use
in air quality monitoring is the LoD. The majority of MOS
gas sensors have LoD values in the ppm range, whereas most
of gaseous pollutants present in the atmospheric environ-
ment are in the ppb or ppt levels. This warrants for further
efforts aiming at reducing the LoD of current MOS gas
sensors, and thus qualify them for air quality monitoring.
LoD of MOS sensors can be improved with increasing the
porosity of the sensing materials, thereby providing a larger
sensing surface area for gas adsorption and detection in the
sub-ppm range [130]. Apart from having low LoD values,
highly porous materials and thin films having thicknesses
down to a few nanometers also exhibit very fast response
kinetics [131].

Air quality monitoring sensors are subjected to a wide
range of gaseous species, and thus selectivity is another key
property that can define the effectiveness in the field. The
selectivity of MOSs towards a specific gassous species can
in principle be tuned by employing specific catalytic nano-
particles (e.g., Au and Ru) [132]. This requires use of syn-
thesis methods that can allow incorporation of such catalytic
nanoparticles in the MOS sensing material. Alternatively,

@ Springer

use of distinct sensing material arrays on a single chip (com-
monly referred to as an electronic nose), where each material
yields a variant signal when exposed to the same sample gas,
can be used to determine the concentration of more than
one gassous pollutants. Electronic noses, which are typically
operated in combination with sophisticated algorithms that
can disentangle the signals produced by the different sensing
materials on the chip in order to estimate the concentration
of specific gases, provide a promising approach as it can
circumvent issues of selectivity for each sensing material
on the array.

Humidity in most cases has a negative effect on metal
oxide sensor functioning as already discussed in the “Effect
of ambient conditions on sensor performance” section.
While some sensors become insensitive at high relative
humidity (RH) values [133], others simply exhibit slower
response [134]. A possible solution is to use a drier/desic-
cant, which is common practice in air quality monitoring.
Although driers typically employed in such measurements
do not make the samples completely dry (i.e., H,O-free),
they can reduce the RH from ambient down to a few per-
cent. In that range, a 1% change in RH at 21 °C translates
to changes in H,O concentration of the order of a hundred
ppm. MOSs that can withstand humidity fluctuation in that
range, would therefore showcase higher sensitivity and faster
response times.

Long periods of use of MOS gas sensors can diminish
their performance (sensitivity, stability, selectivity) leading
to signal drifts. Considering the low cost of the MOS gas
sensors, which allows for frequent replacements, this may
not be seen as the main drawback for their use in air qual-
ity monitoring. Nevertheless, ways to suppress sensor drifts
over time can be realized (i) by using innovative nanomate-
rial architectures and metal oxide doping [135], as well as
(ii) by employing sophisticated algorithms for adjusting the
recorded signals [136].

Overall, MOS gas sensors provide an attractive solu-
tion for low-cost measurements of air pollutants. That said,
further research and development efforts are needed to
improve key sensor properties (e.g., LoD and selectivity)
that can enable this technology for air quality monitoring.
Such improvements can be made by selecting appropriate
synthesis methods that allow tuning the properties of MOS
materials in the nanoscale. At the same time, use of arrays of
different sensing materials on a single chip, in combination
with sophisticated algorithms for converting the signals to
concentrations of specific gases, can qualify MOS gas sensor
technology for distributed air quality monitoring.

Acknowledgements The authors would like to thank Pedro H. O.
Moreira from TU Ilmenau for his help with the graphical abstract. This
work was co-funded by the European Regional Development Fund and
the Republic of Cyprus through the Research Promotion Foundation
(Project: INFRASTRUCTURE/1216/0070).



Microchim Acta (2022) 189: 196

Page 190f22 196

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.
11.

12.

14.

15.

. Garshick E (2014) Effects of short- and long-term exposures to

ambient air pollution on COPD. Eur Respir J 44:558 LP — 561
Zhou Y, Liu Y, Song Y et al (2016) Short-term effects of out-
door air pollution on lung function among female non-smokers
in China. Sci Rep 6:34947. https://doi.org/10.1038/srep34947
Beverland 1J, Cohen GR, Heal MR et al (2012) A comparison
of short-term and long-term air pollution exposure associations
with mortality in two cohorts in Scotland. Environ Health Per-
spect 120:1280-1285. https://doi.org/10.1289/ehp.1104509
World Health Organization (2018) Ambient air pollution: A
global assessment of exposure and burden of disease. Geneva
Campbell-Lendrum D, Priiss-Ustiin A (2019) Climate change,
air pollution and noncommunicable diseases. Bull World Health
Organ 97:160-161. https://doi.org/10.2471/BLT.18.224295
Schneider SH (1989) The greenhouse effect: science and policy.
Science (80-) 243:771 LP - 781

van den Hoven R (2011) Air pollution and domestic animals
Mellouki A, George C, Chai F et al (2016) Sources, chemistry,
impacts and regulations of complex air pollution: Preface. J Envi-
ron Sci 40:1-2. https://doi.org/10.1016/j.jes.2015.11.002
Lovett GM, Tear TH, Evers DC et al (2009) Effects of air pol-
lution on ecosystems and biological diversity in the Eastern
United States. Ann N'Y Acad Sci 1162:99-135. https://doi.org/
10.1111/5.1749-6632.2009.04153.x

