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Introduction

A gas sensor is a device which detects the presence and/or quantifies the concentration of one or
various gases within a specific volume by means of chemical and/or physical interaction of the gas
or gases with matter (ceramics or polymers) for determining any change in a physical property
before and after of this action. For example, in an electrochemical gas sensor, the concentration of
a target gas is measured by means of oxidizing or reducing at an electrode, through resulting
electrical current. Chemical sensors can be classified as: optical, electrochemical, electrical,
magnetic, thermometric and based on other physical properties such as radiation [1-2]. Within
chemical sensors, electrical sensors (For example, metal oxide semiconductor (MOS) sensors,
organic semiconductor sensors, electrolytic conductivity sensors, or electric permittivity sensors.)
are based on reversible redox processes produced between a gas or gases to be sensed and their
interaction with a sensible material, which produces a change in their electrical properties. A
variety of semiconductor gas sensors can be found in the market, but they can be classified
according with the type of transducer used as: resistor, diode, MIS (metal-insulator-semiconductor)
capacitor, MIS FET (metal-insulator-semiconductor field effect transistor), and oxygen
concentration cell [3-7]. Each type of gas sensor has a specific structure, working principle and
sensing mechanism. Actually, the most successful type in the market is the resistive, since only two
terminals are used in the circuit, wide area of sensing is available, and a nonlinear response of large
amplitude is obtained without necessity of an embedded electronic amplifier in the sensor design.
Although, a lot of parameters can be used to characterize sensor performance [2], here only are
considered those whose effect can be controlled by matter used as sensible material. These are
listed as defined as follows:

e Sensitivity is the change in measured output signal per gas concentration unit, that is, the
slope of its calibration curve.

o  Selectivity is the quality that determines whether a sensor can react selectively to a certain
group of gases or even specifically to a single gas.

e  Stability is the ability of a sensor to keep reproducible performance in a specific period of
time of parameters such as sensitivity, selectivity, amplitude and form of response, and
recovery time.

e Detection limit is the lowest concentration of gas that can be detected by the sensor under
established operating conditions, for example, at a particular temperature.

e Response time is the time required by the material used in the sensor to react to a step
concentration changing from zero to a certain concentration value.

e Recovery time is the time that takes to the output signal of the sensor returning to its
initial value without gas, after that a concentration change from a certain value to zero
was applied to the sensor.

e  Operating temperature is the temperature at which the maximum sensitivity of the sensor
is achieved.

e Resolution is the lowest concentration difference of gas that can be discriminated by
sensor.

e Life cycle is the period of time that will continuously operate the sensor without fault and
to its maximum capacity.

e  Hysteresis is the maximum difference in output signal when the value is reached either
with an increase or a decrease of the gas concentration range to be measured.
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e Repeatibility or test-retest reliability is the variation in value of measurements taken by a
gas sensor on the same item and under the same conditions.

e Dynamic range is the gas concentration range between the lowest detection limit and the
highest limiting concentration.

Different morphologies of ceramic nanomaterials have been synthesized and functionalized by
different physicochemical processes. Desirable response a different gases with good stability,
sensibility, selectivity, lower operating temperature, and fast response time are attributed to
nanostructured ceramic materials that have been developed until now. The gas sensing mechanism
and the advantages of these nanomaterials depends of the several technical aspects such as
morphology, compositions, dimensions, physicochemical properties, etc. Recently, interest in
different morphologies of ceramic nanomaterials has been greatly stimulated due to their large
aspect ratio, less agglomerated configuration, and slow electron/hole recombination rate. This
chapter has as aim analyzing and understanding how these technical aspects, involved in the
ceramic nanomaterials, have improved and optimized the gas sensing mechanism in practice. All
figures in this chapter are original and were developed by the first author.

Basic Aspects of Nanostructured Ceramic Materials

A ceramic material can be defined as an inorganic, nonmetallic solid prepared by the action of heat
and subsequent cooling, and it has a crystalline, partially crystalline, or amorphous structure.
Ceramic materials can be classified as: structural, refractories, white wares, or technical
(engineering, advanced, special or fine ceramics). In addition, technical ceramics which are used in
emerging applications can be classified as: oxides, non-oxides, or composites. For gas sensing,
semiconductor oxides based on metals are the most exhaustively materials used as active materials
in this application. Actually, oxides based on actinides, lanthanides, and other metals have
demonstrated their potential application in the design of gas sensors.

Nanostructured materials are objects of intermediate size between microscopic and molecular
structures. Nanostructures can have one dimension, two dimensions or three dimensions on the
nanoscale, that is, their type is associated with the number of dimensions of the object between
0.1 and 100 nm. In this way, nanotextured surfaces are unidimensional, nanotubes are
bidimensional, and nanoparticles are tridimensional. Between nanomaterials that have been used
to design gas sensors are found metal oxides, metal nanoparticles, metal complexes, polymers, and
carbon nanotubes [8]. More recently, graphene offers another possibility to develop
nanostructured gas sensors. In [8], they described a set of advantages and disadvantages related
with the use of nanomaterials in gas sensors design. The main advantages are: higher sensitivity,
smaller size and quantity of sensing material, shortest response and recovery times, lower working
temperatures and power consumption. Moreover, they are relative inexpensive, and easy of
preparing in the ultra-dispersed state. On the other hand, the main disadvantages are: they require
post-treatment after of their synthesis, advanced characterization and synthesis techniques, and
low repeatability and reproducibility. Ceramic nanomaterials are ideal options of semiconducting
materials for fabricating high-performance gas sensors due to their extraordinary combination of
physical and chemical properties, and also valuable additives that provide new functionality to gas
sensors to increasing and optimizing their sensitivity, selectivity, stability, response time, and
operating temperature [2-28], as shown in Figure 1.1.



