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Design, Synthesis and Application
of Metal Oxide-Based Sensing Elements:
A Chemical Principles Approach
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Abstract The chemical approaches to improvement of selectivity of semiconductor
metal oxide gas sensors are the main subject of this chapter. Current concepts of
interrelationships between metal oxide chemical composition, crystal and surface
structure and its activity in the reaction with gas phase components are considered.
Application of such concepts to the design of sensor materials based on nanocrys-
talline SnO2 is discussed thoroughly. Experimental data concerning chemical
composition, solid–gas chemical interaction activity and sensor properties is given
and critically analysed. The possibility of utilization of solid–gas chemical reaction
activity concepts for directed synthesis of new metal oxide semiconductor sensor
materials with selective response to given gases is highlighted.

3.1 Introduction

A major shortcoming of SnO2 as a material for gas sensors is its low selectivity, due to
the presence of a wide range of adsorption sites on its surface that cannot distinguish
the contribution of each type of molecule in the gas phase to the total electrical signal.
One of the ways to improve its selectivity is the surface modification of a highly
dispersed oxide matrix with clusters of transition metals or their oxides, which may
affect the electrophysical and chemical properties of the surface. Quite a number of
approaches has been suggested to date to direct the choice of modifiers for sensor
materials, using the values of electronegativity [1], changes in work function [2], as
well as structural properties of oxides of d-elements [3] as correlation parameters.

For sensors targeting sulfur-containing gases (in particular hydrogen sulfide) it
was proposed [1] to select a modifier based on the electronegativity values of the
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corresponding cations. It was assumed that the bond formation between the sulfur ion
and metal cation with low electronegativity leads to a weakening of the S–H bond and
facilitates the dissociation of the molecule. Another approach is based on the change
in work function during the chemisorption of molecules from the gas phase on metal
surfaces [2]. The magnitude of this change depends on the nature of the metal and the
gas molecules, and likely enables the selective detection of gases using planar
structures of a metal/semiconductor interface, as well as with polycrystalline systems
in which metal clusters are distributed on the surface of the semiconductor.

Certain predictions on sensitivity and selectivity of sensor materials can be
made based on the catalytic activity of transition metals and their oxides. Possible
mechanisms for the catalytic effect of additives on the sensor properties of the
material were proposed [4]:

• the effect on the rate of Redox reaction, which leads to higher sensitivity and
better dynamic properties at low operating temperatures;

• formation of intermediates, which can change the conductivity of SnO2;
• the impact on the surface coverage and rate of adsorption.

Different concepts of heterogeneous catalysis allow linking the physical,
chemical and electronic properties of materials and their catalytic activity in dif-
ferent processes [5]:

• acid–base catalysis theory, based on the number and strength of acidic and basic
centers on the catalyst surface;

• the theory of ‘‘structural matching’’ assumes that an active center—an ensemble
of atoms having some specific size and structure—is needed for the reaction on
the surface to take place;

• the electronic theory of catalysis on semiconductors [6], the concept, based on
the correlation of catalytic activity and electronic structure of the material,
which includes consideration of the quantum-size effects with decreasing par-
ticle size to the nanometer range.

However, there is scarce number of works that use the reasoned choice of mod-
ifiers for sensor materials surfaces. In the development of SnO2-based gas sensors the
representatives of all families of chemical elements: noble metals and oxides of s-, p-,
d- and f-elements, have already been tested as modifiers (Fig. 3.1). In most cases, the
results are obtained by ‘‘trial and error’’ effort and do not imply correlations between
the properties of the modifier and sensor performances to the target gas.

3.2 Reactivity of Oxide’s Surface in Solid-Gas
Interaction

This section discusses the approaches described in the literature to assess the acid–
base and Redox surface properties of metal oxides, based on their chemical com-
position, oxidation state of the metal, coordination environment and crystal structure.
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3.2.1 Adsorption–Desorption Interactions, Acid–Base
Properties

The key chemical process that leads to the emergence of a sensor response in the
presence of any detectable component is the adsorption (chemisorption) of gas
molecules on the surface. This process is usually considered in terms of a Lewis
acid–base interaction [7]. The active sites of adsorption on a metal oxide surface
are coordinatively unsaturated metal cations and oxygen anions. Metal cations as
electron-deficient atoms having vacant orbitals, exhibit Lewis acid properties,
while oxygen anions act as bases.

The main problems in the synthesis of new materials with a well defined surface
acidity are (1) a quantitative description of the changes in acidity made by mod-
ification and especially (2) predicting the reactivity of the newly created com-
posites. The advances in IR-spectroscopic methods of probing molecules [8, 9],
their thermo-programmed desorption [10] and microcalorimetric methods [11],
allow a quantitative comparison of the acidity of the synthesized materials. It is
important to emphasize that the acidity of the metal cation in the oxide surface is
defined by a set of parameters: the type and oxidation state of the cation, the
presence of defects on the surface, and the number of vacancies in the anion
sublattice, which is different in the oxidized and reduced state of the surface [7]. At
the same time, the acidity and reactivity of the metal oxide surface are closely
associated with the ‘‘bulk’’ properties of the phases present [5].

In the 1970s Duffy proposed a universal approach which, allows ranking of
various metal oxides on their Lewis acidity and introduced a new notion of the so
called optical basicity of oxides [12]. This value characterizes the degree of ‘‘red’’
shift (towards longer wavelengths) of characteristic bands in UV absorption

Fig. 3.1 Elements that have been tested as modifiers in the development of SnO2 based gas
sensors
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spectra corresponding to the 1S0 ? 3P1 transitions of probe ions (Tl+, Pb2+ or
Bi3+), embedded in an oxide structure. This shift is caused by the expansion of the
outer electron orbitals of the cations (acidic centers), surrounded by anions (basic
centers). This so called nephelauxetic effect is based on the covalent interaction
between the central cation and its surrounding ligands, which leads to the for-
mation of molecular orbitals with a predominant contribution of orbitals from the
central cation. The expansion is due to the fact that the formed boundary molecular
orbitals are antibonding in nature, and also due to increased screening of the
positively charged nucleus of the cation. On the example of complex-forming
metal cations, this effect is manifested as a change in the absorption spectra
corresponding to the energy transitions of d-electrons. Orbital expansion is
accompanied by the weakening of electron repulsion forces and, consequently, the
partial degeneracy of the energy sublevels of the excited states surrounded by the
ligands (Lewis bases), one can estimate the degree of this acid–base interaction.
According to this concept, the bulk Lewis acidity of the cations forming the oxide
can be estimated to be inversely proportional to the basicity of oxygen anions. It
can be determined by measuring the magnitude of the nephelauxetic effect arising
in its absorption spectrum with introducing a probe d-element cation into the oxide
matrix. The more the red shift of spectral bands caused by the expansion of the
outer orbitals of the cation, the more the basicity of oxide and the weaker the
Lewis acidity of its constituent cations.

