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1. INTRODUCTION
1.1. Definition and Classification

According to the definition of a gas sensor, given by the International Union of Pure
and Applied Chemistry (IUPAC), “a chemical sensor is a device that transforms chemi-
cal information, ranging from the concentration of a specific sample component to total
composition analysis, into an analytically useful signal. The chemical information, men-
tioned above, may originate from a chemical reaction of the analyte or from a physical
property of the system investigated” [1]. Typically, chemical sensors consist of two main
parts, a receptor and a transducer. The receptor transforms chemical information into a
form of energy, which can be measured by the transducer. The transducer converts this
energy into a useful, typically electrical, analytical signal.

Chemical sensors are classified in a number of different ways. One of the classitications
uses the operating principle of the receptor [1]. Using this principle, one can distinguish
between

* physical sensors,
¢ chemical sensors, and
¢ biochemical sensors.

In physical sensors no chemical reaction takes place at the receptor, and the signal is a
result of a physical process, such as mass, absorbance, refractive index, temperature, or
conductivity change. Chemical sensors are based on chemical reactions between analyte
molecules and the receptor. Biochemical sensors are a subclass of chemical sensors, where
the reaction is biochemical. Typical examples of such sensors are microbial potentiometric
sensors or immunosensors. It is not always possible to discriminate between physical
and chemical sensors. A good example is a gas sensor, where the signal is a result of gas
adsorption.

Chemical sensors can be classitied according the operating principle of the transducer. -
An example of such classification is presented in Table 1.

A number of other classification schemes can be based on the type of sensitive material
(e.g., metal-oxide, polymeric, and inorganic), fabrication technology (e.g., screen-printed
and vapor deposited), field of application (automotive, medicine, and environmental),
and so on. This chapter mainly discusses the features of metal-oxide gas sensors and

Table 1. Classification of chemical sensors by transducer operating principle.

Transducer operating, ‘
principle Measured properties Source of signal
Optical Absorbance Fither caused by analyte itself, or due to reaction with

Electrochemical

Mass

Magnetic

Calorimetric

Fluorescence
l.uminescence
Refractive index
Scattering,
Voltammetric
Potentiometric
Miezoclectric
Acoustic wave

Paramagnetic

Heat effects

certain indicator

Changes in fluorescence properties

Emission, caused by chemical reaction

For example, caused by change in solution
composition

Caused by particles of definite size present in
the sample

Change of current is measured. For example, chemically
inert, active and modified ¢lectrodes

Change of electrode potential is measured against a ref-
erence electrode

Changes of resonant frequency of quartz oscillator plate
due to adsorption of an analyte on its chemically mod-
ified surface

Changes of propagation velocity of acoustic wave

For example, oxygen monitors

Changes of temperature due to heat effects of reaction
or adsorption
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presents their sensing mechanisms. The main sensor characteristics and the approaches
for their improvement are considered. The modern results and future prospects of using
nanotechnology with its ability to precisely control the structure of the sensitive layers
in order to affect sensor performance are reviewed.

1.2. Characteristics of Gas Sensors

In order to characterize sensor performance a set of parameters is used [2]. The most
important parameters and their definitions are listed below.

* Sensitivity is a change of measured signal per analyte concentration unit, i.e., the
slope of a calibration graph. This parameter is sometimes confused with the detec-
tion limit.

s Selectivity refers to characteristics that determine whether a sensor can respond selec-
tively to a group of analytes or even specifically to a single analyte.

e Stability is the ability of a sensor to provide reproducible results for a certain period
of time. This includes retaining the sensitivity, selectivity, response, and recovery
time.

* Detection limit is the lowest conceritration of the analyte that can be detected by the
sensor under given conditions, particularly at a given temperature.

* Dynamic range is the analyte concentration range between the detection limit and the
highest limiting concentration.

* Linearity is the relative deviation of an experimentally determined calibration graph
from an ideal straight line.

¢ Resolution is the lowest concentration difference that can be distinguished by sensor.

® Response time is the time required for sensor to respond to a step concentration
change from zero to a certain concentration value.

* Recovery time is the time it takes for the sensor signal to return to its initial value
after a step concentration change from a certain value to zero.

» Working temperature is usually the temperature that corresponds to maximum
sensitivity.

* Hysteresis is the maximum difference in output when the value is approached with

an increasing and a decreasing analyte concentration range.

Life cycle is the period of time over which the sensor will continuously operate.

All of these parameters are used to characterize the properties of a particular mate-
rial or device. An ideal chemical sensor would possess high sensitivity, dynamic range,
selectivity and stability; low detection limit; good linearity; small hysteresis and response
time; and long life cycle. Investigators usually make efforts to approach only some of
these ideal characteristics, disregarding the others. On one hand, this is because the task
of creating an ideal sensor for some gases is extremely difficult, if at all possible. On the
other hand, real applications usually do not require sensors with all perfect characteris-
tics at once. For example, a sensor device monitoring the concentration of a component
in industrial process does not need a detection limit at the ppb level, though the response
time at range of seconds or less would be desirable. In case of environmental monitoring
applications, when the concentrations of pollutants normally change slowly, the detec-
tion limit requirements can be much higher, but response time of a few minutes can be
acceptable.

The first section of this chapter is devoted to the definition and classification of gas
sensors, and a discussion of factors affecting the sensitivity and sclectivity of metal-oxide
based sensors. Attention is paid to the structure and conductivity of the surface layer,
the size- and shape-dependence of the sensitivity of the oxide particles, and the influence
of doping on gas sensor characteristics. The second section discusses the applications of
such metal-oxide nanostructures as SnQ,, ZnO, and WO, and their combinations for anal-
ysis of hydrocarbons, toxic oxides of carbon, and nitrogen and for detection of alcohols
and some other volatile organic compounds.
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2. METAL-OXIDE GAS SENSORS
2.1. Historical Background

It has been known for a long time that electrical resistance of a semiconductor is very
sensitive to the presence of impurities in its volume or at the surface. In 1953, this effect
was demonstrated for Ge [3]. Later, it was shown that the conductivity of ZnO thin films
heated to ~300°C was sensitive to the presence of traces of reactive gases in the air [4].
Similar properties were reported for SnO,, with higher stability [5]. These results initiated
further development of commercial gas sensors.