Nanotechnology for optics and sensors 4

Selectivity Sensibility

Dimensions

Stability

Operating Temperature Response Time

FIGURE 1.1
Web-chart that illustrates the advantages achieved in gas sensors based on nanomaterials (depicted as blue
lines) on those based on bulk and/or micro-materials (illustrated with green lines)

These can be sub-classified as surface sensitive and bulk sensitive. High-performance resistive gas
sensors can be prepared using simple ceramic nanomaterials such as Cu,0 [12], CdO [21], ZnO [13],
Fe,0;5 [10], In,05 [9], SN0, [14], TiO, [18], MoOs; [25], WO; [15], etc. and compounds such as ZnO-
Sn0, [20], Ni,03-Sn0, [26], LaNbO, [16], NiMn,0, [22], NiV,0¢ [13], potassium hollandite (barium
oxide and manganese oxide) [19], cobalt titanates (titanium oxides) [24], etc. Among morphologies
that have been fabricated (under different materials) until now, can be found nano-structures such
as nanofibers [9, 28], nanotubes [18], nanorods [10, 13, 20, 28], nanoflowers [13], nanospheres [22,
24], nanoflakes [25], nanopowders [16, 28], nanoparticles [12, 14-16, 26], nanozeolites [19],
nanosheets [21], etc. Physicochemical processes of chemical synthesis such as electrospinning [28,
29], chemical precipitation [28, 30], hydrothermal [10, 11, 13, 14], grinding-sonication [25, 31],
solution-evaporation [22, 32], sol-gel [15, 33], spray pyrolysis [21, 34], etc. can be used to fabricate
gas sensors. Appropriate donors or acceptors modify surface of the sensitive materials under
oxygen partial pressures, and therefore, the electrical conductivity of semiconductor metal oxides
can be increased or reduced. Ceramic nanomaterials have increased sensitivity, selectivity, and
stability, and in addition, reduced operating temperature and response time of gas sensors.
Through of morphology, composition, dimension, and physicochemical properties, it is possible
improving performance of gas sensors using ceramic nanomaterials.
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Resistive or Conductometric Gas Sensors

The electrical behavior of gas sensors have been widely studied using different electrical
parameters such as electrical current, voltage, resistance and/or capacitance. The basic gas sensing
mechanism implies redox reactions at the surface of the sensitive material, which lead to changes
in the depletion layer of material that produces a change in electrical resistance due adsorption of
gases on the material surface. Electrical conductivity can be defined as a measure of ability of
materials to conduct an electrical current, expressed in Siemens (S). Electrical resistivity is the
opposed. In nanostructured materials, large fraction of atoms in the surface involves oxygen
vacancies available, and therefore, enhanced gas sensing properties can be achieved. Here,
resistive or conductometric are analyzed since interaction with target gas can produce a change of
conductivity or resistivity of the sensitive material to gas of interest [35]. They are used to monitor
toxic gases such as carbon monoxide (CO), hydrocarbons (methane (CH,), etc.), nitric oxide (NO),
nitrogen dioxide (NO,) and hydrogen (H,). Semiconductors can be classified as: (1) n-type
semiconductors when majority charge carriers are electrons, reducing gases increase the
conductivity of the sensitive material, and (2) p-type semiconductors when main charge carriers are
holes, oxidizing gases increase the conductivity of the sensitive material [36]. In Table 1.1, a
summary of the behavior of electrical conductance versus type of measured atmosphere is given.

TABLE 1.1
Type of effect on electrical conductance of gas sensors in accordance to measured gas atmosphere

Type of Gas Sensor | Detection of Reducing | Detection of Oxidizing
Gases Gases

p-type Conductance increase Conductance decrease

n-type Conductance decrease Conductance increase

Different analytical approaches have been proposed for describing the dependence of the
responses of gas sensors based on semiconductor metal oxides [37]. The ideal gas sensor output
signals can be approximated as a periodic function f(t) based on Fourier series mathematically
expressed as:

(1]

FO) = A+ %(sen(t/T) N sen(3t/T) N sen(5t/T) N >

1 3 5

where A is the amplitude of the output signal, and T is the period of the input signal, and t is the
time. In Figure 1.2, it is depicted the ideal output signal obtained of a gas sensor for different
number of elements n in the Fourier series, where it is obvious that a high number of n allows a
better approach.
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FIGURE 1.2
Ideal output signal of a gas sensor expressed as a function based on Fourier series

In practice, instantaneous transitions between the high and low levels are never achieved due to
physical limitations of the electrical circuits that generate the waveform applied to gas sensors.
Thus, a time is required to rise from the low level to the high level which is called rise time. In
reverse mode, the time required to fall from the high level to the low level is called fall time. Two
behaviors directly related with transitions can be distinguished: 1) overdamping, where waveform
may never in reality reach the theoretical high and low levels, and 2) underdamping, in whose case
waveform oscillate about the high and low levels before settling down. Both behaviors can be
visualized in Figure 1.2, where a higher number of sinusoidal waveforms with different amplitudes
and frequencies are required to achieve an ideal square wave. Therefore, rise and fall times are
measured between particular transitional levels, such as 5% and 95% or 10% and 90%.

How to Optimize the Sensitivity

The main parameter related with response of a gas sensor is called sensitivity. The classical
interpretation about sensitivity establishes that it is the slope of the graph that represents the
change of the electrical parameter (involved in the measurement) such as resistance, current or
voltage versus the gas concentration [38]. In this manner, sensor's sensitivity determines the rate
of change between sensor's output and the measured quantity. Mathematically, it can be
evaluated by dimensionless parameters such as sensor signal, response ratio, or sensor response,
which are expressed as a ratio such as

s =22 [2]

in the case of reducing gases (Equation 2), or
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s=-L [3]

for oxidizing gases (Equation 3), where R, is the resistance of gas sensor to the reference gas
(commonly the air) and R, is the resistance when both reference gas and target gases are applied to
the sensor. Other ratios for reducing gases [12, 16, 24] (Equation 4) have been also used such as

G_Ra=Ry . _OR .
= R or _Ra [4]
or
R, — R AR
S=—4—2orS=— [5]
Rg Rg

for oxidizing gases (Equation 5), are found in the literature. Therefore, since a unique definition for
sensitivity has been not established, one must be very careful at using and comparing the
sensitivities reported by different researchers around the world.

Alternative mathematical expressions for sensitivity in function of electrical current are [11]:

I, —1 Al
S=4 L ors=— [6]
I I,
for reducing gases, and
I, —1 Al
S==2—I or§s=— [7]
Iy Iy

for oxidizing gases, where [, is the electrical current of the gas sensor when reference gas
(commonly the air) is applied,and I, is the electrical current when both reference gas and target
gases are applied to the sensor.

Making use of the Table 1.1 and applying Equations 2 and 4 was obtained a curve where is shown
the behavior of the sensitivity of p-type gas sensors in reducing atmospheres. It can be concluded
that Equation 2 presents an increasing exponential behavior as R, increases and therefore, it is
necessary that ratios as large as 20 times between R, and R, occurs to achieve high sensitivity.
Equation 4 presents a linear behavior and values less than 1 in sensitivity are obtained for
sensitivity. The results of Equation 4 were scaled to can appreciate the shape of the curve. Similar
behaviors can be predicted to n-type gas sensors in oxidizing atmospheres.