By generalizing the experimental data obtained in the course of studying the
optical basicity of silicate oxide glasses of different compositions, it has been
shown [13] that the optical basicity K is an additive quantity, and therefore, the
majority of individual oxides can be classified based on measured values of optical
basicity of glasses of known composition:

Kth ¼ XAOa=2
KðAOa=2Þ þ XBOb=2

KðBOb=2Þ þ . . .; ð3:1Þ

K(AOa/2), K(BOb/2)… optical basicity of oxides AOa/2, BOb/2 …
XAOa=2

; XBOb=2
. . . proportion of oxygen atoms, provided by each oxide

Optical basicity of simple oxides, of the substance, is correlated with other
fundamental parameters. It has been shown [14] that K is proportional to the
electronegativity of the metal, which is forming the oxide:

K ¼ 0:75=ðvM � 0:25Þ ð3:2Þ

vM Pauling electronegativity of metal cation

Another type of correlation is related to the so-called polarizability of the
oxygen atom in the oxide, a2�

O [13]:

K ¼ 1:67 1� 1=a2�
O

� �
ð3:3Þ
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The polarizability of the oxygen atom, reflecting the tendency of electrons
involved in chemical bonding to move from of the ionic core in the presence of an
external electric field, is calculated from the molar polarizability of simple oxides:

am AiBj

� �
¼ iaA þ jaB; ð3:4Þ

A :cation
B :anion
i and j :their stoichiometric coefficients in oxide

Molar polarizability of oxide can be calculated from the refractive index of the
oxide according to the formula of Lorentz-Lorenz (also known as Clausius-
Mozotti equation) [13, 15]:

am ¼
3Vm

4pN

n2 � 1
n2 þ 2

ð3:5Þ

Vm -molar volume
N -Avogadro number
n r-efractive index

Thus, it is possible to estimate the strength of acid centers on the surface of an
oxide material using the bulk properties of the compound and the fundamental
parameters of its constituent atoms. This simple approach has its drawbacks. The
more important one is that the calculations are based on Pauling electronegativity
values of the cations with no regard of the structural features of oxides and,
consequently, neglects their effect on the electronegativity. As a result this
approach was suitable only for compounds with ionic metal—oxygen bonds.

In 1982 Zhang for the first time made an attempt to create a quantitative Lewis
acidity scale of various cations [16]. He found the approach to the quantitative
description of the ion contribution to the metal—oxygen bond through the so-
called polarizing power of the cation. The polarizing power P can be calculated as:

P ¼ Z=r2
k ð3:6Þ

Z formal cation charge
rk ionic radius

At the same time Zhang has developed a scale of electronegativities of the
elements [17], calculated from the thermodynamic parameters using the formula:

vZ ¼
0:24n� Iz=Rð Þ1=2

r2
þ 0:775 ð3:7Þ

r covalent metal radius
Iz ionization potential
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R Rydberg constant
n* effective main quantum number

Covalent components of the metal–oxygen bond in the metal oxide compounds,
according to Zhang, are determined by their electronegativity. The value of Lewis
acidity Z is determined by the formula:

Z ¼ P� 7:7vZ þ 8:0 ð3:8Þ

Zhang was able to rank a large number of cations. However, this scale is not
valid for small cations with high nuclear charge. Portier et al. [18] proposed a new
parameter related to acid strength, taking into account the ionic-covalent character
of the metal–oxygen bond in oxides (ionic-covalent parameter, ICP):

ICP ¼ log Pi � Avi þ B ð3:9Þ

Pi polarizing power
vi electronegativity

The coefficients A and B are chosen, so that the ICP of Au+ cation was zero
[19]. This cation acts as a reference due to its extremely low acidity and instability
of compounds, even with very strong bases. Using this parameter authors have
been able to carry out a quantitative classification of Lewis acidity of about 500
cations in different oxidation states and coordination environments.

Further attempts were made to develop the concept of optical basicity on the
basis of a quantitative understanding of the ionic-covalent character of metal–
oxygen bond in oxides. These approaches are based on the linear correlation of the
optical basicity of alkali and alkaline earth metal oxides with ICP. Using the
method of linear regression five different linear correlations between the optical
basicity and the ionic-covalent parameter of different types of cations (s-p, d10s2,
d0, d1–d9, d10) were subsequently established [20]. The quantitative relationship
between the Lewis acidity and the fundamental parameters of the substance
identified in this way can be used to predict the reactivity of not only the individual
oxides, but also composite materials based on them Fig. 3.2.

Another approach that is widely used in predicting the reactivity of oxide
materials, is the principle of electronegativity equalization developed by Sander-
son, and the corresponding scale of electronegativities of the elements [21, 22].
Sanderson started from the principle that the formation of the ionic part in the
chemical bonding between atoms of different nature is inevitably accompanied by
a decrease in its covalent component. This is due to the redistribution of electron
density between the atoms that form a chemical compound. This redistribution, in
turn, induces a charge which balances the difference in the electronegativity of
atoms. Thus, the compound acquires certain electronegativity, which is the geo-
metric mean of electronegativities of its constituent atoms.
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Sanderson’s concept allows us to calculate the partial charges on the atoms
forming the compound, reflecting the contribution of the ionic component of a
chemical bond directly from the values of the electronegativities of the cations.

rM ¼ 0:48�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SMþð Þx SChð Þyxþy

q
� SMþ

� �
� S

�1=2
Mþ ð3:10Þ

rM cation partial charge
SM+ cation electronegativity
SCh- chalcogen electronegativity (for oxygen S = 3.61)
x, y stoichiometric coefficients

To date, these values are known for a large number of cations in various formal
oxidation states, so one can easily rank the corresponding oxides by their Lewis
acidity (Fig. 3.3). The most comprehensive work in the field [23] has shown that
the difference between the degree of oxidation of the cation and the calculated
partial charges reflects the value of Lewis acidity. This approach was also
developed further to calculate partial charge distributions in complex oxide
compounds on the basis of their structural parameters [24].