The early metal oxide-based sensor materials possessed a number of unpleasant char-
acteristics, such as high cross-sensitivity, sensitivity to humidity, long-term signal drift
and, slow sensor response. In order to improve sensor performance, a series of various
metal-oxide semiconductors have been tested [6]. At first, the poor understanding of
sensor response mechanisms caused the use of trial and error strategy in the search of
an appropriate material. The most successful investigations were connected with SnO,,
ZnQ, and TiO,. Parallel to this approach, the basic research of metal-oxide materials was
carried out in scientific laboratories.

Several decades after the first published paper on SnQO, sensors, they became the best-
understood prototype of oxide-based gas sensors. It was well known that the sensor
characteristics can be changed by varying the crystal structure, dopants, preparation
technology, operation temperature, etc. Nonetheless, highly specific metal-oxide sensors
were still not available. In recent years, the interest of researchers and engineers to gas-
sensitive materials has grown substantially due to the progress in nanotechnology. This
interest is primarily connected to the promising electronic properties of nanomaterials:
their size-dependence and ability to control the material structure by new experimental
techniques [7]. More and more materials and devices are produced every year with -the
usc of nanotechnology [8-10].

2.2. Structure of the Sensing Layer
The typical metal-oxide gas sensor element consists of the following parts:

e sensitive layer,
e substrate,

¢ clectrodes, and
¢ heater.

Today, most of the commercial metal-oxide gas sensors are manufactured by screen
printing on small and thin ceramic substrates. The advantage of this preparation tech-
nique is that the thick films of metal oxide semiconductor can be deposited in batch
processing, leading to small deviations of characteristics for different sensor elements.

Although this fabrication technology is well-established, it possesses a number of
drawbacks and needs to be improved. Primarily, the drawbacks are connected with the
necessity to keep the thick metal oxide film at high temperature. Due to this reason the
power consumption of screen-printed sensors can be as high as 1 W [11], which makes
them unable to be used in battery-driven devices. Another technological problem is” the
proper mounting of the overall hot ceramic plate to ensure the good thermal isolation
between the sensor element and housing,.

These problems have promoted the development of substrate technology and strong
research in preparation of the sensitive layer. One promising solution is the integration of
a sensing layer in standard microelectronic processing, which overcomes the difficulties
of the screen-printed sensors. In this case, an oxide layer is deposited onto a thin dielectric
membrane of low thermal conductivity, which provides good thermal isolationt between
the substrate and the heated area on the membrane. Such a construction allows the power
consumption to be kept at very low levels [11]. Moreover, the total size of single sensor
elements is reduced, so that a minimal distance between electrodes lying in the um
range can be achieved. 1t enables the integration of signal-processing electronics and/or
multiple sensor elements on the same substrate.
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2.3. The Nature of Gas Sensitivity in Semiconductor
Metal Oxide Nanomaterials

The change of electrical properties of the metal-oxide semiconductor due to adsorption
of gas molecules is primarily connected with the chemisorption of oxygen. Molecular
oxygen adsorbs on the surface by trapping an electron from the conduction band of the
semiconductor. At temperatures between 100 and 500°C the ionized molecular (O;) and
atomic (O, O*7) forms can be present at the surface [12]. The molecular form dominates
below 150°C, whereas above this temperature, ionic species prevail [13, 14]. The general
reaction equation can be written as:

) go(zﬂals)+a,e"+5 (—)O(f;(* (1)

Here O(zgas) is an oxygen molecule in the ambient atmosphere and ¢ is an electron
that can reach the surface, overcoming the electric field resulting from negative charging
of the surface. Their concentration is n,. S denotes unoccupied chemisorption sites for
oxygen, Ogy, is the chemisorbed oxygen with a =1 or 2 for singly or doubly ionized
form and B =1 or 2 for atomic or molecylar form, respectively. The presence of charged
species on the surface of a semiconductor induces band bending and formation of a
depletion layer [15, 16]. Depending on the type of semiconductor the concentration of
charge carriers in the surface layer can be either increased or decreased. The space charge
layer is described by the thickness L and surface potential (Vy) [17, 18].

The conductance dependence can be found following the derivation given in Ref. [13].
The mass action law can be written in the form:

ko [S113P0) = Kaes [O}§<s‘>] @

Let us denote the total concentration of the oxygen adsorption sites (occupied and unoc-
cupied) as [S;], so that [S] = [S] + [Of,]. By definition the surface coverage is

(9%
ﬁ(*
6= 3
5 (3)
Equation (2) can be than rewritten:

(1 = Ok, pE, = Ko (4)

Since electron concentration 1, and surface coverage 6 are related, an additional equation
is needed to find the dependence of n, with partial oxygen pressure. One can use the
electroneutrality equation combined with the Poisson equation.

The electroneutrality principle in the Schottky approximation states that the charge
in the depletion layer L; under surface A equals to the charge captured by surface A.
The usual working temperature of metal-oxide sensors is high enough to assume that
all donors are ionized, so the ionized donor concentration is equal to the bulk electron
density n,. Therefore one can write the electroneutrality equation

a-0-[5]-A=n,-L;- A (5)
and the Poisson equation for energy E as follows:

d’E(z) _ q'n,

dz? £g,

Setting boundary conditions to
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and
E(z) |y, = Ec (8)
results in Eq. (9):
3 . a’n,
E@ =L+ ' 2)° ©)
20

which leads to the dependence of band bending, given that V = E/g:

V(z)= ' (z — 20)2 (10

- 2ee,
This general dependence allows surface band bending (at z = 0):

Ve = L0 g2 (11)

§ T 5 4
2¢eg,

By combining this equation with electroneutrality equation [Eq. (5)] and taking into
account the following relation

e
H, = H, exp (*wk-f) (12)

one obtains Eq. (13). In combination with Eq. (4) it allows determination of n, and 6 as
a function of oxygen partial pressure and temperature either numerically or by using
various approximations.