Equations 3 and 5 together with Table 1.1 were used to estimate the behavior of the sensitivity for
n-type gas sensors in oxidizing atmospheres. Sensitivity calculated using Equation 3 has a linear
behavior, therefore, since R, will be increased then sensitivity will be higher. A logarithmic behavior
can be viewed for Equation 5, it was scaled to know the shape of the curve. Similar behaviors can
be predicted to p-type gas sensors in reducing atmospheres.
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Sensitivity can be expressed in function of concentration for gas sensors using p-type materials as:

and, for gas sensors based on n-type materials as:

S =Cyexp (k%) [9]

where S is the sensitivity, Cy and k¢ are constants, and C is the concentration applied. In Figure 1.5,
behavior of the sensitivity S as a function of the concentration C of the gas applied for both types of
semiconductor materials.
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FIGURE 1.3
Behavior predicted of the sensitivity for p-type gas sensors in reducing atmospheres
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Behavior of the sensitivity as a function of the concentration of gas applied

The sensitivity of semiconductor oxides is guaranteed by reversible effects of chemisorption of gas
molecules, formation of space charge areas, and variation of the concentration of the charge
carriers on the subsurface layer [38]. The amplitude of output signal is mainly determined by
structural characteristics of the oxide such as: size, structure, and degree of agglomeration of
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nanocrystallites, which modifies the nature and concentration of surface reactive centers, specific
surface area, and pore geometry. The electrical conductivity of semiconductor oxides is greatly
sensitive to the surface composition of the active material of the sensor, which favors surface
reactions between chemisorbed oxygen (O, 0%, O) and the gas mixture to be analyzed at higher
temperatures to room temperature.

Semiconductor metal oxides have strong influence on surface reactions of gas sensors, since they
are sensitive to chemical components, surface-modification and microstructures of sensing layers,
temperature and humidity [40]. Sensitive materials to gases must be favorable to adsorption
ability, catalytic activity, sensitivity, selectivity, thermodynamic stability, etc. Unfortunately, very
few of them are suitable to all technical requirements for a maximum performance. Thus, the use
of composite oxides, hybrid oxides, oxides based on heterojunctions, mixed oxides, or
policrystalline oxides can increases such technical capabilities. They are formed by ternary,
quaternary and n-ary metal oxides, and therefore, multiple qualities are incorporated into a
sensitive material. The enhanced performance of these oxides is attributed to novel hierarchical
structures that can be produced with oxides and synergetic effect between different oxides. A
hierarchical nanostructure is an assembly of one-dimensional (1D) and two-dimensional (2D) nano-
building blocks with exceptional physical and chemical properties [11]. These structures can be
formed by same oxide with different morphologies or different oxides with similar or different
morphologies. The synergetic effect in mixed oxides can be defined as an increased intensity in any
characteristic such as sensitivity, selectivity, etc. caused by the combination of two or more metal
oxides.

Hierarchical structures based in the same oxide but with different nanostructures have been
reported. ZnO nanowires and nanodisks were prepared from sequential nucleation and growth
following a hydrothermal process [11]. These structures can sense acetone with high sensitivity
compared when a unique nanostructure is used. SnO, nanorods and nanocrystals were obtained by
chemical precipitation method [41]. Enhanced response to isopropanol vapor, a good selectivity,
and a fast response and recovery time were achieved with these structures for gas sensing.

For example, gas sensors based on ZnO-SnO, have higher sensitivity that those sensors based
uniquely on tin oxide (SnO,) or zinc oxide (ZnO) under identical conditions [42, 43]. Other
composite oxides have been used such as ZnO-CdO [44, 45], PdO-TiO, [46], WO3-Sn0, [47], NiO-
Zn0 [48], In,05-Zn0 [49], etc. Responses until 7 and 59 times as high as those of the pure ZnO and
the pure CdO, respectively have been reported in [44].

More than one metal oxide involved in the gas sensing material increases the surface area thanks
to additional active sites for gas adsorption [46]. In addition, the possibility of improving catalyzing
of the reaction associated reduces the electrical resistance of the sensor and increasing the sensor
response to the analyte or target gas. Mixed oxides must combine oxides in specific proportions to
increase specific surface area and adsorption oxygen to high responses. For example, a ZnO-CdO
composite oxide with a content of 10 at% CdO achieved high specific surface area and high
concentration of adsorbed oxygen in [45].

The sensitivity is a function of the operating temperature due to the kinetics and mechanics of gas
adsorption and desorption on the surface of semiconducting metal oxides [11]. Thanks to high
surface-to-volume ratio of the nanostructured materials, they increase sensitivity to different gases
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when operating temperature is adequately adjusted. For low temperatures, the chemical activation
is small leading to insignificant responses. At very high temperatures, adsorbed gas molecules
escape before all charge transfer can be realized, and the response is lesser. Thus, there is a specific
range of temperatures in which nanostructures can absorb oxygen species to detect gases.

Surface-modification can be realized by means of impregnation, sol-gel, sputtering and thermal
evaporation of noble metals on semiconducting metal oxides. Each deposition method can produce
different doping states, which can be exploited in gas sensing of different target gases. The
properties of catalysts depend on their composition, structure, phase, shape, size, and size
distribution [40]. Thus, reactivity and selectivity of nanocatalysts is tailored through its shape, since
it determines the crystallographic facets that will be exposed in the surface of the sensitive material
to the target gas.

At present, researchers on gas sensors are focused in searching the optimal sensing materials and
in the design of theoretical models with the aim of promoting optimization of gas sensors [3]. The
optimization involves achieving high sensitivity, selectivity, stability and fast response and recovery
times in the performance of gas sensors. Actually, the combined use of metal oxides and other
materials such as carbon nanotubes [50], graphene oxide [51], graphene [52], or polymers [53]
have been also researched actually.