OECD (2014) The cost of air pollution

Kumar P, Morawska L, Martani C et al (2015) The rise of low-
cost sensing for managing air pollution in cities. Environ Int
75:199-205. https://doi.org/10.1016/j.envint.2014.11.019

Xie X, Semanjski I, Gautama S, et al (2017) A review of urban
air pollution monitoring and exposure assessment methods.
ISPRS Int. J. Geo-Information 6

. LiH, Li M, Kan H et al (2019) Surface acoustic wave NO2 sen-

sors utilizing colloidal SnS quantum dot thin films. Surf Coatings
Technol 362:78-83. https://doi.org/10.1016/j.surfcoat.2019.01.
100

Zheng X, Fan R, Li C et al (2019) A fast-response and highly lin-
ear humidity sensor based on quartz crystal microbalance. Sen-
sors Actuators B Chem 283:659-665. https://doi.org/10.1016/].
snb.2018.12.081

Vahidpour F, Oberlédnder J, Schoning MJ (2018) Flexible calori-
metric gas sensors for detection of a broad concentration range
of gaseous hydrogen peroxide: a step forward to online monitor-
ing of food-package sterilization processes. Phys status solidi
215:1800044. https://doi.org/10.1002/pssa.201800044

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Wan H, Yin H, Lin L et al (2018) Miniaturized planar room
temperature ionic liquid electrochemical gas sensor for rapid
multiple gas pollutants monitoring. Sensors Actuators B Chem
255:638-646. https://doi.org/10.1016/j.snb.2017.08.109

LiH, Shi W, Song J et al (2019) Chemical and biomolecule sens-
ing with organic field-effect transistors. Chem Rev 119:3-35.
https://doi.org/10.1021/acs.chemrev.8b00016

Sousanis A, Biskos G (2021) Thin film and nanostructured Pd-
based materials for optical H2 sensors: A Review. Nanomater. 11
Choi S-J, Kim I-D (2018) Recent developments in 2D nanoma-
terials for chemiresistive-type gas sensors. Electron Mater Lett
14:221-260. https://doi.org/10.1007/s13391-018-0044-z

Sun Y-F, Liu S-B, Meng F-L et al (2012) Metal oxide nanostruc-
tures and their gas sensing properties: a review. Sensors (Basel)
12:2610-2631. https://doi.org/10.3390/5120302610

Taguchi N (1971) Gas detecting device US Pat 3:436

Moseley PT (1997) Solid state gas sensors. Meas Sci Technol
8:223

Mahajan S, Jagtap S (2020) Metal-oxide semiconductors for car-
bon monoxide (CO) gas sensing: A review. Appl Mater Today
18:100483. https://doi.org/10.1016/j.apmt.2019.100483

Isaac NA, Valenti M, Schmidt-Ott A, Biskos G (2016) Charac-
terization of tungsten oxide thin films produced by spark ablation
for NO2 gas sensing. ACS Appl Mater Interfaces 8:3933-3939.
https://doi.org/10.1021/acsami.5b11078

Peveler WIJ, Binions R, Hailes SMV, Parkin IP (2013) Detection
of explosive markers using zeolite modified gas sensors. ] Mater
Chem A 1:2613-2620. https://doi.org/10.1039/C2TA01027E
Williams DE, Salmond J, Yung YF, et al (2009) Development of
low-cost ozone and nitrogen dioxide measurement instruments
suitable for use in an air quality monitoring network. In: SEN-
SORS, 2009 IEEE. pp 1099-1104

Zampolli S, Elmi I, Mancarella F et al (2009) Real-time moni-
toring of sub-ppb concentrations of aromatic volatiles with a
MEMS-enabled miniaturized gas-chromatograph. Sensors Actu-
ators B Chem 141:322-328. https://doi.org/10.1016/j.snb.2009.
06.021

Tyagi P, Sharma A, Tomar M, Gupta V (2014) Efficient detection
of SO2 gas using SnO2 based sensor loaded with metal oxide
catalysts. Procedia Eng 87:1075-1078. https://doi.org/10.1016/j.
proeng.2014.11.349

Bicelli S, Depari A, Faglia G et al (2009) Model and experi-
mental characterization of the dynamic behavior of low-power
carbon monoxide mox sensors operated with pulsed temperature
profiles. IEEE Trans Instrum Meas 58:1324-1332. https://doi.
org/10.1109/TIM.2009.2012940

Dey A (2018) Semiconductor metal oxide gas sensors: A review.
Mater Sci Eng B 229:206-217

Ji H, Zeng W, Li Y (2019) Gas sensing mechanisms of metal
oxide semiconductors: a focus review. Nanoscale 11:22664—
22684. https://doi.org/10.1039/CINRO7699A

Al-Hashem M, Akbar S, Morris P (2019) Role of oxygen vacan-
cies in nanostructured metal-oxide gas sensors: a review. Sensors
Actuators B Chem 301:126845

Masson N, Piedrahita R, Hannigan M (2015) Approach for quan-
tification of metal oxide type semiconductor gas sensors used
for ambient air quality monitoring. Sensors Actuators B Chem
208:339-345. https://doi.org/10.1016/j.snb.2014.11.032