2eg,n,kT | 1, 13 ’
CI5EE . (1%
For granular metal oxides, the formation of a depletion layer at the surface of grains
and grain boundaries leads to the formation of Schottky barriers between the oxide crys-
tallites, as depicted in Figure 1. The density of surface oxygen ions and the height and
width of Schottky barriers depend on the oxygen partial pressure in the surrounding
atmosphere. The electronic theory of adsorption [16] is in quantitative agreement with the
experimentally observed conductance dependencies of semiconductor layers on oxygen
partial pressure [19]. ;
Depending on the content of the atmosphere, the concentration of the surface oxygen
ions—and therefore the occupation of the surface statesz—can be changed, leading to the

/\/\J/ ANCAL

AN NN e

Figure 1. Schematic representation of barrier formation at the grain boundaries due to the space charge layer.
The shaded part denotes the space charge region (high resistivity); the un-shaded part denotes the core region
(low resistivity). CB and VB are the lowest edge of the conduction band and the highest edge of the valence
band, respectively.
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change in conductivity. As a measure of gas sensitivity one can use either the conductivity
change of the sample, exposed to the analyte-containing atmosphere in relation to its
conductivity in the reference gas, or the slope of the dependence of conductivity on
analyte concentration [20].

2.4. Factors Affecting the Sensitivity of Metal-Oxide Gas Sensor Materials

As mentioned above, the requirements for each gas sensor depend on the particular
application. It is not necessary to have material with a detection limit of one molecule if
the sensor is designed to work in the 1-10% concentration range. Nonetheless, materials
with high sensitivity and low detection limit always attract the attention of scientists
and engineers. In this section, the main approaches for increasing the gas sensitivity of
metal-oxide sensor materials are listed, namely those utilizing the size effects and doping
by metal or other metal oxides.

2.4.1. Size and Shape Effects

Since during the formation of a space charge layer the carrier concentration in volume is
decreased only in thickness L, three types of conductance mechanisms, as illustrated in
Figure 2 can be rcalized. For large crystallites the grain size D > 2L, and the conductance
of the film is limited by Schottky barriers at grain boundaries. In this case, the sensitivity
is practically independent of D. When grain size is comparable to 2L (D = 2L) every
conducting channel in the necks between grains becomes small enough to influence the
total conductivity. Since the number of necks is much larger the grain contacts, they gov-
ern the conductivity of the material and define the size-dependence of gas sensitivity. If
D < 2L, every grain is fully involved in the space charge layer, and the electron transport
iz affected by the charge on the particles” surfaces.

The considered Schottky barrier formation model was developed for the semi-infinite
planar geometry system. It can be safely used to describe the barrier formation in case of
large metal-oxide grains. However, for materials with the grain sizes comparable to the
length of the depletion region, the effect of the curvature cannot be neglected, since the
density of surface states depends on the grain radius [21, 22].

The shape of a bottom of conductive band for the grains of different size was studied
theoretically. Application of the depletion approximation (DA) under spherical symmetry
allowed the calculation of an an analytical solution for the potential P(r) = (E-,(r))/q,
where E.(r) is the energy of the bottom of of the conductive band at a distance r from
the center of a grain. For a more general case, where DA is not applicable, the Poisson
equation using a complete expression for the charge density can be solved only numer-
ically. The calculated potential shape inside the grains agrees with the experimentally
observed flattening of the band bending for films in air [21, 23}. Thus, by reducing the

Figure 2. Three mechanisms of conductance in metal-oxide gas-sensitive materials. The shaded part shows
the space charge region (high resistivity), while the un-shaded part shows the core region (low resistivity).
(@) D < 2L, grain boundary control; (b} D < 2L, neck control; (¢} D < 2L, grain control,
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particle size the conduction of the sample may be controlled by the grain boundaries,
necks, or grains. The latter case is the most desirable, since it allows achieving the highest
resistance change. For different semiconductor oxides the length of depletion layer may
vary in the range of 1-100 nm. Numerous experimental investigations of nanostructured
metal-oxide films revealed a strong increase in sensitivity when the average grain size
was reduced to several nanometers [5, 24-27]. Systematic analysis of size-dependence of
SnO, sensitivity was presented recently [28].

Another prospective approach is to affect the sensitivity by changing the microstruc-
ture and porosity. For this purpose the low-temperature vapor co-deposition of metal
and inert gas can be used. After removing the gas by annealing, the highly porous metal
structure can be formed. Then, metal can be oxidized by reaction with oxygen. This
approach was used for preparation of porous Pb/PbO nanostructures by co-deposition
of Pb vapors with CO, at 80 K followed by annealing {29]. SnO, and TiO, mesoporous
powders fabricated using a self-assembly of a surfactant followed by treatment with
phosphoric acid as well as conventional tin oxide powders with surfaces modified by
mesoporous SnO, show higher sensor performance than corresponding metal-oxide pow-
der materials, which have lower specific surface area [30, 31]. Other porous metal oxides
also exhibit increased gas sensitivity [32-34].

In recent years, a definite trend in using quasi one-dimensional (1D) nano-objects for
gas sensor applications has been observed [7, 35-39]. This is due partly to expanding
opportunities for synthesis and characterization of such structures {40, 41}]. Besides, the
application of nanowires, nanorods, nanobelts, and nanotubes for gas sensors can 51gn1f-
icantly lower the detection limit, since the conductance of 1D objects is affected by lower
amounts of adsorbed analyte than is the case for thin granular films. It was found that
SnO, nanowires are sensitive to low CO concentrations [42—44], so the gas sensitivity of
SnO, nanobelts (the quasi-1D materials with defined crystal structure) to polluting gases
like CO, NO,, and ethanol was tested [35, 37, 45].

An additional increase of sensitivity can be achieved by creating 1D objects with necks .
that define the conductivity of the whole nano-object. The comparative study of the
sensor response to 0.4 ppm of hydrogen of straight SnO, nanowires with diameter of
~100 nm and segmented nanowires consisting of thick parts 500 nm in diameter con-
nected by thin parts 10 nm in diameter [46] was carried out. It was found that response
is larger for segmented nanowires, despite the fact that their mean radius is almost three
times larger than that of straight nanowires.

2.4.2. Doping

The sensitivity of metal-oxide gas sensors can be substantially improved by dispersing
a low concentration of additives, such as Pd [47, 48], Pt [49], Au [50, 51], Ag [28, 52,
53], Cu [54], Co [55], and F [56] on oxide surface or in its volume. Although doping has
been used for a long time now in preparation of commercial gas sensors, the working
principle of additive-modified metal-oxide materials is still not completely understood.
Two general schemes of the gas sensing mechanism are depicted in Figure 3. In the
chemical scheme (Fig. 3(a)) the reaction takes place at the oxide surface. The role of the
additive nanoparticles is considered within a spillover process, increasing the metal-oxide

() (b) H. H.0

H.O

U

% Sn()»

Figure 3. Chemical (a) and electronic (b) sensitization schemes in metal-doped SnO, gas sensor. Reprinted with
permission from {7], V. E. Bochenkov and G. B. Sergeev, Adv. Coll. Int. Sci. 116, 245 (2005). © 2005, Elsevier
Limited.
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surface coverage of the gas, involved in the sensing scheme. In the electronic mechanism
(Fig. 3(b)) the reaction involves the dopant atoms, and the oxide material has to transduce
the electrochemical changes into a detectable output signal. Moreover, the introduction of
additives may lead to the formation of new donor or acceptor energy states or influence
the grain size and growth mechanism [57].