How to Optimize the Selectivity

A chemical sensor can be considered ideal when it possesses high sensitivity, dynamic range,
selectivity and stability; low detection limit; good linearity; small hysteresis and response time; and
long life cycle [2]. Regularly, sensitivity can be easily achieved, however, selectivity is much harder
to attain, since it is obtained through an increased system complexity going from simple devices or
desktop analytical instruments [6]. One of the most important parameters that must be optimized
in a gas sensor is its selectivity. It can be defined as the ability of a gas sensor to react to a certain
gas in the presence of other gases [38]. Regularly, sensors are sensitive to different gases and it
implies that a comparison on the effects achieved by each target gas is required to monitor the
performance waited. Considerable difference in this parameter is achieved when reduced or
oxidizing gases are applied to gas sensor. Care must be taken when cross sensitivity is presented
(see Figure 1.6), since it implies different species can present self-reactivity, and therefore, the
presence of target species can be hidden [54]. It is shown in Figure 1.6 that, hydrogen (H,) has
larger response, and then methane (CH,), and finally, carbon monoxide (CO); nitric oxide (NO) is
not detected. Thus, this gas sensor is selective to certain gases. A very high selectivity implies that a
unique gas must be detected by a sensor and a maximum response is highly desirable.
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A gas sensor can detect different gases (at the same measurement) or even nothing
The main strategies used to improve the selectivity of semiconductor oxides are [39]:

1. Changing the composition and size of nanocrystallites of oxides.

2. Using a catalyst to increase and/or modifies the chemical activity in the solid-gas
interphase [55].

3. Modifying the catalyst density or concentration to improve the reactivity of the active
material and gas molecules.

4. Opting for a “catalyst-oxide” pair with the aim of using d electrons of surface-localized

transition metals and thus altering the surface activity of the oxide.

Making use of doping to modify the surface of the active material used in the sensor.

Mixing two or more oxides to increase the surface activity of the sensor.

Controlling the sensor operating temperature [55].

Using passive and catalytically active filters [55].

Changing sensitive material's morphology and the sensor architecture [56].

W N,

The greatest disadvantage of the semiconductor oxides is their low selectivity to gas molecules,
thus different strategies have been proposed with the aim of increasing their selectivity [39]. Their
selectivity can be improved by surface modification through the use of catalytic additions (simple
or combined) and by means of complex inhomogeneous systems [6, 39]. Simple catalysts are based
on chemical elements such as: gold (Au), platinum (Pt), palladium (Pd), ruthenium (Ru), or rhodium
(Rh). Combined catalysts are based on oxide catalysts such as: iron(lll) oxide (Fe,0s), lanthanum(lll)
oxide (La,03), chromium(lll) oxide (Cr,03), cobalt(ll,Ill) oxide (Co3;0,4), vanadium(V) oxide (V,0s),
nickel(ll) oxide (NiO), molybdenum(VI) oxide (MoO3), and ceria or cerium(IV) oxide (CeO,). When
one oxide is used as catalyst, it performs the receptor function or chemically active material, while
the first oxide acts as transducer [6]. At being used semiconductor metal oxides as additives, faster
responses, and high sensitivity, selectivity and stability are straightly achieved. Thus, it is possible a
unlimited number of possibilities of combination of sensitive materials that can be used to
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strategically exploit particular physicochemical properties of each semiconductor metal oxide for
designing gas sensors.

Selectivity is tested to one operating temperature establishing a specific concentration level.
Different gases are tested and the highest responses indicate to which gases the sensor is selective.
Any gases cannot be detected, and then sensor is insensitive to them or has not selectivity to these
gases. Among practical problems in chemical sensing is solving poor selectivity of individual gas
sensors [57]. With the aim of improving selectivity, it is recommended the use of devices with
partially overlapping sensitivities in the form of sensor arrays [6], which can be directly obtained by
means of nanostructured based on semiconductor metal oxides. Commonly, gas sensors present
selectivity and sensitivity dependent on operating temperature and choice of semiconductor metal
oxide [3].

Gas sensing mechanisms are highly controllable at the nanoscale level, and thus, direct benefits on
the three "S" of sensor technology (sensitivity, selectivity, and stability) are possible [6].
Researchers have reported that the use of mixed oxides such as ZnO-SnO, enhance selectivity to
carbon monoxide (CO) and ethanol (C,HsOH), while it suppresses the response to methane (CH,)
[43].

A lot of applications require gas sensors with high selectivity and therefore, the selection of the
sensitive materials must be carefully realized [3]. It is important pointing that high selectivity
implies low reversibility due to high binding energies are involved. In change, full reversibility is
easily achieved since weak interactions between the analyte and the sensitive material are
associated [57].

Fundamental selectivity problem can be solved using a tripartite strategy that involve sensitive
material, transducer, and signal generation and processing techniques [57]. Therefore, the
optimization must be worked as a whole, where materials science, instrumentation and signal
processing can be grouped. Thus, selectivity can be improved through novel design of sensitive
materials, the integration of individual devices into arrays, and the development of systems
including air-sampling modules and data processing algorithms.

Two megatrends to solve the optimization of selectivity have been considered by researches [57].
First, it implies the development of sensitive materials whose selective response to determined
analyte be unique and have suppressed response to other interferences. Second, it makes use of
arrays of sensors with partially selective sensing materials and processes their outputs of individual
sensors together.

How to Optimize the Stability

Another of the main parameters that determines high quality of a gas sensor is its stability. It can
be defined as the quality or state of sensor of not so easily changed, moved or likely of changing. In
the case of market sensors, these must exhibit a stable and reproducible performance by a period
of 2-3 years [58]. Semiconductor oxides have stability in air [39]. The field experience has shown
that gas sensors based on semiconductor metal oxides have long term application of more than 1
year of continuous work [59]. The low repeatability of gas sensors entails different behaviors of
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identical sensors with the same history of application under identical conditions. Therefore, there
exists a necessity for developing and applying corrective models after few days of running or after
sensor replacement to optimize the performance of the gas sensor.

It can be distinguished two types of sensor stability: First, it is associated with the reproducibility of
sensor characteristics during a certain period of time under determined work conditions, and which
is called active stability, and second, it is implied in retention of sensitivity and selectivity during a
period of time at normal storage conditions such as environmental that receives the name of
conservative stability [2].

Gas sensors present drift (i.e., the amount the gas sensor output may change over time, expressed
in %) due to different technical aspects involving material's performance, design, and operating
conditions that are described by Korotcenkov and Cho [58]:

e Phase transformation (structural changes such as grain growth, cracking, diffusion, etc.) of
the sensitive material, and degradation by thermal shock of contacts and heaters.

e Interference defects, nonspecific adsorption, variations on flow rate, etc.

e Changes of temperature, humidity in the surrounding environment, poisoning, etc.

Sensor drift remains as a specific challenge in chemical sensing, due sensor’s performance is
degraded over a long period of time independently of the technology [60]. Romain and Nicolas [59]
tested three types of solutions with the aim of attempting to compensate the sensor drift: signal
pre-processing (response variable including the base line signal) [61], univariate sensor correction
[62] and multivariate array correction [63]. In this study, they found that a univariate multiplicative
factor on output signal is necessary to obtain best results used to compensate drift as a change of
self-calibration. This factor is specific for each sensor, and therefore, it is very difficult to identify
the particular correlation with drift found in each gas sensor. Unfortunately, these methods require
long field monitoring and learning phases, time-consuming and besides expensive, which leads
users to prefer buying a new instrument.