It is important to note that metal oxides possess, in addition to Lewis acidity,
also Brønsted acidity, defined as the ability to protonate bases (H+-transfer). This
type of acidity is the result of dissociative adsorption of water molecules on the
oxide surface to form protons (H+) and hydroxyl groups (OH-). The driving force
of these processes is the interaction between a Lewis acid (cation on the metal
surface) and its conjugate base (the oxygen atom in a molecule of H2O). A proton
(Lewis acid), formed as a result of this dissociation, is captured and tightly binds
the surface lattice oxygen atom of the metal oxide (Lewis base) while a hydroxyl
group (base) is fixed to the metal cation (acid). It is the latter type of hydroxyl
groups on the surface that are capable to exhibit acidic properties. The strength of
acid sites is determined by the energy of deprotonation, which is fairly easy to

Fig. 3.2 The scale of optical
basicity of selected cations
based on their oxidation state,
coordination number and
electronegativity [20]
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quantify with the help of quantum chemical calculations [25–27]. This method is
often used for catalytic materials that have shown linear correlation between the
strength of Brønsted acid centers and the partial electric charges on the atoms
(oxygen anions and metal cations) [24].

3.2.2 Reactivity in Oxidation Process

In most cases sensors are designed to operate in excess of oxygen in the gas phase
(mainly in humid air) which means that for the majority of molecules, adsorbed on
the SnO2 surface, the next chemical step will be the interaction with different
oxygen species. They are represented as chemisorbed forms of oxygen: molecular
O�2 or atomic O�; or lattice, oxygen on the SnO2 surface. The former are known as
highly reactive electrophilic forms of oxygen, readily interacting with almost all
adsorbed molecules, while the latter, lattice oxygen, considered to be less reactive
nucleophilic form of oxidant. While it is widely accepted, that the concentration of
chemisorbed oxygen species is the main parameter, affecting nanocrystalline SnO2

conductance in air, little is reported about their relative importance in the process
of chemical interaction of SnO2 with gas molecules.

3.2.2.1 Oxidation by Lattice Oxygen

Oxidation of chemisorbed molecules with lattice oxygen of the oxide material was
firstly described by Mars and van Krevelen [28]. For a large number of oxide systems
this mechanism has been confirmed by kinetic methods as well as using direct
methods of investigation of the oxides surface structure [29–31]. This process is due
to lability of nucleophilic anions, which can attack the adsorbed molecules, breaking

Fig. 3.3 Lewis acidity scale
of simple oxides calculated
on the basis of Sanderson
electronegativity table [23]
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the existing chemical bonds in these molecules and forming the new ones. The
adsorption of gas molecules, which occurs with a partial transfer of electron density
to the metal cation on the surface, leads to the activation of these adsorbed species—
the creation of additional centers with a partial positive charge, which later may
become centers for nucleophilic attack by the anion O2�; located in position of lattice
oxygen of the oxide compound on the surface of the material. Newly formed mol-
ecules can re-enter the process of oxidation or desorb from the oxide surface. As a
result, the surface oxide is transferred into the so-called ‘‘reduced’’ state, charac-
terized by a large number of oxygen vacancies and metal cations in lower oxidation
states as compared with the cations in the bulk material.

If the gas phase contains a significant amount of oxygen, then re-oxidation of
surface occurs through the processes: adsorption of molecular oxygen, its disso-
ciation, and incorporation into the position of oxygen vacancies, in accordance
with the following equations:

O2ðgÞ $ O2ðadsÞ ð3:11Þ

O2ðadsÞ þ e� $ O�2ðadsÞ ð3:12Þ

O�2ðadsÞ þ e� $ 2O�ðadsÞ ð3:13Þ

O�ðadsÞ þ e� $ O2�
ðadsÞ ð3:14Þ

O2�
ðadsÞ $ O2�

lat ð3:15Þ

where O2�
lat is an anion located in position of lattice oxygen of the oxide compound

on the surface of the material.
Thus there is a restoration of the original chemical state of the surface and the

completion of the catalytic cycle of oxidation. Processes involving nucleophilic
oxygen species can be described by the following general schemes:

Oxidation Mnþ � O2� þ R! Mðn�xÞþ þ RO ð3:16Þ

Regeneration Mðn�xÞþ þ x=4ð ÞO2 ! Mnþ þ x=2ð ÞO2� ð3:17Þ

The use of these schemes allowed the authors [32] to describe the activity of
oxides in a catalytic cycle on the basis of thermodynamic parameters. Although
such a fundamental approach has revealed the energy functions that characterize
the reactivity of the oxides in Redox processes, the authors could not find parallels
with the real catalytic activity of oxide compounds even in very simple transfor-
mations. The reason for the failure of this, at first glance a promising concept, was
the large number of additional factors influencing the Redox processes on the
oxide surface, which are not taken into account in the proposed scheme of oxi-
dation. These factors are hard to account for in a quantitative way so they are
mainly used as qualitative concepts.
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3.2.2.2 Oxidation via Adsorbed Oxygen

It should be taken into account that oxidation by nucleophilic lattice O2- is not the
only kind of oxidation reactions on the surface of oxides. The adsorption of
oxygen in accordance with equations (3.11–3.14) can lead to the formation of
electrophilic anions, O2

- and O-, on the oxide surface. The high mobility and
reactivity of such species leads to oxidation processes on the surface with
chemisorbed gas molecules, not subject to the ‘‘Mars-van-Krevelen’’ mechanism.

The nature, mechanisms of formation and chemical properties of such elec-
trophilic oxygen anions, adsorbed on oxide surfaces, which are the subject of
decade-long discussions, are still poorly known. According to the energy diagram,
proposed by the authors [33], the higher the charge of the ionized forms of
adsorbed oxygen, the lower its stability Fig. 3.4.

The ionized form of oxygen O2
- in the gas phase is energetically more

favorable compared to the electrically neutral molecular form. The latter can be
stabilized on the oxide surface via electrostatic interaction. This chart suggests that
the ionized O2

- and O- can exist in a mobile form on the oxide surface for a long
time. The O2- ion can be stabilized on the surface only in the position of the
oxygen vacancy, since it is energetically very unstable species. The numerical
values listed in the chart, are approximations, since they are dependent on the
exact position of the ionized atoms of oxygen adsorbed on the surface, as well as
their surroundings.