The chemical scheme is usually considered in the case of catalytic additives, for exam-
ple Pt- or Pd-doped SnO, material exposed to hydrogen, hydrocarbons, or carbon monox-
ide [58-60]. It is supposed that the reduction of gas molecules is first activated by the
metal surface, forming the active surface species that then react via a spillover process
with the charged oxygen molecules, adsorbed on tin oxide. This reaction leads to the
re-injection of the localized electrons back to the bulk, thus increasing the conductivity
of the material. For instance, the sensing mechanism proposed for the Pt/SnO, + CO
system involves two main processes [58]. First, at elevated temperature, Pt is oxidized
by the chemisorbed oxygen:

Pt +20,,, — PtO, (14)

ds

Second, exposure to CO leads to a reduction of platinum oxide:
PtO, + ZCO — Pt + 2CO, (15)

The analysis of published papers on doped metal oxide gas sensors shows the increase
of such works in recent years. The results of a literature search using the words “metal
oxide AND gas sensor AND doped” in title, keywords, and abstract are presented in
Figure 4.
* Though the search criteria do not allow the values presented in Figure 4 to be con-
sidered as precise number of papers using doped metal oxide materials as gas sensors,
it gives some ideas of the existing trends. Data on year 2007 are not included, since
the information about recently published papers could be unavailable at the moment of
preparation of a given manuscript. The variety of elements used for doping the metal
oxides.is noteworthy. The diagram, presenting the relative comparison of dopants, used
for enhancing properties of SnO, gas sensors in recent years, is depicted in Figure 5
The most often used dopant for SnO, gas sensors is palladium due to its well known
catalytic properties. A similar situation is observed for other metal-oxide gas sensors.
Another popular doping element is copper. It was found that the doping of SnO, with
Cu enhances the sensitivity and selectivity to H,S [61-63]. The same effect was observed
for CuO-5n0O, [64, 65} and SnO,~CuO-SnO, [66] heterostructures. This phenomenon is
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Figure 5. Relative comparison of dopants for SnQ), gas sensors.

explained by the decreasing barrier height in p-CuO-1-5n0O, due to the chemical trans-
formation of highly resistive CuQO into good-conducting Cu,S. Thorough studies have
shown that the copper atoms in Cu-doped SnO, can form donor-like sites, which pos-
sess much better stability than the intrinsic donors (oxygen vacancies) in pure 5nQ, [67].
Doping by metal nanoparticles affects not only the sensitivity, but also the sélectivity of
the metal-oxide gas sensors.

2.5. Selectivity

One of the main challenges to the developers of metal-oxide gas sensors is high selec-
tivity. Currently, two general approaches exist for enhancing the selective properties of
sensors. The first one is aimed at preparing a materfal that is specifically sensitive to one
compound and has low or zero cross-sensitivity to other compounds that may be present
in the working atmosphere. To do this, the optimal temperature, doping elements, and
their concentrations are investigated. Nonetheless, it is usually very difficult to achieve an
absolutely selective metal oxide gas sensor in practice, and most of the materials possess
cross-sensitivity at least to humidity and other vapors or gases.

Another approach is based on the preparation of materials for discrimination between
several analytes in a mixture. It is impossible to do this by using one sensor signal;
therefore, it is usually done either by modulation of sensor temperature [68-74] or by
using sensor arrays [75-77]. In the former case, such discrimination is possible because
of the different adsorption and reactivity properties of analytes. In the latter case, N
signals are obtained simultaneously from N sensors, which usually differ in some way
{e.g., doping clement, doping ratio, grain size, or temperature). These kind of devices are
usually referred to as “electronic noses.” In both cases, signals are typically analyzed by
an artificial neural network.

2.5.1. Modulation of Temperature

Typically, temperature dependence of a metal-oxide sensor signal to the presence of a
given analyte possesses a bell shape with a maximum at a certain temperature [78].
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This dependence arises due to several reasons. First of all, as mentioned above, the
charge of oxygen species adsorbed at the oxide’s surface depends on temperature [12].
Second, since the oxidation reaction is an activated process, its rate increases with
temperature. Finally, all adsorption, desorption, and diffusion processes are temperature-
dependent [7Q]. Thus, temperature modulation leads to response patterns that are
characteristic of the species present in a gas mixture [80]. This allows measuring of mul-
tivariate information from every single sensor. An appropriate extraction of this intorma-
tion helps improve selectivity [81]. For example, a dynamic measurement method for the
rapid identification and determination of volatile organic compounds (VOCs) in ambi-
ent air using a single SnO,-based gas sensor was developed [73]. The sensor operated
in a rectangular temperature-modulation mode. The working temperaturce of the sensor
was modulated between 250 and 300°C. It was shown that the discrete wavelet trans-
form allows important features to be extracted from the sensor response. These features
can then be processed using a pattern recognition algorithm. The species considered can
be discriminated with a 100% success rate using a back propagation network, and the
concentrations of the organic vapors can also be accurately predicted.

Nonlinear responses of SnO, sensors to alcohol vapors and hydrocarbons were found
to depend characteristically on the scanning profile of the cyclic temperature change [70].
This allowed an increase in the selectivity to target analytes. The temperature was reg-
ulated by the second-harmonic heater voltage to improve the discrimination of the non-
linear dynamic response. The phase of the second-harmonic heater voltage can partially
change the dynamic sensor response, which depends on the kinetics of gases on the
sensor surface. The dynamic responses of a semiconductor gas sensor under the appli-
cation of a temperature variation including the second harmonic were characterized by
the higher harmonics of fast Fourier transformation (FFT).

Small temperature variations of a nanoparticular SnO, gas sensor were reported to
allow differentiation between different gas mixtures at a ppm level [69]. Thus, different
concentrations of CO (from 50 to 200 ppm) were well differentiated even at high C,Hj
and NO, concentrations. It was shown that the shapes of transient responses can be
modified by adding different catalysts (Pt, Pd) in an 5nO, sensing layer.