Gurlo A, Riedel R (2007) In situ and operando spectroscopy for
assessing mechanisms of gas sensing. Angew Chemie Int Ed
46:3826-3848

Barsan N, Schweizer-Berberich M, Gopelf W (1999) Fundamen-
tal and practical aspects in the design of nanoscaled SnO2 gas
sensors: a status report. Fresenius J Anal Chem 365:287-304.
https://doi.org/10.1007/s002160051490

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/srep34947
https://doi.org/10.1289/ehp.1104509
https://doi.org/10.2471/BLT.18.224295
https://doi.org/10.1016/j.jes.2015.11.002
https://doi.org/10.1111/j.1749-6632.2009.04153.x
https://doi.org/10.1111/j.1749-6632.2009.04153.x
https://doi.org/10.1016/j.envint.2014.11.019
https://doi.org/10.1016/j.surfcoat.2019.01.100
https://doi.org/10.1016/j.surfcoat.2019.01.100
https://doi.org/10.1016/j.snb.2018.12.081
https://doi.org/10.1016/j.snb.2018.12.081
https://doi.org/10.1002/pssa.201800044
https://doi.org/10.1016/j.snb.2017.08.109
https://doi.org/10.1021/acs.chemrev.8b00016
https://doi.org/10.1007/s13391-018-0044-z
https://doi.org/10.3390/s120302610
https://doi.org/10.1016/j.apmt.2019.100483
https://doi.org/10.1021/acsami.5b11078
https://doi.org/10.1039/C2TA01027E
https://doi.org/10.1016/j.snb.2009.06.021
https://doi.org/10.1016/j.snb.2009.06.021
https://doi.org/10.1016/j.proeng.2014.11.349
https://doi.org/10.1016/j.proeng.2014.11.349
https://doi.org/10.1109/TIM.2009.2012940
https://doi.org/10.1109/TIM.2009.2012940
https://doi.org/10.1039/C9NR07699A
https://doi.org/10.1016/j.snb.2014.11.032
https://doi.org/10.1007/s002160051490

196

Page 20 of 22

Microchim Acta (2022) 189: 196

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ruhland B, Becker T, Miiller G (1998) Gas-kinetic interactions
of nitrous oxides with SnO2 surfaces. Sensors Actuators B Chem
50:85-94. https://doi.org/10.1016/S0925-4005(98)00160-9
Fine G, Cavanagh L, Afonja a, Binions R (2010) Metal Oxide
Semi-Conductor Gas Sensors in Environmental Monitoring. Sen-
sors (Peterboroug 10:5469-5502. https://doi.org/10.3390/s1006
05469

Barsan N, Simion C, Heine T et al (2010) Modeling of sensing
and transduction for p-type semiconducting metal oxide based
gas sensors. J Electroceramics 25:11-19. https://doi.org/10.1007/
$10832-009-9583-x

Liu H, Wan J, Fu Q et al (2013) Tin oxide films for nitrogen
dioxide gas detection at low temperatures. Sensors Actuators B
Chem 177:460-466. https://doi.org/10.1016/j.snb.2012.11.051
Korotcenkov G, Brinzari V, Golovanov V, Blinov Y (2004)
Kinetics of gas response to reducing gases of SnO2 films, depos-
ited by spray pyrolysis. Sensors Actuators B Chem 98:41-45.
https://doi.org/10.1016/j.snb.2003.08.022

Wang X, Wang Y, Tian F et al (2015) From the surface reac-
tion control to gas-diffusion control: the synthesis of hierarchical
porous SnO2 microspheres and their gas-sensing mechanism.
J Phys Chem C 119:15963-15976. https://doi.org/10.1021/acs.
jpee.5b01397

Barsan N, Weimar U (2001) Conduction model of metal oxide
gas sensors. J Electroceramics 7:143-167

Regulations O, Guidance R (1910) Code of Federal Regulations.
Respir Prot

Lin C, Xian X, Qin X et al (2018) High performance colorimetric
carbon monoxide sensor for continuous personal exposure moni-
toring. ACS Sensors 3:327-333. https://doi.org/10.1021/acsse
nsors.7b00722

Rossinyol E, Prim A, Pellicer E et al (2007) Synthesis and char-
acterization of chromium-doped mesoporous tungsten oxide
for gas sensing applications. Adv Funct Mater 17:1801-1806.
https://doi.org/10.1002/adfm.200600722

da Silva LF, M’Peko J-C, Catto AC et al (2017) UV-enhanced
ozone gas sensing response of ZnO-SnO2 heterojunctions at
room temperature. Sensors Actuators B Chem 240:573-579.
https://doi.org/10.1016/j.snb.2016.08.158

Prajapati CS, Bhat N (2018) Growth Optimization, Morphologi-
cal, Electrical and Sensing Characterization of V205 Films for
SO2Sensor Chip. In: 2018 IEEE SENSORS. pp 1-4

Willa C, Yuan J, Niederberger M, Koziej D (2015) When Nano-
particles Meet Poly(Ionic Liquid)s: Chemoresistive CO2 Sensing
at Room Temperature. Adv Funct Mater 25:2537-2542. https:/
doi.org/10.1002/adfm.201500314