The ability of the oxide surface to bear chemisorbed oxygen species can only be
described in a qualitative manner. For these purposes a division of oxides into
three groups was proposed [34]:

Fig. 3.4 Survey of oxygen
species (From [87]. With
permission.)
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The first group with a high tendency to adsorb oxygen is presented by oxides
formed by the metal cations which are easily oxidized into a higher oxidation state,
and therefore can easily donate electron density to the adsorbed oxygen species. A
huge quantity of electrophilic anions (O-, O2

-) quickly form on the surface of
these oxides (Examples include: NiO, MnO, CoO, Co3O4) at room temperature in
an atmosphere with oxygen excess. With the rise of surface temperature the speed
of this transformation increases considerably, and also adsorbed O2- is formed,
which is involved in the formation of additional lattice planes on the surface with
utilization of cations, migrating from the bulk to the surface.

The second group of oxides (ZnO, TiO2, V2O5, SnO2) also possess the ability of
donating electron density to the adsorbed oxygen molecules, arising primarily due
to bulk non-stoichiometry within the oxygen lattice. The main difference between
these two groups of oxides is the latter contains a relatively small number of active
centers on the surface, through which the electron density transfer to the adsorbed
oxygen molecules could pass. Formation of adsorbed O2- ions is far less probable,
whereas almost all the ionized particles of oxygen adsorbed on the surface are
represented by O- and O2

-. The ability of the oxide surface to stabilize electro-
philic adsorbed oxygen species may largely depend on the structural factors,
namely the type of coordination environment of the metal cation and the quantity
of surface oxygen vacancies. For this reason, the nature and structural features of
the defects on the surface of such materials, which includes nanocrystalline SnO2,
thoroughly discussed in this chapter, can play a crucial role in the interaction of
gas molecules and the subsequent sensing characteristics of metal oxide
nanomaterials.

The third group of oxides is represented by compounds that do not have the ability
to donate electron density to adsorbed oxygen molecules and therefore stable
adsorbed electrophilic ionized forms of oxygen do not form on the stoichiometric
surface of these oxides. Examples of such oxides are different molybdates, tung-
states, vanadates, and other complex oxides with cations of transition elements in
their highest oxidation state. Oxidation of gas molecules on their surface, as well as
brief formation of adsorbed electrophilic oxygen species, can be described as a
mechanism of the ‘‘Mars-Van-Krevelen’’-type. Formed on the reduced surface of
such oxide systems, electrophilic forms of oxygen very quickly become the nucle-
ophilic form O2-, occupying the oxygen vacancies in the crystallographic positions.

This classification is not valid for non-transition metal oxides, in which cations
can exist in only a single oxidation state, and therefore do not possess electron-
donor activity. The use of such oxides as heterogeneous oxidation catalysts
requires extra effort to create defects in their crystal structure [34] and oxygen
vacancies (F-centers) on the surface. They act as centers of adsorption and for-
mation of electrophilic active oxygen species. Such oxides can be attributed to
group II described above.

Currently, there are only a limited number of works devoted to a detailed study
of the mechanisms of formation and reactivity of electrophilic forms of adsorbed
oxygen on the oxide surface [35]. It is believed that these species are much more
reactive than the nucleophilic lattice ions O2- on the surface and have a much
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greater mobility. For this reason, oxides, included in the first group mentioned
above, and materials thereof, are most commonly used as catalysts for the com-
plete and non-selective oxidation of adsorbed molecules on the surface [36]. At the
same time, a clear consensus on the selectivity of oxidation processes involving
electrophilic forms of adsorbed oxygen on the surface of oxides in the scientific
community is currently unavailable. In some studies the role of adsorbed elec-
trophilic O- ions in the selective oxidation of organics is underlined [37, 38].

3.2.3 Implications for Materials Design

The synthesis of materials with well defined activity in chemical interactions with
gas molecules, should be based on a theory that quantitatively describes the above
mentioned considerations in clearly defined physical concepts. Such a theory so far
does not exist, due to a lack of analytical techniques to examine each elementary
step of interaction of adsorbed molecules on solid surfaces. These in situ experi-
ments, including identification of the dynamic structure transformation of solid
surfaces in real conditions of chemical interactions with gases, are particularly
complicated in the case of oxide systems [39]. At the same time the theoretically
calculated equilibrium state of the surface and molecular complexes formed on it
during reaction may indeed differ from the real ones. Moreover, measurement of
the kinetics of these transformations generally is beyond the capacity of modern
theoretical calculations.

These reasons are responsible for the impossibility of a sensing material’s design
from first principle calculations. Thus, the theoretical basis for the development of
new oxide materials with improved properties in Redox reactions (higher activity
and/or selectivity)—is still a huge accumulated empirical experience, combined with
the qualitative concepts of reactivity given above. Therefore, one of the possible
approaches for a partially directed synthesis of new oxide materials is a modification
of the existing oxide systems by the introduction of additives [40]. Such modifiers
may occupy different positions, both on the surface of the material and in its structure,
providing a complex effect on its activity in interaction with the gas phase [41].
Depending on the concentration and type of introduced additional components, they
can form solid solutions based on the main phase or create a segregation of the
modifier on the surface of crystalline grains of the main phase. In some cases the
stabilization of thermodynamically unstable phases can be observed. So, the modi-
fiers cause changes in the parameters of the crystal structure itself, as well as in
related properties (for example energy and length of the metal–oxygen bond), and
also change the concentration of point defects, both in the cation and anion sublat-
tices. Being distributed on the surface, these additives can also change the local
structure and properties of active sites, through formation their own two-dimensional
oxide structure and thus ‘‘block’’ the pre-existing active sites.

To check the validity of the proposed approach to selected modifiers that
provide increased sensitivity and selectivity of tin dioxide towards gases of
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different chemical nature, we experimentally examined the modifiers with variable
acid–base properties and activity in the oxidation process such as noble metals and
metal oxides: Au, PdOx, RuO2, NiO, CuO, Fe2O3, La2O3, V2O5, MoO3, Sb2O5.