The temporal drift of n-type gas sensors can be mathematically expressed as a change of
conductance versus operating time as follows:

Goxi = GO exp(_ktt) [10]
or
Gred = GO exp(ktt) [11]

where G, is the conductance for oxidizing gases in operating time t, G,.4 is the conductance for
reducing gases in operating time t, k; is a aging constant, and G, is the initial conductance of the
sensor. In Figure 1.7, electrical conductance of n-type gas sensors as a function of time has been
plotted for oxidizing gases (during a period of 2 years). The effect of aging time on gas sensors for
reducing gases is illustrated in Figure 1.8. Equations 10 and 11 must be inversed in the case of p-
type gas sensors. Aging constants have very small values, but maximum degradation can be viewed
as k. and t increase. A value of k; = 0 implies that zero aging or degradation is presented during
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operation of a gas sensor. In these expressions, it is considered that k; is constant with time, which
in real life is not necessarily true.
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FIGURE 1.7
Aging effect in n-type gas sensors visualized as conductance versus operating time for oxidizing gases
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FIGURE 1.8
Aging effect in n-type gas sensors visualized as conductance versus operating time for reducing gases

The long-term stability of a gas sensor is mainly dependent upon the humidity of the ambient gas
stream; therefore, an appropriate housing is required to eliminate this effect [64]. Water
absorption will not donate electrons to sensing layers, it leads to a decrease in baseline resistance
(initial resistance or resistance at air) of the gas sensor, and thus, to a lesser stability of the gas
sensor [40].
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One-dimensional materials have lengths comparable with Debye length, and therefore, they more
thermodynamically stable than nanograins which favors stable operation of gas sensors over a long
time period [65]. Nanostructured materials such as nanobelts, nanorods, nanowires and other
nanostructures can be facile of fabricating, have open surfaces, present high gas sensitivity and
long-term stability, which make them excellent design platforms for the new generation of gas
sensors.

How to Optimize the Response Time

Response time can be defined as the time that a system or device requires to react to a given input,
and it is often measured in seconds. Moreover, it is considered as time required for injecting the
mixture of the target gas and air directly into the sensor head until obtaining an output signal in the
gas sensor [66]. Using mathematical values, response time (t,) represents the period of time
required for that resistance of the gas sensor to reach 90% of the equilibrium value after injecting
the gas [11]. Moreover, recovery time (ty) is the time necessary for the resistance of the sensor to
return to 10% above of the original value in air after releasing the gas measured. Unfortunately, in
practice, it is not necessarily the case, since gas will travel several meters before of arriving to the
sensor head. Thus, response time must include the period in which gas is accumulated around of
the sensor and time required to get from the leak point to the detector. Total speed of response of
gas sensors can be calculated as

tiotal = Cdetector T tgas [12]

where tgeector SPeCifies how long time takes to gas sensor to reach 90% of the total response when a
well-defined gas concentration is injected directly into the sensor head and whose value oscillates
from 10 to 20 seconds, and ty,, represents how long time takes to certain gas concentration to
travel from the leak spot to the detector, which is difficult of predicting due to changing conditions
through of the length of the path traveled, and whose value oscillates from minutes to hours. Thus,
only tyetector 1S considered commonly to determine response time. Commercial gas sensors are
numbered as T50 or T90, and the number indicates the achieved percentage of response of the test
gas concentration, as illustrated in Figure 1.9. Typically, it is required an exposure of twice the T90
time to the gas sensor for getting a stable reading.
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FIGURE 1.9
Response time involving the recovery times of practical gas sensors

Gas sensors respond to higher concentration faster, and to lower concentrations slower, i.e, gas
molecules require long or short times to react with the oxygen species on the surface of the
sensitive material. When low concentrations are measured, then response times must be
significantly higher. Since diffusion is used to produce physical, chemical or physicochemical
interaction between sensitive material and the target gas, diffusion rate is a key criterion to
calculate the response time. In larger spaces for gas diffusion, the gas response and response time
are improved. Gas diffusion into interior of bulk materials is sluggish, leading to long response and
recovery times. Metal oxide semiconductors used in gas sensors have a fast response time, which is
directly related to the grain size and the size of the particle boundary in the material [36]. Mixed
oxides produce sensitive materials with fast response times and therefore, recovery times lesser
(response times below 10 s) [11]. Response time values in tens and hundreds of seconds are
reported in almost all technical papers about gas sensors based on microsensors [67]. The response
time and recovery time for simple metal oxides are long with respect to hybrid oxides, due to its
hierarchical structure behaves as tunnel barriers whose response is faster [11]. The tunneling
current across the barriers is exponentially related to the barrier height and carrier density is
increased. In Table 1.2, values of barrier height for different mixed oxides are given. It is clear that
barrier height has an intermediate value between those to individual oxides.

TABLE 1.2
Barrier height for different mixed oxides used to build gas sensors

. . Band Gap of the | Band Gap of the | Band Gap of the Mixed
Mixed Oxide First Oxide Second Oxide Oxide
Sn0,-Zn0O 3.7eV 3.20 eV 3.23 eV
Sn0,-TiO, 3.7eV 3.20eV 3.60 eV
Sn0O,-WO0; 3.7eV 2.60 eV 3.20 eV
Sn0,-CdO 3.7eV 2.16 eV 3.08 eV
In,05-CdO 3.0eV 2.16 eV 2.50eV
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The interests for using nanostructured materials is directly associated with the reduction of
response and recovery times in the gas sensing. In addition, hierarchical structures have large
specific surface area and surface permeability almost ideal, which favors abundant adsorption and
fast diffusion of target gases to sensitive material used in the gas sensor.

The effect of humidity on the response of SnO, thin films was studied in [68], they found that a
decreased response time and larger responses in the presence of water during gas sensing. Doping
of the sensitive material by means of catalysts, as well as controlling its grain size can reduce
response time of the gas sensor [36, 69].