Kolmakov A, Klenov DO, Lilach Y et al (2005) Enhanced Gas
Sensing by Individual SnO2 Nanowires and Nanobelts Function-
alized with Pd Catalyst Particles. Nano Lett 5:667-673. https://
doi.org/10.1021/n1050082v

Korotcenkov G (2007) Metal oxides for solid-state gas sensors:
‘What determines our choice? Mater Sci Eng B 139:1-23. https://
doi.org/10.1016/j.mseb.2007.01.044

Vilanova X, Llobet E, Brezmes J et al (1998) Numerical simula-
tion of the electrode geometry and position effects on semicon-
ductor gas sensor response. Sensors Actuators B Chem 48:425—
431. https://doi.org/10.1016/S0925-4005(98)00080-X
Bochenkov VE, Sergeev GB (2010) Sensitivity, Selectivity, and
Stability of Gas-Sensitive Metal-Oxide Nanostructures. In: Metal
Oxide Nanostructures and Their Applications. American Scien-
tific Publishers, pp 31-52

Maidler L, Roessler A, Pratsinis SE et al (2006) Direct forma-
tion of highly porous gas-sensing films by in situ thermophoretic
deposition of flame-made Pt/SnO2 nanoparticles. Sensors Actua-
tors B Chem 114:283-295. https://doi.org/10.1016/j.snb.2005.
05.014

@ Springer

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Mohammadi MR, Fray DJ (2010) Nanostructured TiO2-CeO2
mixed oxides by an aqueous sol-gel process: Effect of Ce: Ti
molar ratio on physical and sensing properties. Sensors Actuators
B Chem 150:631-640. https://doi.org/10.1016/j.snb.2010.08.029
Ansari SG, Boroojerdian P, Sainkar SR et al (1997) Grain size
effects on H2 gas sensitivity of thick film resistor using SnO2
nanoparticles. Thin Solid Films 295:271-276

Rao CNR, Kulkarni GU, Thomas PJ, Edwards PP (2003) Size-
dependent chemistry: properties of nanocrystals. In: Advances In
Chemistry: A Selection of CNR Rao’s Publications (1994-2003).
World Scientific, pp 227-233

Ahlers S, Miiller G, Becker T, Doll T (2006) Factors influencing
the gas sensitivity of metal oxide materials. p Vol. 3, pp. 413-447
Wang C, Yin L, Zhang L et al (2010) Metal oxide gas sensors:
sensitivity and influencing factors. Sensors (Basel) 10:2088—
2106. https://doi.org/10.3390/s100302088

Zhou Q, Chen W, Xu L et al (2018) Highly sensitive carbon
monoxide (CO) gas sensors based on Ni and Zn doped SnO2
nanomaterials. Ceram Int 44:4392-4399. https://doi.org/10.
1016/j.ceramint.2017.12.038

Midler L, Sahm T, Gurlo A et al (2006) Sensing low concen-
trations of CO using flame-spray-made Pt/SnO2 nanoparti-
cles. J Nanoparticle Res 8:783-796. https://doi.org/10.1007/
s11051-005-9029-6

Tonezzer M (2019) Selective gas sensor based on one single
SnO2 nanowire. Sensors Actuators B Chem 288:53-59. https://
doi.org/10.1016/j.snb.2019.02.096

Dascalu I, Somacescu S, Hornoiu C et al (2018) Sol-gel Zn, Fe
modified SnO2 powders for CO sensors and magnetic applica-
tions. Process Saf Environ Prot 117:722-729. https://doi.org/10.
1016/j.psep.2018.06.010

Preil EM, Rogge T, Krauf3 A, Seidel H (2015) Gas sensing by
SnO2 thin films prepared by large-area pulsed laser deposition.
Procedia Eng 120:88-91. https://doi.org/10.1016/j.proeng.2015.
08.572

Zhang B, Li M, Song Z et al (2017) Sensitive H2S gas sensors
employing colloidal zinc oxide quantum dots. Sensors Actuators
B Chem 249:558-563. https://doi.org/10.1016/j.snb.2017.03.098
Faisal AD (2017) Synthesis of ZnO comb-like nanostructures for
high sensitivity $$\hbox {H}_{2}$$H2S gas sensor fabrication
at room temperature. Bull Mater Sci 40:1061-1068. https://doi.
org/10.1007/s12034-017-1461-6

Zhang N, Yu K, Li Q, et al (2008) Room-temperature high-sen-
sitivity H2S gas sensor based on dendritic ZnO nanostructures
with macroscale in appearance. J Appl Phys 103:. https://doi.org/
10.1063/1.2924430

Kolhe PS, Shinde AB, Kulkarni SG et al (2018) Gas sensing per-
formance of Al doped ZnO thin film for H2S detection. J Alloys
Compd 748:6-11. https://doi.org/10.1016/j.jallcom.2018.03.123
Yu H-L, Li L, Gao X-M et al (2012) Synthesis and H2S gas
sensing properties of cage-like a-MoO3/ZnO composite. Sensors
Actuators B Chem 171-172:679-685. https://doi.org/10.1016/].
snb.2012.05.054