3.3 Influence of Modifiers on SnO2 Surface Acidity

Thermoprogrammed desorption of ammonia (TPD–NH3), along with methods of
microcalorimetry and IR spectroscopy is one of the most commonly used methods
to assess the acidity of the surface—the strength and the concentration of both
Lewis and Brønsted centers. The number of acid sites and their distribution over
the activation energy of desorption of ammonia can be carried out using a model
[42] with the assumption that one molecule of NH3 desorbs from a single acid site.

For most of the materials, discussed in this chapter, two types of adsorption sites
on the surface, possessing different acidity, were found—weak (Tdes * 120 �C) and
strong (Tdes * 480 �C) (Fig. 3.5). Weak acid–base interaction of NH3 with the
material‘s surface corresponds to the Brønsted acidity centers—the hydroxyl groups
on the surface which formed partly due to the adsorption and dissociation of
molecular water from the air. It is reasonable, however, to judge that the number of
these hydroxyl groups is governed by the heat treatment conditions of the precur-
sor—a-stannic acid [43]. Complete removal of water is achieved at temperatures
above 600 �C, which is reflected in a gradual decrease in the desorption peak in the
spectra of TPD-NH3 at 120 �C, (Acquisition of this TPD followed the sample pre-
treatment for 1 h at 300 �C in dry air with subsequent cooling down to room tem-
perature in same gas flow; saturation with 10 % NH3 in N2 for 0.5 h and further TPD
in a N2 flow), for materials based on pure tin dioxide produced by higher annealing
temperatures in an air atmosphere. Strong adsorption sites are coordinatively
unsaturated metal cations on the surface of materials, which have the capacity to
interact with Lewis bases due to unfilled positions in an oxygen coordination. There
are two types of such cations on the surface—Sn4+ with 5 oxygen atoms in the
coordination sphere and Sn2+ with 4 oxygen atoms in the anion environment. In this
case, cations Sn2þ

4c have greater bond strength with adsorbed NH3 molecules due to
the additional contribution of covalent interactions [44]. Displacement of the TPD-
NH3 maxima at higher temperatures with increasing annealing temperature is
probably due to the effects of long-range order, manifested in a decrease in the degree
of crystal lattice defects on the surface of the grains. For this reason, a valid com-
parison between Brønsted and Lewis acidity of the surface of modified materials with
each other is only possible for substances produced using the same annealing tem-
perature and with the same annealing gas conditions. Concentrations of Brønsted and
Lewis acid sites for the materials under discussion are presented in Table 3.1.

Introduction of modifiers with lower optical basicity (higher Lewis acidity of
cations) to the SnO2 matrix and vice versa is accompanied, as in the case of
Brønsted acid centers, with the corresponding change in their concentration on the
surface (Fig. 3.6). We emphasize that such a law is valid only for materials with
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the same thermal treatment, indicating the decisive contribution of crystal lattice
defects on the surface in the amount of acid sites.

For a number of materials (SnO2–Cr2O3, SnO2–Pd and SnO2–Ru) the desorp-
tion peak at about 300 �C instead of 480 �C was observed. One can attribute the
peaks at 300 �C not to the desorption of ammonia, but to the products of NH3

dissociation and oxidation (molecular nitrogen or nitrogen oxides). This is due to
pronounced catalytic activity of deposited clusters of noble metals, manifested in
many oxidation reactions of adsorbed molecules with oxygen. Also the possibility
to create the additional chromyl oxygen anions (Cr = O) on the surface of Cr2O3,
actively involved in the oxidation of adsorbed molecules [45, 46], may be the
reason of such NH3-TPD dependencies in the case of Cr-modified SnO2.

Fig. 3.5 Examples of TPD-
NH3 spectra of SnO2-based
sensor materials

82 V. Krivetskiy et al.



Table 3.1 Parameters of SnO2-based semiconductor sensor materials

Samplea Tan

�C
dXRD,
nm

S, m2/
g

Brønsted acidity, lmol
NH3/m2

Lewis acidity, lmol
NH3/m2

SnO2-300 300 4 65 0.554 ± 0.05 3.1 ± 0.3
SnO2-500 500 9 27 0.147 ± 0.01 1.58 ± 0.2
SnO2-700 700 13 15 0.135 ± 0.01 1.03 ± 0.1
SnO2-Fe2O3-

500
500 5 40 0.385 ± 0.04 3.73 ± 0.4

SnO2-V2O5-
500

500 6 42 1.56 ± 0.15 7.05 ± 0.7

SnO2-Cr2O3-
500

500 9 40 1.64 ± 0.16 –

SnO2-MoO3-
500

500 5 75 0.915 ± 0.09 2.22 ± 0.2

SnO2-Cr2O3-
300

500 4 114 1.11 ± 0.1 –

SnO2-Pd-500 500 8 27 – –
SnO2-Pd-300 300 4 61 0.633 ± 0.06 –
SnO2-Au-300 300 4 60 0.188 ± 0.01 1.96 ± 0.2
SnO2-NiO-Au-

350
350 5 75 0.457 ± 0.05 1.86 ± 0.2

SnO2-Pt-500 500 13 15 0.673 ± 0.07 –
SnO2-Ru-300 300 5 67 0.334 ± 0.03 –
SnO2-Ru-700 700 20 13 – –
SnO2-La2O3-

700
700 5 27 0.032 ± 0.03 1.53 ± 0.2

SnO2-CuO-700 700 13 15 – –
SnO2-Sb-300 300 4 71 0.76 ± 0.08 2.33 ± 0.2
a Sample naming: Base material-Modifier-Calcination temperature

Fig. 3.6 Density of brønsted-type acid sites on the surface of differently modified nanocrys-
talline SnO2 calcined at 300 �C (left) and 500 �C (right)
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3.4 Redox Properties of Modified Materials

3.4.1 Chemisorbed Oxygen

Information regarding the Redox properties of surface modified tin dioxide can be
obtained by the in situ investigation of a material’s interaction with oxygen and
temperature-programmed reduction within a H2 environment.