2.5.2. Sensor Arrays

The sensor arrays are named “electronic noses” due to the parallel between the measure-
ment concept of the instrument and that of the mammalian olfactory system. In the latter,
during sniffing, the volatile compounds reach the receptors located in the upper nasal
cavity. Electrical stimuli produced by the receptors are transmitted by neurons to the
brain, where the pattern recognition process takes place with the help of memory. Elec-
tronic noses operate using a similar principle: the signals from different semi-selective
sensors form signals, which are then analyzed by an artificial neural network program.
Similar aromas generally result in similar sensor response patterns. Many approaches
exist for making the array elements in a single sensor possess different sensitivities to
various analytes, including doping with different chemical elements [82, 83], formation
of grains using various mixed oxides [84], and applying the temperature gradient over
the sensor array [76, 85]. The current status of the development of electronic nose systems
was reviewed recently {77, 86].

2.6. Stability of Metal Oxide Gas Sensors

Another issue of metal-oxide gas sensor materials is their low stability and long-range
signal drift. This problem leads to in uncertain results, false alarms and the need to
frequently recalibrate or replace sensors. Little attention is paid in the literature to the
problems of stability. Only a few papers, cited in this chapter, report the stability of sensor
response in a period of several days [87].

Generally, nanostructured oxides with small grains as well as nanotubes, nanorods ete.
are subject to degradation because of their high reactivity. There is no unified approach
to increasing the stability of metal-oxide gas sensors. To some extent, stability can be
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increased by calcination and annealing as the post-processing treatment and by reducing
the working temperature of the sensor element. Doping metal oxides with metal particles
or carbon nanotubes as well as synthesis of mixed oxides have been also reported to
increase the stability of sensor elements [88, 89].

One can distinguish between the two types of sensor stability. One is connected with
reproducibility of sensor characteristics during a certain period of time at working con-
ditions, which may include high temperature and the presence of a known analyte. Such
stability may be referred to as active stability. Another type of sensor stability, which can
be called conservative stability, is connected with retaining the sensitivity and selectivity
during a period of time at normal storage conditions, such as room temperature and
ambient humidity.

3. PROPERTIES AND APPLICATIONS OF
NANOSTRUCTURED METAL OXIDES

In this section, more concrete examples of metal-oxide sensor development will be pre-
sented. The material is subdivided by target analyte compounds, discussing sensors for
hydrocarbons, alcohols, carbon oxides, nitrogen oxides, hydrogen, ammenia and other
gases. Each subsection contains a table citing some of the recent papers with indication
of the sensor material, working temperature, and the analyte and concentration that are
detectable by given sensors. [t can be as the detection limit, so as the dynamic range or
just one concentration used by authors to measure the sensitivity of synthesized material.
Since the various types of metal-oxide gas sensors and their applications for detection of
various gases and volatile organic compounds are numerous, we will discuss only some
examples that are notable from our point of view.

3.1. Detection of Hydrocarbons

In recent years, metal oxides have been widely used for analysis of hydrocarbons. Sensors
for some aliphatic and aromatic hydrocarbons have been developed, and attention has
been paid to the detection of volatile liquid as well as gascous compounds. Some recent-
works on hydrocarbons sensors are presented in Table 2.

The application of metal oxides to the detection of hydrocarbons is reviewed here
using the example of methane, the first member of the aliphatic row. Methane is
widespread in nature and forms explosive mixtures with air. Therefore, the development
of cheap gas sensors for detection of methane and small hydrocarbons is an important
problem. ‘

The application of thin zinc oxide films with contacts made of noble metals for detec-
tion of methane is described in papers [95, 98]. Thin nanocrystalline films of ZnO were
deposited on a 0.6 um-thick SiO,-coated p-Si substrate by a sol-gel method. The thick-
ness of ZnO films was about 900 nm. The contacts of different metals (Pd-Ag, Rh, and
Pt) were deposited using an e-beam evaporator. The shortest response time (16 s) was
found for Pd-Ag contacts, while the maximum response value (84%) was observed in
case of Rh contacts at 250°C.

Table 2. Some recent works on detection of hvdrocarbons.

Material Analyte Concentration Temperature (“C) Ref.
yALS) CH, 0-200 ppm 600 [90]
ZnO:Al [QNE 5,000 ppm 350 - [91]
ZnAu C,H,, 1,000 ppm Room temp. [92]
/n0 CHyp, 1,000 ppm 300 {93]
SnQ), CH, S00-10,000 ppm 350 [94}]
/nQ) CH, 0.5-1% 50-350 [95]
/nQ) CH, 0. 1-1% 30-350 [96]

SnOLWO, Lthvlene 2-8 ppm 300 [97]
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A proposed mechanism of sensor response involves dissociation of methane to a
methyl group and a hydrogen atom followed by recombination of hydrogen atoms:

CH»l(gas) D CH%(JJ\) + Hmdq (16)

2H(ads) A HZ(;:,A\\) (17)

The formed hydrogen molecule then reacts with adsorbed oxygen, producing H,O and
releasing trapped electrons to the conduction band of metal oxide semiconductor [99].

3.2. Detection of Alcohols

Senser materials for detection of alcohols, especially ethanol, are being actively devel-
oped. The interest in ethanol is connected with its wide application in chemistry,
medicine, and the food industry. Precise quantitative detection of ethanol vapors is
required for determination of quality of wines and human health. Metal oxides are widely
used for detection of ethanol. Ethanol sensors are being enhanced, and as is the case for
other analytes, the problems of sensitivity, selectivity, and stability are being addressed.
Some of the most recent papers on detection of alcohols are presented in Table 3.

The most widely used metal oxide materials for alcohol detection are Sn0O., ZnO, WQO,,
TiO, and Zr,O,. As a rule, the analysis is carried out at temperatures above 400°C; there-
fore one important task is to decrease the operating temperature. Beside the conductivity
measurements for sensor detection of alcohol vapors by metal oxides, the oxidation pro-
cess can also be used. Oxidation of ethanol may lead to formation of acetaldehyde [118].
Oxidation of aldehyde is accompanied by photoluminescence, which is used for quanti-
tative detection of alcohol.