Seinfeld JH, Pandis SN, Noone K (1998) Atmospheric Chemistry
and Physics: From Air Pollution to Climate Change . Phys Today.
https://doi.org/10.1063/1.882420

Wali LA, Hasan KK, Alwan AM (2020) An investigation of
efficient detection of ultra-low concentration of penicillins in
milk using AuNPs/PSi hybrid structure. Plasmonics 15:985-993.
https://doi.org/10.1007/s11468-019-01096-4

Wali LA, Alwan AM, Dheyab AB, Hashim DA (2019) Excellent
fabrication of Pd-Ag NPs/PSi photocatalyst based on bimetallic
nanoparticles for improving methylene blue photocatalytic deg-
radation. Optik (Stuttg) 179:708-717. https://doi.org/10.1016/].
ijleo.2018.11.011


https://doi.org/10.1016/S0925-4005(98)00160-9
https://doi.org/10.3390/s100605469
https://doi.org/10.3390/s100605469
https://doi.org/10.1007/s10832-009-9583-x
https://doi.org/10.1007/s10832-009-9583-x
https://doi.org/10.1016/j.snb.2012.11.051
https://doi.org/10.1016/j.snb.2003.08.022
https://doi.org/10.1021/acs.jpcc.5b01397
https://doi.org/10.1021/acs.jpcc.5b01397
https://doi.org/10.1021/acssensors.7b00722
https://doi.org/10.1021/acssensors.7b00722
https://doi.org/10.1002/adfm.200600722
https://doi.org/10.1016/j.snb.2016.08.158
https://doi.org/10.1002/adfm.201500314
https://doi.org/10.1002/adfm.201500314
https://doi.org/10.1021/nl050082v
https://doi.org/10.1021/nl050082v
https://doi.org/10.1016/j.mseb.2007.01.044
https://doi.org/10.1016/j.mseb.2007.01.044
https://doi.org/10.1016/S0925-4005(98)00080-X
https://doi.org/10.1016/j.snb.2005.05.014
https://doi.org/10.1016/j.snb.2005.05.014
https://doi.org/10.1016/j.snb.2010.08.029
https://doi.org/10.3390/s100302088
https://doi.org/10.1016/j.ceramint.2017.12.038
https://doi.org/10.1016/j.ceramint.2017.12.038
https://doi.org/10.1007/s11051-005-9029-6
https://doi.org/10.1007/s11051-005-9029-6
https://doi.org/10.1016/j.snb.2019.02.096
https://doi.org/10.1016/j.snb.2019.02.096
https://doi.org/10.1016/j.psep.2018.06.010
https://doi.org/10.1016/j.psep.2018.06.010
https://doi.org/10.1016/j.proeng.2015.08.572
https://doi.org/10.1016/j.proeng.2015.08.572
https://doi.org/10.1016/j.snb.2017.03.098
https://doi.org/10.1007/s12034-017-1461-6
https://doi.org/10.1007/s12034-017-1461-6
https://doi.org/10.1063/1.2924430
https://doi.org/10.1063/1.2924430
https://doi.org/10.1016/j.jallcom.2018.03.123
https://doi.org/10.1016/j.snb.2012.05.054
https://doi.org/10.1016/j.snb.2012.05.054
https://doi.org/10.1063/1.882420
https://doi.org/10.1007/s11468-019-01096-4
https://doi.org/10.1016/j.ijleo.2018.11.011
https://doi.org/10.1016/j.ijleo.2018.11.011

Microchim Acta (2022) 189: 196

Page 21 0f22 196

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gong J, Chen Q, Lian M-R et al (2006) Micromachined
nanocrystalline silver doped SnO2 H2S sensor. Sensors Actua-
tors B Chem 114:32-39. https://doi.org/10.1016/j.snb.2005.04.
035

Malyshev VYV, Pislyakov AV (2008) Investigation of gas-sensi-
tivity of sensor structures to hydrogen in a wide range of tem-
perature, concentration and humidity of gas medium. Sensors
Actuators B Chem 134:913-921

Matsuura Y, Takahata K (1991) Stabilization of SnO2 sintered
gas sensors

Korotcenkov G, Cornet A, Rossinyol E, et al (2005) Faceting
characterization of SnO2 nanocrystals deposited by spray pyroly-
sis from SnCl4-5H20 water solution. G. Korotcenkov, A. Cor-
net, E. Rossinyol, J. Arbiol, V. Brinzari, Y. Blinov, Thin Solid
Films 471 (1-2) (2005) 310-319.