The dependence of the SnO2 electrical conductivity on oxygen partial pressure
was investigated in detail in a wide temperature range [47, 48]. The electrical
behavior of these semiconductor oxides at low temperatures is controlled by
acceptor impurities—various species of chemisorbed oxygen. At 200 – 400 �C the
interaction of atmospheric oxygen with an n-type semiconductor oxide surface
leads to the formation of molecular (O�2 ) and atomic (O�; O2�) chemisorbed
species. In general, the oxygen chemisorption can be described as [49]:

b
2

O2ðgasÞ þ a � e� þ S$ O�a
bðadsÞ; ð3:18Þ

where O2ðgasÞ is an oxygen molecule in the ambient atmosphere, e� is an electron,
which can reach the surface, meaning it has enough energy to overcome the
electric field resulting from the negative charging of the surface. Their concen-
tration is denoted as nS; nS = [e�]; S is an unoccupied site or other surface defects
suitable for oxygen chemisorption; O�a

bðadsÞ is a chemisorbed oxygen species with

a = 1 and 2 for a singly and doubly ionized forms, b = 1 and 2 for atomic and
molecular forms respectively.

Following the reasoning presented by authors [50] and considering the Weisz
limitation [50], one can obtain

lg nS ¼ const0 þ lg 1� nS

nb

� �
� m lg pO2 ð3:19Þ

where nb is the concentration of charge carriers in the bulk, m = 1, 0.5, or 0.25 for
O�2 ; O� and O2� respectively.

If the sensing element is a porous film formed by small grains with grain size
dXRD \ 50 nm, complete grain depletion and a flat band condition can be expected
[50] and the conductivity is proportional to nS. Thus, Eq. (3.19) can be presented as:

lg G ¼ const1þ lg 1� G

G0

� �
� m lg pO2 ð3:20Þ

In this case G is the material conductivity at the given partial oxygen pressure,
G0 – material conductivity at pO2 ! 0. Taking G0 to be equal to the material
conductivity under an inert atmosphere (for example in pure Ar, containing no
more than 0.002 vol. % O2), it is possible to determine experimentally the value of

lg 1� G
G0

� �
for any fixed po2 . If the experimental plots of G vs. po2 in coordinates

84 V. Krivetskiy et al.



lg G� lg 1� G
G0

� �� �
against lg pO2ð Þ are linear, one can determine from the curve

slope the predominant form of chemisorbed oxygen [51].
For pure and chemically modified SnO2 the reversible decrease in electrical

conductivity G is observed with increasing the partial pressure of oxygen in the gas
phase (Fig. 3.7). The values of G for a fixed partial pressure of oxygen can be used

for the analysis of the lg G� lg 1� G
G0

� �� �
against lg pO2ð Þ dependence in the

temperature range 200–400 �C. In the coordinates corresponding to Eq. (3.20), the
obtained dependencies of conductivity vs. oxygen partial pressure are linear
(Fig. 3.8). That allows us to determine the coefficient m in the equation for the
slope and to suppose the predominant form of chemisorbed oxygen. Thus, the
values of m = 1, 0.5 and 0.25 suggest that the predominant form is
O�2ðadsÞ; O�ðadsÞ and O2�

ðadsÞ respectively. The calculated values of m for unmodified

SnO2 are summarized in Table 3.2.
At T = 200 �C oxygen chemisorption on SnO2 surface proceeds mainly with

formation of the molecular O�2ðadsÞ form (m & 1). A decrease of m with the

temperature increase points to an increase in the amount of atomic O�ðadsÞ: With the

increase of SnO2 grain size this effect becomes more significant.
At T = 200 �C the introduction of modifiers does not affect the type of the

predominant form of chemisorbed oxygen. Thus, the chemisorption of oxygen at
this temperature occurs mainly with the formation of the molecular form,
regardless of the type of modifier. For higher temperatures, the value of
m decreases for the modified tin dioxide, which indicates an increasing contri-
bution of atomic O�ðadsÞ form (Fig. 3.9).

The observed trend in increasing the influence of modifiers on the type of the
predominant form of chemisorbed oxygen in the series Fe \ In \ La \
Ru \ Ni \ Au \ Pd \ Pt can be due to a combination of several factors. The
formation of a monatomic form of chemisorbed oxygen can occur in dissociative
adsorption (reaction (3.11–3.15)), as well as due to the decomposition of unstable

Fig. 3.7 Conductivity of
SnO2-500 sample at step-by-
step increase of oxygen
partial pressure at 400 �C
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molecular formO2�
2ðadsÞ that can be formed by the localization of the second electron

on molecular O�2ðadsÞ ion:

O�2ðadsÞ þ e� $ O2�
2ðadsÞ: ð3:21Þ

Fig. 3.8 Conductivity of
SnO2-500 (dXRD = 14 nm)
vs. oxygen partial pressure in
coordinates of Eq. (3.20)

Table 3.2 Calculated values of coefficient m for unmodified SnO2

dXRD, nm m

200 �C 250 �C 300 �C 350 �C 400 �C

4 0.98 ± 0.05 1.03 ± 0.02 1.02 ± 0.05 1.02 ± 0.03 0.80 ± 0.04
14 1.03 ± 0.07 1.03 ± 0.03 0.98 ± 0.05 0.88 ± 0.06 0.69 ± 0.05
28 0.94 ± 0.05 1.05 ± 0.02 1.02 ± 0.05 0.70 ± 0.06 0.67 ± 0.06
43 – 0.94 ± 0.03 0.89 ± 0.05 0.68 ± 0.09 0.65 ± 0.03

Fig. 3.9 Influence of modifier on the oxygen chemisorption on SnO2 surface
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Thus, the conditions of O�ðadsÞformation may be the dissociation of oxygen

(reaction (3.13)) or increase of negative charge on the adsorbed molecular oxygen
species.

The authors of review [5] showed that, depending on the ratio of the charge qo of
the lattice oxygen atom and the difference in electronegativities of elements Dv,
crystalline oxides can be generally divided into three groups. The first group includes
oxides of platinum metals. For this group of oxides, the minimum value qO from -0.8
to -1.0 is typical. The second group includes oxides of p-and d-elements, and
uranium oxides. The charge of oxygen varies in the range qO from -0.6 to -1.3. The
third group consists of oxides of alkali, alkaline earth and rare earth elements. This
group can be characterized by the highest negative charge of oxygen qO from -1.0 to
-1.9 and the maximum Dv value. In all groups, the negative charge of oxygen
decreases with Dv increasing.