It is clear that models for response time must be different for n-type and p-type semiconductors
due to the particular type of minority and majority charge carriers. The response time (ty) for
resistive gas sensors can be calculated as a function of the diffusion coefficient (Dy), and particle
size (R) [70]. For small particle size the kinetics is controlled by surface reaction. It is necessary to
increase D, and/or to decrease R with the aim of shortening the response time of gas sensors. They
found that to is directly proportional to R°/Dy. In Figure 1.10, it is illustrated the behavior of the
response time for different values of D, with variations in R. Therefore, since diffusion coefficient
depends on molar flux and the gradient in the concentration of the gas, it can be controlled to be
injected to the gas sensor, while particle size can be optimized by means of the synthesis process
used to fabricate the sensitive material to the target gas.
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FIGURE 1.10

Response times of gas sensors as a function of particle size and diffusion coefficient

Recovery time constants of gas sensors t have exponential temperature dependence [71]:

©(T) = 19exp <kEl;—aT) [13]

where E, is the activation energy for adsorption or desorption of the gas, k; is the Boltzman
constant, T is the temperature, and 1, is a prefactor that partly compensates the acceleration effect
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of a lower activation energy (E,) found in nanomaterials. Using values obtained in [70], recovery
time constants versus temperature were depicted in Figure 1.11 for H, adsorption by means of gas
sensors based on Pt-Sn0, and SnO, in the range of 298 K to 1073 K. The behaviors for H, desorption
in the same range of temperature, and gas sensors before described is illustrated in Figure 1.12.
Sensitive materials (SnO,) containing catalysts (Pt) present better characteristics of recovery time
constants (shorter times) that those without catalysts either in adsorption or in desorption as
visualized in Figures 1.11 and 1.12. In addition, high temperatures offer shorter recovery time
constants in both types of sensors. In the case of adsorption in Pt-SnO, sensor, a recovery time
constant of 1 second is maintained almost constant in full range of temperature. Desorption curves
have the same shape for both types of gas sensors. Asymmetric behavior is presented for
adsorption and desorption, i.e., a deformed shape of the output signal of the gas sensor is waited.
The platinum favors adsorption on desorption, as shown in Figures 1.11 and 1.12.

Gas sensors with faster response times are desired to monitor transient in-vivo events and bedside
patients [4]. More selective instruments are required to analyze ambient urban or battlefield air.
Response time can be optimized with nanoporous structures due to high surface-to-volume ratio
generated and decreased distance for bulk diffusion required for gas sensing. In particular, when
nanowires or nanorods are used in the sensitive material, diameter of these nanostructures can
control the response time of the gas sensor. Moreover, high responses imply slow response times.
Covalent bonding in sensitive materials reduces sensitivity and increase response times of the gas
sensors [4].
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FIGURE 1.11
Behavior of the recovery time constant gas sensors based on Pt-SnO, and SnO, during adsorption of H,
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FIGURE 1.12
Recovery time constant of gas sensors based on Pt-SnO, and SnO, during desorption of H,

Moreover, it must noted that rise and fall times of gas sensor are modified by factors such as age of
the sensor, chemisorption of target gas in sensor, cumulative exposure to target gas and interfering
gases of the sensor, and poor maintenance to it. Other factors that can affect response time of gas
sensors are the presence of weather baffles (splash guards), changes in flow rate, etc. The use of
filters or permeable membranes for increasing the selectivity in gas sensing, increases the response
time of the gas sensors [64].

How to Optimize the Operating Temperature

Operating temperature can be defined as temperature at which a gas sensor operates. When a gas
sensor is exposed to air, oxygen molecules are adsorbed on the surface of the sensitive material
[16]. This material traps electrons from the conduction band and produces negatively charged
chemisorbed oxygen species 0% such as 0,, O and O”. Hence, the concentration of holes in
valence band increases and the resistance (of the sensitive material) decreases due to increased
concentration of available carriers. The type of such chemisorbed oxygen species at the surface
depends on the operating temperature.

Gas sensing at low temperatures is essential for several gases with characteristics such as colorless,
odorless, explosive and extremely flammable [72]. Moreover, advantages in terms of reducing
energy consumption and improving the reliability and stability of the gas sensor. Redox reactions
are reversible at elevated temperatures, thanks to that the baseline resistance is recovered to their
original value, after exposure to air again. At relatively low temperatures, O, in the atmosphere
produce adsorbed O, species, which allow small responses of the gas sensor.

Regularly, a device must operate within a temperature range specified by minimum and maximum
values. Outside this range, gas sensor may fail. There is significant influence of operating
temperature on the sensitivity of gas sensors, all sensors must be tested at different temperatures
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to find the optimum operating conditions for gas sensing. Oxygen can be chemisorbed in the
following forms: O, (< 100 °C), O and 0~ (high temperatures). In the case of gas sensors, it is
considered that dominant O chemisorbed oxygen is the responsible of operating temperatures in
the range of 300-450 °C [37]. Therefore, gas sensors operating to low temperatures can be
obtained by means of the use of nanomaterials, such as semiconductor metal oxides. The use of
hybrid oxides such as Sn0,-ZnO has reduced operating temperature by 50 °C, when it is compared
with a gas sensor fabricated uniquely of SnO, [43].

Nanostructured materials have a significant number of oxygen vacancies, which make them very
favorable for gas sensors operating at low temperatures [72]. At room temperature, oxygen
molecules take away electrons from the conduction band of the semiconductor metal oxide to
form surface O, and O species, which creates an electron depleted surface layer with high
electrical resistance [73]. In n-type metal oxides, the baseline resistance requires of the formation
of a depletion layer produced by dissociation and adsorption of oxygen molecules and electron
transport in it [12]. The electrical resistance will be increased slowly in accordance with the O,
concentration due to that electrical conductivity will lower near the n-type metal oxide surface. The
0, chemisorption process is exponentially increased as the temperature is raised, leading to
electrical current decay due to high electrical resistance at high temperatures. Well-aligned
electrospun SnO, nanofibers for hydrogen detection have operating temperature of 150 °C [72]. A
summary of the behavior of the gas sensors related with operating temperature is given in Table
1.3.

TABLE 1.3
Behavior of gas sensors with respect to their operating temperature

Chemisorbed Oxygen . .
Species Operating Temperature Response Amplitude
0, Low (< 100 °C) Small

0 and 0~ High (> 100 °C) High

The presence of oxygen vacancies in the sensitive material determines the electronic and chemical
properties involved in the adsorption behaviors of metal oxide surfaces [74]. Abundance of
electron donors on surface metal oxides increases responses and reduce the operating
temperature in gas sensing [72, 75]. Ambient air generates oxygen vacancies that can be exploited
at relatively low temperatures, which are widely guaranteed through of the use of 1D
nanostructures, since they have high surface-to-volume ratio [71]. In addition, the effectiveness of
1D structures is directly related with the cross sectional dimensions that are comparable with the
Debye length implied in electron depletion depth.