Chemiluminescence caused by catalytic oxidation of ethanol vapors on zinc oxide has
been analyzed [118]. Oxide nanoparticles were synthesized by a wet chemical method
from ZnSO, and NH,HCO; in the Triton X-100 solution followed by drying at 300°C and
calcination at 600°C. Transmission electron microscopy showed that ZnO particles sizes
were in range of 30-50 nm. By using X-ray powder diffraction data, the particles crystal
structure were attributed to the wurtzite type. The sensitivity and its dependence on alco-
hol vapor flow rate and temperature as well as selectivity and lifetime were investigated
by Juminescence studies.

The sensor dynamic range was found to be 1-100 ppm, and the detection limit was
estimated as 0.7 ppm. The optimal temperature for analysis was 358°C, and the optimal

Table 3. Some recent works on detection of alcohols.

Material Analyte Concentration Temperature (°C) Ret.
Zn0O Ethanol ppb range 350 [ LOV]
SnO,:Pt Fthanol 50-200 ppm 200 [101]
ZnQO Ethanol 500 ppb H00-500 | 102]
ZnO Fthanol 50 ppm 350 [103]
Zn0:Ga Ethanol 50 ppm 300 [104]
5n0,:Pd Ethanol 4,000 ppm 350 [75]
ZnO:Al Ethanol 400 ppm 250 [105]
ZnO IZthanol 29.7 ppm 20 [106]
ZnO:Pd Ethanol 25-250 ppm 100 1107}
ZnO Ethanol 25-250 400 [108]
Sn0,:Ce0O, Ethanol 200 ppm 250-450) [109]
Sn0,/Zn0 Ethanol 200 ppm 300 [110]
ZnO:In Ethanol 1-3 ppm 32 |11t
Zn0O Ethanol 125250 ppm 400 [112]
Zn0:CeO, Ethanol 100 ppm 320) [13]
Zn0O Ethanol 0.5 ppm 400 [114]
Zn0O Ethanol 0.5 ppm 100 [115])
nQ Methanol, Ethanol 10 ppm 170 [116]

ZnO:Fe, O, soot Propanol 2,500-5,000 ppm 20 [117]




44 Sensitivity, Selectivity, and Stability of Gas-Sensitive Metal-Oxide Nanostructures

flow rate was 100 mL/min. High selectivity to 50 ppm of NH;, N,, CO,, 50,, CCl,, C,H,
was reported. Stability of cataluminescence intensity measured at 460 nm was found to be
stable after seven days, with RSD (1 = 7) of about 3.5%. The analysis of artificial sample
mixtures revealed good reproducibility and practically 100% recovery of the sensor [118].

Since ZnO can be prepared in a form of quasi-1D structure, a number of recent studies
have been devoted to such materials. Thus, the influence of ZnO nanorod diameter on
ethanol sensitivity was demonstrated [119]. Vertically-aligned nanorods with diameters
100, 200, 400, and 800 nm were prepared by reactive Zn vapor deposition in an oxygen-
containing ambicnce on 5i(100) substrate. The materials were exposed to air containing
100 ppm of ethanol at 100°C. Response and recovery times were about 10 s. The proposed
sensing mechanism includes the chemisorption of oxygen and oxidation of the adsorbed
ethanol molecule:

CoH;OH g + 60,4, = 2COy

ads

gas) T 3HOy, + 6e (18)
The highest sensitivity was demonstrated on materials with the lowest ZnO nanorod
diameter (100 nm). The authors suggested the reason is the higher surface-to-volume
ratio, which promotes the adsorption of oxygen and higher concentration of lattice oxy-
gen vacancies. It is noteworthy that the sensitivity of nanorods with diameters of 400
and 800 nm was practically equal.

We will briefly consider the most interesting peculiarities of alcohol sensors published
in other papers without detailed analysis of all of them. Results similar to thgse dis-
cussed above on the ethanol sensitivity of ZnO nanorod sensor have been obtained at
350°C [100]. Aluminium-doped thin ZnO films, produced by radio frequency magnetron
sputtering, showed sensitivity to of ~20-400 ppm of ethanol at 250°C [105].

Palladium-doped ZnO nanoparticles, produced by flame spray pyrolysis of organo-
metallic precursors and mixed into an organic paste to form thick sensing films, were
tested for detection of ethanol vapors in the 25-250 ppm range in dry air at 400°C. Depen-
dence of sensitivity on Pd content [107] and film thickness [120] was studied. Pd content
varied in the range of 0-5 mol%. The maximum sensitivity was found to correspond to?
1 mol% of Pd. The thinnest sensing film (5 um) showed the highest sensitivity and the
fastest (within seconds) response time.

A lower concentration of ethanol was detected by CeO,-doped ZnO thin films, fabri-
cated using the dip-coating method [113]. The concentration of 100 ppm was detected
with sensitivity of ~80 at 320°C by films containing 5% Ce. It was stated that the addition
of Ce to ZnO modified the particle size distribution.

Highly porous three-dimensional (3D) netwogks of interconnected ZnO tetrapods, hav-
ing legs with length of several micrometers and diameter in the 0.1-1 um range, were
found to be sensitive to ethanol concentrations as low as 0.5 ppm [114, 115, 121]. The
response time was about 10 s at 400°C. The material was synthesized by heating Zn
powder in a turnace at a temperature of 900°C and reaction with air and water vapor.
The content of water vapor in air was found to control the adherence onto the substrate
and the morphology of the deposited layers.

-

3.3. Detection of Carbon Oxides

Development of gas sensors for the detection of carbon monoxide is an issue of the day,
since CO is one of the most toxic gases, and being odorless, it can form undetected
by incomplete combustion of fuel in industry and in private houses. CO gas, which is
contained in automobile exhaust along with nitrogen oxides, is one of the main environ-
mental contaminants, especially in large cities. Another carbon oxide, COY, is one of the
greenhouse gases, which are believed to be responsible for the global warming effect. The
main source of CO, today is the combustion of fossil fuels. The number of papers devoted
to development of new CO, sensor materials is rather small. Some recently developed
sensor materials for CO and CO, are presented in Table 4 along with the references to
the original papers.
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Table 4. Some recent papers on detection of carbon oxides.