Tin dioxide and oxides of the above modifiers can be assigned to the groups
described in Table 3.3. Within each group the increase of negative charge on the
oxygen anions within the modifier oxide results in the growth of oxygen chemi-
sorbed on the surface of nanocrystalline SnO2 as the atomic ion, O�ðadsÞ: Thus, the

partial charge on oxygen in the corresponding modifier oxide can be used as a
criterion for assessing the ability of the cation to the transfer of electron density to
oxygen.

At the same time, with similar values qo; the modifiers of group I have the
greatest influence on the chemisorption of oxygen. Probably, this may be due to
the fact that clusters of platinum metals and their oxides additionally catalyze the
dissociation of oxygen molecules by reaction (3.13), which leads to a significant
increase in the atomic form of chemisorbed oxygen. The high activity of platinum
group metals in this process is shown earlier in experiments on isotopic exchange
of oxygen O16/O18 [52, 53] in oxides SiO2, Al2O3, ZrO2, TiO2.

Oxygen adsorption on gold particles occurs without dissociation [54]. Thus, the
mechanism of the effect of gold on the dominant type of particles of chemisorbed
oxygen differs from that discussed above. Adsorption of oxygen on the surface of
heterocontact Au/SnO2 was studied by the authors [55] through electrical con-
ductivity and calorimetry measurements. It was found that the heat of oxygen
adsorption on the Au/SnO2 is significantly higher than the corresponding values

Table 3.3 Distribution of oxides between the groups [5] in accordance with qo dependence on
Dv value

Group

I II III

Oxide qo Oxide qo oxide qo

RuO2 -0.74 SnO2 -0.86 La2O3 -1.08
PdO -0.89 Fe2O3 -0.87
PtO2 -1.00 In2O3 -0.87

NiO -1.02
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obtained for the adsorption of O2 on the SnO2 and Au separately. It was suggested
that at the interface gas—Au–SnO2 there are forms of chemisorbed oxygen with a
higher negative charge compared with the species chemisorbed on the surface of
the unmodified oxide. The mechanism proposed in [56], includes the exchange of
electrons between the Au and SnO2. Thus, one can assume that the formation of
oxygen particles on the Au/SnO2 occurs through an intermediate stage of forma-
tion of unstable molecular O2�

2ðadsÞ forms.

Overall, the observed tendency to increase the fraction of atomic form of
chemisorbed oxygen is in a good agreement with the increase of optical basicity or
decrease of Lewis acidity of the cations of modifiers (Fig. 3.10). Thus, these
approaches can be used for the qualitative prediction of the influence of modifiers
on the oxidative activity of oxygen chemisorbed on SnO2 surface.

3.4.2 Temperature Programmed Reduction by H2

Hydrogen consumption during TPR-H2 (preannealing at 300 �C in dry air with
further cooling in the same flow, followed by TPR in 5 % mixture of H2 in Ar)
goes through two pronounced maxima, the first of which is in the low temperature
range of 100–350 �C, while the second, more pronounced - in the high temperature
range 380–660 �C (Fig. 3.11). High-temperature maximum corresponds to the
hydrogen absorption during reduction of material to metallic tin, the low-tem-
perature one reflects the absorption of hydrogen by chemisorbed oxygen species
and the terminal atoms of the lattice oxygen on the surface of SnO2. This process,
called ‘‘reduction of the surface’’, results in an increase of the number of lattice
oxygen vacancies in the positions of the bridging oxygen, and the proportion of
cations Sn2þ

4c on the surface. The presence of the shoulder in the high-temperature
peak of hydrogen consumption reflects the transition of tin dioxide SnO2 into SnO,
followed by full reduction to metallic tin. Reduction to an intermediate state is
ensured by reaction with surface O2-anions among the total number of oxygen
atoms in the lattice. With increasing SnO2 grain size, the fraction of surface
oxygen atoms is sharply reduced, as evidenced by the decrease in the low-tem-
perature peak for hydrogen consumption. At the same time the shoulder on high-
temperature peak almost disappears and becomes shorter, indicating that the
processes of reducing the tin dioxide matrix to SnO and then to metallic tin occur
in parallel.

For materials modified with Ru, Pt and, in particular, Pd, the high-temperature
hydrogen consumption maximum shifts toward lower temperatures (Fig. 3.12).
This may be caused by the catalytic activity of noble metal clusters in the matrix of
nanocrystalline tin dioxide. The most likely mechanism is a joint spillover of
hydrogen and oxygen on the SnO2 crystal lattice through the PdOx clusters [56].
Reduction of SnO2 at a lower temperature becomes possible due to the dissociation
of hydrogen molecules on Pd or PdOx clusters. Examples illustrating this
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mechanism of interaction with the gas phase for systems Rh/TiO2, Rh/Al2O3, Rh/
CeO2, Rh/SiO2, Pt/Al2O3, Pd/Al2O3, Pd/Mn2O3, are presented in the review [57].
The onset of high temperature maxima, representing hydrogen consumption, for
other materials is manifested nearly at the same temperature (*420 �C), which
indicates the energy barrier for Mars van Krevelen oxidation of adsorbed mole-
cules [57].

For pure SnO2 with small crystallite size of 4 nm the amount of chemisorbed
oxygen estimated from TPR-H2, assuming the interaction

O�2ðadsÞ þ 2H2 ¼ 2H2Oþ e� ð3:22Þ

Fig. 3.10 The relationship between nanocrystalline SnO2 surface modifier Lewis acidity, defined
in terms of optical basicity (top) and Zhang electronegativity (bottom), and ratio between
different forms of adsorbed oxygen
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is *5 9 10-6 mol/m2 or 5 9 10-2 of monolayer. According to Weisz limitation
[51], this quantity corresponds to the upper boundary of the coverage density of
the semiconductor surface by charged particles in equilibrium conditions.

In most cases surface modification of tin dioxide leads to a decrease of
hydrogen consumption at low temperatures. This may be indirect evidence of
increasing the atomic anionic form of chemisorbed oxygen on the SnO2 surface
(see Fig. 3.9). In fact, if one compares the reaction (3.22) and

O�ðadsÞ þ H2 ¼ H2Oþ e� ð3:23Þ

for the surfaces with the same negative charge caused by oxygen acceptor species
the hydrogen consumption is less in the latter case. However, comparing the
amount of consumed hydrogen and the part of atomic form of chemisorbed oxygen
for tin dioxide modified with various catalysts, does not show unequivocal cor-
relations. The decrease in the total amount of chemisorbed oxygen may be addi-
tionally due to blockage of adsorption centers by the cations of modifiers. It is
impossible to take into account this factor quantitatively because of the compli-
cated distribution of modifiers between surface and bulk of SnO2 crystallites.