Zhang G, Liu M (2000) Effect of particle size and dopant on
properties of SnO2-based gas sensors. Sensors Actuators B
Chem 69:144-152. https://doi.org/10.1016/S0925-4005(00)
00528-1

Madou MJ, Morrison SR (2012) Chemical sensing with solid
state devices. Elsevier Science

Thokura K, Watson J (2017) The stannic oxide gas sensorprinci-
ples and applications. CRC Press

Heiland G, Kohl D (1988) Chemical Sensor Technology vol 1,
ed T Seiyama

Kannan PK, Saraswathi R, Rayappan JBB (2010) A highly sensi-
tive humidity sensor based on DC reactive magnetron sputtered
zinc oxide thin film. Sensors Actuators A Phys 164:8—14
Heiland G, KOHL D, (1988) Physical and chemical aspects of
oxidic semiconductor gas sensors A2 - SEIYAMA, Tetsuro BT
- chemical sensor technology. Chemical Sensor Technology.
Elsevier, Amsterdam, pp 15-38

Jiménez I, Arbiol J, Dezanneau G et al (2003) Crystalline struc-
ture, defects and gas sensor response to NO2 and H2S of tungsten
trioxide nanopowders. Sensors Actuators B Chem 93:475-485.
https://doi.org/10.1016/S0925-4005(03)00198-9

Dong L, Xu Z, Xuan W, et al (2020) A Characterization of the
Performance of Gas Sensor Based on Heater in Different Gas
Flow Rate Environments. IEEE Trans Ind Informatics 1. https://
doi.org/10.1109/T11.2019.2963683

Du N, Zhang H, Chen BD et al (2007) porous indium oxide nano-
tubes: layer-by-layer assembly on carbon-nanotube templates and
application for room-temperature NH3 gas sensors. Adv Mater
19:1641-1645

Tiwari A, Mishra AK, Kobayashi H (2012) Intelligent Nanoma-
terials. Wiley

Weintraub B, Zhou Z, Li Y, Deng Y (2010) Solution synthesis
of one-dimensional ZnO nanomaterials and their applications.
Nanoscale 2:1573—1587. https://doi.org/10.1039/CONR00047G
Chiu GL, Shaw JM (1997) Optical lithography: Introduction.
IBM J Res Dev 41:3-6. https://doi.org/10.1147/rd.411.0003
Kley E-B, Schnabel B (1995) E-beam lithography: a suitable
technology for fabrication of high-accuracy 2D and 3D surface
profiles. pp 2610-2640

Kuechler WL (1977) Formation of composite particulate material
using high energy rotary impact milling

Salah N, Habib SS, Khan ZH et al (2011) High-energy ball mill-
ing technique for ZnO nanoparticles as antibacterial material. Int
J Nanomedicine 6:863-869. https://doi.org/10.2147/1JN.S18267
Yamamoto N, Tonomura S, Matsuoka T, Tsubomura H (1980) A
study on a palladium-titanium oxide Schottky diode as a detector
for gaseous components. Surf Sci 92:400-406. https://doi.org/10.
1016/0039-6028(80)90212-5

Zrir MA, Kakhia M, AlKafri N (2020) Forming Si nanocrys-
tals on insulator by wet anisotropic etching. Thin Solid Films
696:137766

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Simon I, Barsan N, Bauer M, Weimar U (2001) Micromachined
metal oxide gas sensors: opportunities to improve sensor perfor-
mance. Sensors Actuators B Chem 73:1-26

Nanto H, Minami T, Takata S (1986) Zinc-oxide thin-film ammo-
nia gas sensors with high sensitivity and excellent selectivity. J
Appl Phys 60:482-484

Wollenstein J, Plaza JA, Cane C et al (2003) A novel single
chip thin film metal oxide array. Sensors Actuators B Chem
93:350-355

Cosandey F, Skandan G, Singhal A (2000) Materials and process-
ing issues in nanostructured semiconductor gas sensors. JOM-e
52:1-6

Gaury J, Kelder E, Bychkov E, Biskos G (2013) Characterization
of Nb-doped WO3 thin films produced by Electrostatic Spray
Deposition

Kim I, Rothschild A (2011) Nanostructured metal oxide gas
sensors prepared by electrospinning. Polym Adv Technol
22:318-325

Padil VVT, Cernik M (2013) Green synthesis of copper oxide
nanoparticles using gum karaya as a biotemplate and their anti-
bacterial application. Int ] Nanomedicine 8:889

E. Garwin, S. Schwyn AS-O (1988) Aerosol generation by spark
discharge. 19:639-642

Solis JL, Saukko S, Kish L et al (2001) Semiconductor gas sen-
sors based on nanostructured tungsten oxide. Thin Solid Films
391:255-260

Pink H, Treitinger L, Vité L (1980) Preparation of fast detecting
SnO2 gas sensors. Jpn J Appl Phys 19:513

Titirici M-M, Antonietti M, Thomas A (2006) A generalized
synthesis of metal oxide hollow spheres using a hydrothermal
approach. Chem Mater 18:3808-3812

Capone S, Siciliano P, Quaranta F et al (2000) Analysis of
vapours and foods by means of an electronic nose based on a
sol-gel metal oxide sensors array. Sensors Actuators B Chem
69:230-235

Henrich VE (1995) Metal-oxide surfaces. Prog Surf Sci 50:77—
90. https://doi.org/10.1016/0079-6816(95)00046-1

Kohler J (1993) Book Review: Transition Metal Oxides. An
Introduction to their Electronic Structure and Properties. (Inter-
national Series of Monographs on Chemistry, Vol. 27.) By P. A.
Cox. Angew Chemie Int Ed English 32:304. https://doi.org/10.
1002/anie.199303041