Material Analyte Concentration Temperature ("C) Ref.
SnO, /TiO,:Nb CcO 1,000 ppm 658-680 [122
ZnO n CcO 250 ppm 100 [91]
Zn0 cO 300 ppm 350 [123]
ZnO:Cu, Cr CcO 100 ppm 200, 300 [124]
Zn0O CcO 50-1,000 ppm 250 [125]
Sn0,:Au O 10 ppm 250-300 [126]
5nO, CcO 5 ppm 295 [44]
SnO,:Pt cO 5 ppm 400 [127]
ZnO CO, 100% 130 [128]

~ Development of new ZnO-based sensor materials for CO detection deals with prepa-
ration of new forms of oxide. 1D nanostructure arrays with the shapes of nanowires,
nanonails, and nanotrees have been prepared by oxygen-assisted thermal evaporation of
metallic zinc on quartz substrates [129]. The authors suggested that the formation of 1D
nanostructures is governed by a self-catalyzed vapor-liquid-solid approach. The sensi-
tivity of this material to CO was studied>by monitoring the change of its resistance in
the temperature range 27-317°C. It was found that when the film is exposed to 200 ppm
of CO at 225°C, its resistance decreases by a factor of ~1.7. Response and recovery
times are a few minutes. Sensor response is suggested to be based on the CO oxidation
reaction:

2CO + O, =2CO, +e (19)

£Sensors based on nanonails and nanotrees are not CO-specific. They react to 200 ppm of
NO, at 225°C, and to 100 ppm of H,S at 100°C [129]. The influence of temperature on
CO sensitivity was studied on an example of Cu-doped ZnQO thin films [53]. The films
were vacuum-deposited on glass substrates at a temperature of 150°C.

3.4. Detection of Nitrogen Oxides

Large amounts of nitrogen oxides are produced by motor vehicles. Other sources are
electric utilities and other industrial, commercial, and residential sources that burn fuels.
The need for NO, sensor development is explained by environmental factors. The NO,
gases can cause various problems such as smog and acid rain. Thus, sensors are needed
for environmental monitoring and for use in cars to control the combustion process.
Several recent examniples of development of new sensor materials to detect nitrogen oxides
are presented in Table 5.

The NO, sensors for automotive applications should detect levels of NO in range of
100-2,000 ppm and NO, in the range of 20-200 ppm in the presence of 1-10% of O, at
temperatures ~400°C or above. Thus, the problems of sensitivity, selectivity, and stability
must be addressed when developing such materials.

Table 5. Some recent papers on detection of nitrogen oxides.

Material Analyte Concentration Temperature ("C) Ref.
Zno NO 1000 ppm 200 [91]
$n0,: WO, NO, 500 ppm 150 [130]
ZnO:In NO, 5 ppm 275 [131]
ZnO NO, I ppm 300--350 [132]
ZnO NO, 1 ppm 300 [133]
S$nO,/SWCNT NO, 5-60 ppm 150 [134]
$n0,:Zn NO,, NO, 0.1-5 ppm 100-500 [135]
ZnO:Al NO, 20 ppm 100 [136]
Zn0:In,0; /WO, NO, 10 ppm 150 (137]

WO, /TiO,:Pt NO, 10-570 ppm 570 [138]
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3.5. Detection of Hydrogen

Analytical and sensor detection of hydrogen is of practical importance. On one hand,
this is due to the increasing use of hydrogen as an ecologically clean fuel. On the other
hand, it is well known that mixtures of hydrogen and oxygen are explosive. Hydrogen
leaks must be carefully controlled in nuclear power plants and in the chemical industry.

Metal oxides, and particularly Zn0O, are used for hydrogen detection. Some recent
papers are presented in Table 6. Two successful research directions are being developed.
One is connected with using oxides doped with metal particles, which possess catalytic
properties for hydrogenation reactions. Palladium and platinum metals are the most often
used metals. Another direction is connected with modification of oxides prepared by
various methods. A combination of these approaches is also used.

The sensitivity to hydrogen of undoped and Pd-doped zinc oxide nanorods were com-
pred and the results, obtained on ZnO thin films, were reported [144]. The sensitivity
was measured by the resistance change at room temperature in the hydrogen concen-
tration range 10-500 ppm. Hydrogen was mixed with air, and it was found that the in
the absence of Pd, ZnO possesses low sensitivity to H,. Doping by sputter-deposited Pd
clusters can increase the sensitivity of material by approximately a factor of five. This
fact is explained by promoting the catalytic dissociation of hydrogen. Na response was
detected to the presence of O, in ambient air. The response time was greater than 15 min,
but recovery was rapid (less than 20 s).

The sensitivities for detecting hydrogen with Pt-coated single ZnO nanorods and thin
films of various thicknesses (20-350 nm) were compared. It was found that the response
of Pt-coated single ZnO nanorods is approximately a factor of three larger upon expo-
sure to 500 ppm of H, in N, than that of zinc oxide thin films at room temperature.
The power consumption of both types of sensors can be very low. The nanorod sensors
exhibit faster response but slower recovery than the ZnO thin films, which is consistent
with relatively higher adsorption ability at the nanorod’s surface. The poorer current sta-
bility of single nanorod sensor devices in comparison with multiple nanorod sensors is
reported.

High hydrogen sensitivity was demonstrated on vertically-aligned ZnO nanorods, syn-
thesized by hydrothermal technique at 90°C on a Si(100) substrate [145]. The sensitivity
of material was investigated at room temperature and dry air at a total flow rate of
500 scem. The diameter of ZnO nanorods varied from 20 to 100 nm and the length was
several hundreds nanometers. Hydrogen concentrations in range 20-200 ppm were used.
The size effect of the ZnO nanorods on gas sensing properties were studied by compar-
ison with nanorods of 500 nm in diameter. It was found that for detection of 200 ppm
of hydrogen at 250°C the sensitivity of narrow nanorods was approximately four times
larger than the sensitivity of 500 nm diameter nanorods achieved at 350°C. Response
time was 800 s and recovery time was 200 s. It is reported that the sensitivity of the
device can be empirically represented as S =1+ A (P,)?, where P, is the target gas partial
pressure, which is proportional to gas concentration, A, is a prefactor and B is the expo-
nent on P The value of g8 is derived from the surface interaction between chemisorbed
oxygen anions and reducing gas and it should be close to 0.5 for uniform and ordered
structures [ 145].

Table 6. Somc recent papers on detection of hydrogen.