In [75], two main approaches can be adopted to reduce the operating temperature of gas sensors
by means of semiconductor metal oxides. First, it consists in adding additives such as noble metals
on the surface of the sensitive materials. Noble metals acting as catalysts can increase the
response, selectivity to certain gases, and reduce the operating temperature of the gas sensors.
Second, it can be reduced the grain size of the sensitive materials searching make comparable or
less than its size to Debye length.
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At low temperatures, gas molecules are trapped in a physisorbed state and cannot overcome the
activation barrier E, [76]. Besides, the thermal activation is too low to overcome the desorption
barrier and therefore, adsorbed molecules are kinetically trapped at the surface.

The behavior of n-type gas sensors and p-type gas sensors with respect to temperature can be
mathematically expressed as a change of conductance versus operating temperature as follows:

Gn = Gcom exp(—kTT) [14]
or
Gp = Gcom exp(kTT) [15]
where
GoGe
G =— 16
com (G() + GC) [ ]
when there is catalyst and,
Geom = Go [17]

without catalyst, and G, is the conductance for n-type gas sensors in operating temperature T, G, is
the conductance for p-type gas sensors in operating temperature T, kr is a temperature coefficient
of resistance, G is the conductance of the catalyst, and G is the initial conductance of the sensor
gas. In Figure 1.13, electrical conductance of n-type gas sensors as a function of time has been
plotted for a range of 0 to 500 K. The effect of temperature on gas sensors for p-type gas sensors is
illustrated in Figure 1.14. Temperature coefficient of resistance has very small values, but maximum
degradation of the conductance can be viewed as kr and T increase. A value of k; = 0 implies that
electrical conductance is maintained during any operation temperature of a gas sensor. In these
expressions, it is considered that k; is constant with temperature, which in real life is not
necessarily true.

The aging and temporal change in physicochemical properties in all materials are peculiar in the
design of gas sensors without taking into account their nature and effects during their useful life
[4]. The selection of a material is a complicated choice, since high stability and operating
temperature for example, cannot offer good sensitivity, and fast response and recovery times in
the gas sensing. Thermal stress is reduced with the use of low operating temperatures and long life
times are achieved. Electrical conductance oscillations can be presented at low temperatures in the
presence of reducing gases, which are not desired, since these contribute with non-waited
responses and incorrect values in the output of the gas sensor [4]. Annealing in air of the sensitive
materials at temperatures exceeding the operating temperature reduces resistance drift
phenomena found in sensors under operation by large periods of time.
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FIGURE 1.13
n-type gas sensors electrical conductance versus their operating temperature

Effects of Synthesis of the Nanostructured Materials on Gas Sensing

Researchers continue trying to develop new sensing materials with novel structures and/or
morphologies for enhancing sensitivity, selectivity, and stability, as well as, new and better
synthesis methods for ensuring reliability, safety, reproducibility, and cost reduction. In Figure 1.15,
it is depicted different techniques that can be used to obtain nanostructured materials, some metal
oxides can be synthesized by different methods as shown [77]. Following are detailed the benefits
that synthesis methods can offer to the development of gas sensors based on nanostructured
materials.

Until now, researchers are developed template-free methods with the aim of depositing one-
dimensional nanostructures in a liquid environment such as hydrothermal methods,
electrospinning, sonochemical and surfactant assisted [5].

The electrospinning process uses an electrical charge to draw very fine fibers to low temperatures
from a liquid [5], such as polyacrylonitrile. It is simple, flexible and effective to produce nanofibers
with high surface-to-volume ratio [71]. Nanofibers with diameters as small as tens of nanometers
and lengths of up to several centimeters can be produced with controllable morphologies. These
fibers can be produced hollow or solid depending on the precursor solution and parameters used
during electrospinning [28, 29]. The interest for this method is thanks to correlation among
nanofibers morphology, oxygen vacancy contents, and the gas sensing performances. The
enhancement in the gas sensing properties provides of the significant oxygen vacancies associated
with hollow morphologies and corrugated surfaces of the nanofibers. These oxygen vacancies allow
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gas sensing at lower operating temperatures of hydrogen. In addition, high response, good stability,
good selectivity and fast response-recovery times can be achieved using this synthesis process.
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FIGURE 1.14
p-type gas sensors electrical conductance versus their operating temperature

Hydrothermal synthesis includes several techniques used for crystallizing materials from high-
temperature agqueous solutions at high vapor pressures [5]. This method can be used to fabricate
three-dimensional (3D) hierarchical ZnO structures with high surface-to-volume ratios and an
increased fraction of (0001) polar surfaces [11]. Moreover, it has low energy requirements, safe
and environmental processing conditions, low cost and large scale manufacturing are particularly
attractive to produce nanoparticles, nanowires, nanorods, nanosheets, and nanodisks [13]. These
characteristics and synthesis method provide an interesting route for designing nanostructured
materials based on metal oxide nanostructures with superior gas sensing performance where high
response amplitudes and fast response-recovery times are achieved due large surface areas [10].
Moreover, good reproducibility and repeatability, as well as long-term stability can be achieved
[14].

Chemical precipitation consists in the formation of a solid in a solution or inside another solid
during a chemical reaction or by diffusion in a solid [5]. When the reaction is produced in a liquid
solution, the solid obtained is called the precipitate. The chemical that causes the solid can be
formed is called the precipitant. Precipitation may occur if the concentration of a compound
exceeds its solubility either when mixing solvents or at changing their temperature. This process
can be used to produce nanostructured materials with different sizes and phases, which increases
chemical activity to completely exploit oxygen vacancies found on surface of the sensitive material
used in gas sensing [28, 30, 40].
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FIGURE 1.15
Different synthesis methods that can be used to produce nanostructured materials based on semiconductor
metal oxides

Sonochemical synthesis uses ultrasound to produce chemical reactions and processes, in which
acoustic cavitation leads to the formation, growth, and implosive collapse of bubbles in a liquid [5].
Solids are produced after of a thermal treatment and they have nanostructured form, which
increases their surface activity [31]. Sonication produces exfoliation of materials into
nanostructures, which are stabilized with a solvent. The achieved hierarchical structure depends on
ultrasonication time used during chemical reaction, and it is beneficial for their use in gas sensing
materials due to the introduction of new surface states that generating oxygen vacancies. High
responses and response and recovery times in the order of seconds can be obtained [25].

Surfactant-assisted synthesis can optimize hydrothermal synthesis, which has an excess of
agglomeration of particles and a size distribution relatively wide, to offer better performance in gas
sensing [5]. The surfactants at being adsorbed on the surface of particles reduce the agglomeration
of particles and they operate as a soft template for the synthesis of 1D nanostructured materials.
The control of agglomeration and size distribution establishes a catalytic surface morphology for
gas sensing [78].