Kanazawa E, Sakai G, Shimanoe K et al (2001) Metal oxide
semiconductor N20 sensor for medical use. Sensors Actuators
B Chem 77:72-77. https://doi.org/10.1016/S0925-4005(01)
00675-X

de Lacy Costello BPJ, Ewen RJ, Jones PRH et al (1999) A study
of the catalytic and vapour-sensing properties of zinc oxide and
tin dioxide in relation to 1-butanol and dimethyldisulphide. Sen-
sors Actuators B Chem 61:199-207

Kiselev VF, Krylov O V (2012) Adsorption and catalysis on
transition metals and their oxides. Springer Science & Business
Media

Ivanovskaya M, Kotsikau D, Faglia G, Nelli P (2003) Influence
of chemical composition and structural factors of Fe203/In203
sensors on their selectivity and sensitivity to ethanol. Sensors
Actuators B Chem 96:498-503

Khalil A, Kim JJ, Tuller HL et al (2016) Gas sensing behavior of
electrospun nickel oxide nanofibers: Effect of morphology and
microstructure. Sensors Actuators B Chem 227:54—64

LiZ, Lin Z, Wang N et al (2016) High precision NH3 sensing
using network nano-sheet Co304 arrays based sensor at room
temperature. Sensors Actuators B Chem 235:222-231

Xu C, Tamaki J, Miura N, Yamazoe N (1991) Grain size effects
on gas sensitivity of porous SnO2-based elements. Sensors

@ Springer


https://doi.org/10.1016/j.snb.2005.04.035
https://doi.org/10.1016/j.snb.2005.04.035
https://doi.org/10.1016/S0925-4005(00)00528-1
https://doi.org/10.1016/S0925-4005(00)00528-1
https://doi.org/10.1016/S0925-4005(03)00198-9
https://doi.org/10.1109/TII.2019.2963683
https://doi.org/10.1109/TII.2019.2963683
https://doi.org/10.1039/C0NR00047G
https://doi.org/10.1147/rd.411.0003
https://doi.org/10.2147/IJN.S18267
https://doi.org/10.1016/0039-6028(80)90212-5
https://doi.org/10.1016/0039-6028(80)90212-5
https://doi.org/10.1016/0079-6816(95)00046-1
https://doi.org/10.1002/anie.199303041
https://doi.org/10.1002/anie.199303041
https://doi.org/10.1016/S0925-4005(01)00675-X
https://doi.org/10.1016/S0925-4005(01)00675-X

196

Page 22 of 22

Microchim Acta (2022) 189: 196

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Actuators B Chem 3:147-155. https://doi.org/10.1016/0925-
4005(91)80207-Z

Pavelko RG, Vasiliev AA, Llobet E et al (2009) Comparative
study of nanocrystalline SnO2 materials for gas sensor applica-
tion: Thermal stability and catalytic activity. Sensors Actuators
B Chem 137:637-643. https://doi.org/10.1016/j.snb.2008.12.025
Gaury J, Lafont U, Bychkov E et al (2014) Connectivity enhance-
ment of highly porous WO3 nanostructured thin films by in situ
growth of K0.33WO3 nanowires. Cryst Eng Comm 16:1228-
1231. https://doi.org/10.1039/C3CE42078G

Mei L, Chen Y, MaJ (2014) Gas sensing of SnO2 nanocrystals
revisited: developing ultra-sensitive sensors for detecting the
H2S leakage of biogas. Sci Rep 4:6028

Tang N, Chen B, Xia Y et al (2015) Facile synthesis of Cu20
nanocages and gas sensing performance towards gasoline. RSC
Adv 5:54433-54438. https://doi.org/10.1039/C5RA07638B
Taurino AM, Forleo A, Francioso L et al (2006) Synthesis, elec-
trical characterization, and gas sensing properties of molybde-
num oxide nanorods. Appl Phys Lett 88:152111. https://doi.org/
10.1063/1.2192571

Maiti A, Rodriguez JA, Law M et al (2003) SnO2 Nanoribbons as
NO?2 Sensors: Insights from First Principles Calculations. Nano
Lett 3:1025-1028. https://doi.org/10.1021/n1034235v

ul Haq M, Wen Z, Zhang Z, et al (2018) A two-step synthesis
of nanosheet-covered fibers based on a-Fe203/NiO composites
towards enhanced acetone sensing. Sci Rep 8:1705. https://doi.
org/10.1038/s41598-018-20103-y

Kim J-W, Porte Y, Ko KY et al (2017) Micropatternable double-
faced ZnO nanoflowers for flexible gas sensor. ACS Appl Mater
Interfaces 9:32876-32886. https://doi.org/10.1021/acsami.7b092
51

Huttel Y, Martinez L, Mayoral A, Fernandez I (2018) Gas-Phase
Synthesis of Nanoparticles: present status and perspectives. MRS
Commun 8:947-954. https://doi.org/10.1557/mrc.2018.169
Pratsinis SE (2010) Aerosol-based technologies in nanoscale
manufacturing: from functional materials to devices through
core chemical engineering. AIChE J 56:3028-3035

Buesser B, Pratsinis SE (2012) Design of nanomaterial synthesis
by aerosol processes. Annu Rev Chem Biomol Eng 3:103-127.
https://doi.org/10.1146/annurev-chembioeng-062011-080930
Kim K-W, Cho P-S, Kim S-J et al (2007) The selective detection
of C2ZH50H using SnO2-ZnO thin film gas sensors prepared by
combinatorial solution deposition. Sensors Actuators B Chem
123:318-324. https://doi.org/10.1016/j.snb.2006.08.028