Material Analyte Concentration Temperature (°C) Ref.
Zn0 . 0.06% 300400 [132]
5n0.:Pd H. 0.50% Room temp. . [139]
Sn0,:Pd H, 1,000 ppm 300 [ 140]
Zn0O H, 10-2,500 ppm 350 [103]
ZnQ) H. 250 ppm 20 [141]
SnQ,: H, 100 ppm 320 [142]
Sn,-Ag,O-tO), H. 100 ppm 125 [110]

SnQ),:Pd H. 1 ppm 150 [143]
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Table 7. Some recent papers on detection of ammonia.

Material Analyte Concentration Temperature ('C) Ref.
SnO, /MWCNT NH, 60-800 ppm Room temp. | 48]
5n0,:M00; Fe. O, NH, 500 ppm 350) | 149}
Zn0 NH, 40-1,000 ppm 900 [ 150]
ZnOCr,0, NH, 300 ppm 20 [151]
ZnO:ZnS, CdS NH, 30 ppm 20 1152}
Zn0 NH, 10-500 ppm 20 [ 144
SnO,:Pd NH, 100 ppm 300-500 (153]
Sn0O, /SWCNT NH, 10 ppm Room temp. [154]
ZnO NH, 10 ppm 170 [116]
WO,Ti NH, 5-400 ppm 200 | 155]

3.6. Detection of Ammonia

Ammonia is a toxic gas that is naturally present in the atmospherce in sub-ppb levels.
However, much larger concentrations can be detected near farms with domestic animals.
A large amount of ammonia is produced by the chemical industry for the production of
fertilizers or for use in refrigeration systems. Ammonia sensors are needed for the early
detection of possible leakages from such systems.

Another field of application is medicine, since the increase of amount of ammonia
contained in exhaled air can be connected with certain discases, including kidney disor-
ders [146] and ulcers caused by Helicobacter pylori. A comprehensive review on different
types of ammonia sensors has been published elsewhere [147]. Several of the latest results
are presented in Table 7.

Remarkable results are obtained on systems, including SnO, with single wall carbon
nanotubes (SWCNTs) or multi-wall carbon nanotubes (MWCNTSs), which allow detection
of low concentrations of ammonia at room temperature. Systematic investigations of
doping WO, with 48 different metals have been carried out [156, 157]. For doping, T wt%
of each additive was used. The best increase of sensitivity to ammonia was observed
for Er- and Ga-doped WO; material. In another work a particularly good response to
ammonia was observed for Cr-doped WO; sensor [153].

Table 8. Some recent papers on detection of other gases and VOCs.

Material Analyte Concentration Temperature ("C) Ref.
SnO, (C.H)3N I ppm 350 [158]
5n0, (CyHs) N 1 ppb 150 [ 159]
Zn0O (CH,),N 10 ppm 170 | 16]
SnO,:Pd Acetone 200 ppm 100 | 160}
ZnO Acetone 10 ppm 170 | 116]
5n0;:La,0, C,H,0 20 ppm 250300 [T61]
ZnO H.S 12 ppm 300 [133]
Zn0 H.S 100-300 ppm Room temp. [ 162]
5n0,:CuO® H.S 10 ppm Room temp. [163]
S5n0,:Ag H.S 1 ppm 70 [164]
ZnO H.S 0.01 ppm 150 [ 165]
ZnO H.S ppb 20 [ 100]
ZnO LPG 0.4% 578 [ 166]
ZnO LPG 0.2% 100 [32]
ZnO LPG 0.2% 400 [167]
SnO,:Ni L.PG 600 ppm 350 [168]
ZnO:Pd LPG 10% 170 [ 1a9]
Sn0O,:Sr 1L.PG 10 ppm 210-300 [170]
5n0,:V 50O, 5 ppm 350 [171]
5n0,:Cu0, WO, Toluene 30 ppm 175 [172]
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3.7. Detection of Other Gases

The remarkable results obtained recently for metal-oxide materials for detection of other
toxic or flammable gases and VOCs, such as alkylamines, acetone, formaldehyde, hydro-
gen sulfide, liquified petroleum gas (LPG), sulfur dioxide and toluene are presented in
Table 8.

4. CONCLUSIONS AND FUTURE DIRECTIONS

The considered applications and particular features of metal-oxide gas sensors allow us
to formulate some general trends in this actively developing field of science.

® There is a clear tendency to search for new types of metal oxide nanostructures,
including nanowires, nanobelts, and nanorods that promote the use of new synthetic
techniques for preparation of novel sensor materials.

* There has been an increase in the number of different dopants, particularly various
metal and metal oxide nanoparticles and substrate materials. These approaches are
aimed at increasing the sensitivity and selectivity of metal-oxide gas sensors.

* Much effort is being made to extend the working temperature range of metal-oxide
gas sensors and lower the optimal working temperature to 20-25°C. The goal of
these investigations is to decrease the power consumption of sensor elements.

The analysis of available papers on sensor applications of metal-oxide nanostructures
enables the formulation of a number of tasks that will draw the main efforts of scien-
tists and engineers working on gas sensing nanomaterials in near future. At the moment
little attention has been paid to the surface modification of sensor materials; hence,
more efforts are needed on this topic. Moreover, the chemistry of metal and metal oxide
nanoparticles and their peculiarities and size effects have also been reviewed in recéntly
published books [173, 174]. However, the reactivity of doped metal oxides is currently
under-investigated. The in situ spectroscopic studies of sensor materials at real working
conditions are still quite rear.

Detailed theoretical and experimental investigations are needed for deep understand-
ing of possible physical and chemical processes in real systems, involving metal oxides,
dopants, analytes and various other molecules, such as water, which may be present
in the atmosphere in target applications. This understanding can help in solving the
problems with sensitivity, selectivity, and stability of sensor materials. One prospective
approach is to chemically modify the surface of metal dopant particles with appropriate
ligands to increase the specificity of sensor.

From a practical point of view, the problem of sensor stability deserves more attention
than it has now. It is also necessary to test the real sensor working conditions for several
days. Higher stability will decrease the frequency of or completely eliminate the need for
veritication and re-calibration of sensors. Another important problem is the development
of simpler sensor materials and cheaper preparation methods.

In our opinion, new perspectives of using metal oxides for gas sensor materials lie
not only in the field of new shapes and decrease of size of basic elements, but also in
the application of composites involving metal oxides, metals, and various organic and
inorganic ligands. Creation of new sensitive, selective, and stable gas sensor materials is
one of the most important and actual tasks of nanochemistry and nanotechnology.
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