Solution-evaporation is a synthesis process that is used to remove water or other liquids from
mixtures, and whose aim is concentrating chemicals to vaporize most of the water from a solution
which contains the desired product. This method has been used to produce metal oxides for gas
sensing to low temperatures, ease to control homogeneity, crystal size, stoichiometric ratio, and
formation of determined phases [22]. The improved performance of gas sensor using materials
obtained using this process synthesis can be attributed to the electronic sensitization, high thermal
stability and low screening of the catalyst used [31].

The sol-gel synthesis consists in dissolving chemical compounds in a liquid with the aim of bringing
it back as a solid, based on a controlled stoichiometry by mixing sols of different compounds,
producing small particles that can be sinterable, and which can be used to produce sensitive
materials for gas sensing. Materials with good sensitivity and high selectivity for gas sensors at
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room temperature can be achieved [15, 33]. In addition, response and recovery times depend of
the gas that is being sensed.

The chemical spray pyrolysis technique can be used to deposit a wide variety of metal oxides as
thin films through controlling the size of the droplets and their distribution over preheated
substrates [79]. The grain shape can be controlled by deposition temperature and doping
concentration. In particular, substrate temperature has a direct influence on droplet pyrolysis,
precursor oxidation, and crystal growth. This synthesis process increases response and offers faster
response and recovery times due to smaller crystallite size and larger specific surface areas [21, 34].
Nanostructured materials that are synthesized by this method improve the sensitivity and
selectivity of the gas sensors.

Effect of Morphology on Gas Sensing

In materials science, morphology is the study of shape, size, texture, spatial organization, and phase
distribution of particles in a material. Different nanostructures can be obtained depending on their
material composition, crystal structure and manufacturing method. Each synthesis process offers a
diversity of parameters such as temperature, pressure, reagent concentration, treatment time and
pH, that at be controlled allow obtain different morphologies, compositions and crystallinity of the
products. Besides, a lot of tridimensional shapes can be synthesized such as spheres, rods, tubes,
needles, cubes, octahedrons, etc. [80].

Morphology variation allows control its functionality in an effective way, since surface is directly
related with interface that such material will have into outside. Such interface is related with the
large number of atoms that determine their physicochemical properties. Moreover, most
nanomaterials are thermodynamically unstable, which make that their morphologies are
unbalanced, that it is different from the shape of monocrystals in a given material. Nonequilibrium
morphologies correspond to local minimums of free energy of the system [81].

The main advantage of the morphology on gas sensing is called its surface-to-volume ratio (SVR). It
is the amount of surface area per unit volume of an object or a cluster of objects. In addition, it is
measured in units of inverse distance, that is, in the international system of units, it is given in
inverse meters.

In chemical reactions using a solid material, as realized in the gas sensing, the surface area to
volume ratio is one of the most important factors since it is directly related with the reactivity that
is defined as the rate at which the chemical reaction will be realized. Materials with high surface-to-
volume ratio can react at much faster rates than monolithic materials, due to that more surface is
available to react. In the other hand, high surface-to-volume ratio serves as a very intense driving
force to speed up thermodynamic processes that minimize free energy. An increased surface-to-
volume ratio also implies that a better and larger exposure to the environment where target gases
can be detected.

A sphere with radius r has a surface area of

S = 4mr?, [18]
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and a volume of

4 3
V=g, [19]

S = 20
- = == [20]

The surface-to-volume ratio for a sphere of radius r was obtained for different values of r going
from 1 nm to 1000 nm and depicted in Figure 1.16.
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Graph of surface-to-volume ratio against their radius (for spherical nanomaterials)
A cube with side of length a has a surface area of
S =6a?, [21]
and a volume of
V=a [22]
Therefore, its surface-to-volume ratio is expressed as:

S 6a’> 6
A (23]
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The surface-to-volume ratio for cube with size of length a was obtained for different values of a
going from 1 nm to 1000 nm and shown in Figure 1.17.

At comparing the results obtained, it is possible affirm that the searching for a nanostructure with
larger surface-to-volume ratio and better physicochemical properties was started several years ago.
Thus, the aim of developing different and multiple synthesis process to obtain nanostructured
materials will continue for several years to fulfill the objective of optimizing better possible
performance of this type of materials applied to gas sensing and other technical areas such as
catalysis.
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Graph of surface-to-volume ratio against their size of length (for cubical nanomaterials)

Policrystalline silicon is a direct competitor of the semiconductor metal oxides, since it offers a
large variety of morphologies and moreover, large values of surface-to-volume ratio [82]. Thus,
designers using metal oxides must exhaustively work in the optimization of nanostructured
materials to offer sensitive materials that can be very attractive to be incorporated them into novel
nanometric integrated circuits.

Thanks to immense surface-to-volume ratio and the great void fraction in nanostructured
materials, very high sensitivities can be achieved with porous metal oxide ceramics [3]. Also, this
ratio contributes to faster response and recovery times in gas sensing. Electrospinning technique
has the ability to control the diameters of nanowires and nanorods that favor high surface-to-
volume ratios, and porosity which can be completely strategic to improve quality and performance
of gas sensors.
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Conclusions

From introduction of nanostructured ceramic materials in gas sensing, they have been considered
as a strategic area in the development of chemical sensors. The main contribution of the
nanomaterials to gas sensors is associated with their surface-to-volume ratio, which allows them
increase efficiency from several fronts such as sensibility, selectivity, stability, response time and
operating temperature. Intense surface activity can be guaranteed with the use of nanostructured
materials in gas sensing due to possibility of controlling thermodynamic processes realized in the
surface of the sensitive material. In this chapter is shown as the use of mixed oxides based on
nanomaterials offers better results that single semiconducting metal oxides for gas sensing,
because they operate under synergistic behaviors and have hierarchical structures whose electrical
conductivity is increased by tunnel barriers. It is illustrated as selectivity, sensibility, and stability of
gas sensors can be increased by means of nanostructured materials. Besides, it is analyzed as
response and recovery times, operating temperature and dimensions of gas sensors are reduced
using nanostructured materials. Mathematical expressions to determine sensitivity versus
concentration of target gases for n-type and p-type materials, temporal drift of n-type and p-type
gas sensors as a change of electrical conductance versus operating time (to study stability), change
of electrical conductance versus operating temperature n-type gas sensors and p-type gas sensors
(to analyze the effect of the operating temperature), were introduced and depicted by means of
graphical results. In general, it was studied how optimize different parameters associated with gas
sensing using nanostructured materials with the aim of achieving the better performance. This
work widens and corroborates the knowledge developed by several researchers around of the
world with respect to the importance of nanostructured ceramic materials in the development of
gas sensors.
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