@ Springer

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Zhang J, Guo E, Wang L et al (2014) Effect of annealing treat-
ment on morphologies and gas sensing properties of ZnO
nanorods. Trans Nonferrous Met Soc China 24:736-742. https://
doi.org/10.1016/S1003-6326(14)63119-8

Van Thi Hong P, Hoang Thanh N, Van Quang V et al (2014)
Scalable fabrication of high-performance no2 gas sensors based
on tungsten oxide nanowires by on-chip growth and RuO2-
functionalization. ACS Appl Mater Interfaces 6:12022-12030.
https://doi.org/10.1021/am5010078

Wang Y, Wong JF, Teng X et al (2003) “Pulling” nanoparticles
into water: phase transfer of oleic acid stabilized monodisperse
nanoparticles into aqueous solutions of a-Cyclodextrin. Nano
Lett 3:1555-1559. https://doi.org/10.1021/n1034731j

Unni M, Uhl AM, Savliwala S et al (2017) Thermal decomposi-
tion synthesis of iron oxide nanoparticles with diminished mag-
netic dead layer by controlled addition of oxygen. ACS Nano
11:2284-2303. https://doi.org/10.1021/acsnano.7b00609

Han M, Kim H-J, Lee H, et al (2019) Effects of porosity and
particle size on the gas sensing properties of SnO2 films. Appl
Surf Sci 481:. https://doi.org/10.1016/j.apsusc.2019.03.043

Dai Z, Xu L, Duan G et al (2013) Fast-Response, Sensitivitive
and Low-Powered Chemosensors by Fusing Nanostructured
Porous Thin Film and IDEs-Microheater Chip. Sci Rep 3:1669.
https://doi.org/10.1038/srep01669

Ponzoni A, Baratto C, Cattabiani N et al (2017) Metal oxide gas
sensors, a survey of selectivity issues addressed at the SENSOR
lab, Brescia (Italy). Sensors (Basel) 17:714. https://doi.org/10.
3390/s17040714

Qi Q, Zhang T, Zheng X et al (2008) Electrical response of
Sm203-doped SnO2 to C2H2 and effect of humidity interfer-
ence. Sensors Actuators B Chem 134:36-42

Fomekong RL, Saruhan B (2019) Influence of humidity on NO2-
sensing and selectivity of spray-CVD grown ZnO thin film above
400 °C. Chemosensors. https://doi.org/10.3390/CHEMOSENSO
RS7030042

Dai Z, Liang T, Lee J-H (2019) Gas sensors using ordered
macroporous oxide nanostructures. Nanoscale Adv 1:1626-1639.
https://doi.org/10.1039/C8NA00303C

Liu T, Li D, Chen J et al (2019) Active learning on dynamic
clustering for drift compensation in an electronic nose system.
Sensors (Basel) 19:3601. https://doi.org/10.3390/s19163601

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/0925-4005(91)80207-Z
https://doi.org/10.1016/0925-4005(91)80207-Z
https://doi.org/10.1016/j.snb.2008.12.025
https://doi.org/10.1039/C3CE42078G
https://doi.org/10.1039/C5RA07638B
https://doi.org/10.1063/1.2192571
https://doi.org/10.1063/1.2192571
https://doi.org/10.1021/nl034235v
https://doi.org/10.1038/s41598-018-20103-y
https://doi.org/10.1038/s41598-018-20103-y
https://doi.org/10.1021/acsami.7b09251
https://doi.org/10.1021/acsami.7b09251
https://doi.org/10.1557/mrc.2018.169
https://doi.org/10.1146/annurev-chembioeng-062011-080930
https://doi.org/10.1016/j.snb.2006.08.028
https://doi.org/10.1016/S1003-6326(14)63119-8
https://doi.org/10.1016/S1003-6326(14)63119-8
https://doi.org/10.1021/am5010078
https://doi.org/10.1021/nl034731j
https://doi.org/10.1021/acsnano.7b00609
https://doi.org/10.1016/j.apsusc.2019.03.043
https://doi.org/10.1038/srep01669
https://doi.org/10.3390/s17040714
https://doi.org/10.3390/s17040714
https://doi.org/10.3390/CHEMOSENSORS7030042
https://doi.org/10.3390/CHEMOSENSORS7030042
https://doi.org/10.1039/C8NA00303C
https://doi.org/10.3390/s19163601

	Metal oxide semiconducting nanomaterials for air quality gas sensors: operating principles, performance, and synthesis techniques
	Abstract
	Introduction
	Operating principle and performance of MOS gas sensors
	Operating principle
	Performance of  MOS sensors
	Limit of detection (LoD)
	Sensitivity
	Response and recovery times
	Selectivity
	Cross-sensitivity
	Sensor stability
	Sensor lifetime

	Effect of ambient conditions on sensor performance
	Humidity
	Temperature


	Synthesis and structure of MOS gas sensor nanomaterials
	Types of MOS sensing materials
	Tuning MOS gas sensor performance

	State-of-knowledge and future perspectives
	Acknowledgements 
	References