Analysis of the concentration of highly reactive oxygen species on the surface of
materials can be done by TPR-H2 after pre-treatment in different atmospheres
(Fig. 3.13). Annealing in nitrogen flow at 300 �C for 1 h, in contrast to the pre-
treatment in synthetic air under the same conditions, is intended to remove weakly
bonded forms of chemisorbed oxygen from the surface. The chemical inertness of
nitrogen allows exclusion of the possible surface reduction in the chemical reaction.
At the same time, desorption of mobile oxygen species from the surface is sustained
due to the fact that the nitrogen molecule has a polarizability close to that of
molecular oxygen. This property makes the N2 molecule competitive in the process
of adsorption at the centers occupied by chemisorbed oxygen particles [34].

Fig. 3.11 Typical TPR
spectra for unmodified SnO2

with different crystallite size
dXRD
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The decrease of low-temperature peak of hydrogen consumption after sample
pre-treatment in nitrogen indicates the desorption of mobile forms of chemisorbed
oxygen. The difference of TPR-H2 spectra, taken under different pre-treatment
conditions, allows us to estimate the concentration of these oxygen species on the
surface of materials (Fig. 3.14).

For the samples, obtained in the same conditions, the maximum concentration
of mobile oxygen species is observed for materials modified with Cr2O3 and PdOx.
In both cases a likely explanation may be explained via the chemical oxidation of
the modifier in an air atmosphere to the higher oxidation state. In the former case
the oxidation goes through formation of chromyl group Cr = O and at least partial
oxidation of metallic Pd clusters to PdO in the latter. Both materials are presumed

Fig. 3.12 TPR spectra of
SnO2-based sensor materials

3 Design, Synthesis and Application of Metal Oxide 91



thus to be especially active in the surface oxidation processes. Overall the intro-
duction of modifiers leads in general to a slight increase in adsorbed oxygen
content, perhaps due to the introduction of additional point defects on the surface
acting as additional adsorption and dissociation sites for oxygen molecule.

3.5 Classification of Gases

Properties of certain molecules: first ionization potential, electron affinity, proton
affinity, which have an impact on the nature of their interaction with the surface of
a semiconducting oxide, are shown in Fig. 3.15 [58]. The compounds are grouped
in order of increasing proton affinity and reducing first ionization potential.

A pre-selection of the modifier to create a selective sensing material can be
made on the basis of analyzing the properties of gas molecules to be detected.
Target gases can be divided into groups as shown in Fig. 3.15 based on the mode
of interaction with the semiconductor oxide surface. First it is necessary to dis-
tinguish oxidizing (electron accepting) and reducing (electron donating) ones.
Gases should be considered as oxidizing agents when their adsorption on the
surface leads to a decrease in charge carrier concentration in the surface layer of n-
type semiconductor oxides due to electron capture. This group includes gas
molecules with high electron affinity and high ionization potential (Group I,
Fig. 3.15): oxygen, nitrogen dioxide, ozone, chlorine.

The reducing agents are gases, for which the interaction with the surface of n-type
semiconductor oxide results in an increase of the charge carrier concentration in the
surface layer of the latter. This effect is caused by oxidation of the reducing gas
molecules by oxygen chemisorbed on the oxide‘s surface or lattice oxygen as it is
described in the previous paragraph. This mechanism of a change in charge carrier

Fig. 3.13 TPR-H2 spectra of
SnO2-300 material evaluated
after sample pretreatment in
different gas atmospheres
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concentration is typical, especially, in the oxidation of gases that do not possess
pronounced electron-donor properties and have low proton affinity: CO, H2, satu-
rated hydrocarbons (Group II, Fig. 3.15). In contrast, the reactions of gas molecules
having pronounced acidic (Group III, Fig. 3.15) or basic (Groups VII, VIII,
Fig. 3.15) properties with the surface of sensitive material may include an interaction
of the donor-acceptor mechanism in addition to oxidation. The reactions of complex
organic molecules containing various functional groups (Groups IV–VI, Fig. 3.15),
on the surface of a semiconductor oxide can proceed via different routes, depending

Fig. 3.14 The amount of
hydrogen, consumed by
mobile adsorbed oxygen
forms on the surface of SnO2-
based sensor materials

Fig. 3.15 Classification of gases
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on the concentration of basic and acid adsorption centers of different strengths on the
surface of the semiconductor.

In Sects. 5.1–5.5 these principles will be discussed in more detail. Specific
attention will be paid to material and chemical characteristics which lead to a
general selection of sensor materials (and modifiers) for detection of typical rep-
resentatives of the different groups of gases mentioned above—NO2 (Group I), CO
(Group II), NH3 (Group VII), H2S (Group III), and acetone vapor (Group V).
Section 6 will highlight the sensor operating characteristics of the selected sensor
materials (and modifiers) towards these specific target gases.

3.5.1 Oxidizing Gases: NO2

Interaction of NO2 molecules with the surface of oxides can proceed by the
mechanism of molecular and dissociative adsorption. In the first case the formation
of various nitrite (NO2) and nitrate (NO3) surface groups [59] is possible
(Fig. 3.16)

Numerous literature data provide evidence that the interaction of n-type semi-
conductor oxides with NO2 is accompanied by a decrease in electrical conductivity,
i.e., like oxygen, nitrogen dioxide is an electron acceptor. Thus, the interaction of
NO2 with surface centers—Lewis acids with the formation of nitronium ion
(Fig. 3.16b)

NO2 þMnþ ! NOþ2 þMðn�1Þþ ð3:24Þ

can not be responsible for changing the electrical conductivity of materials.
The electron affinity of NO2 molecule is 2.27 eV [60], which considerably

exceeds the analogous value for the oxygen molecule (0.44 eV [61]). This
determines the possibility of detecting low concentrations of NO2 in the air in the

Fig. 3.16 Various NO2

derived species, formed on
oxide surface
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presence of *20 vol. % of oxygen. Authors [62] using Raman spectroscopy
showed that the electrical conductivity of SnO2 in the presence of NO2 correlates
with the concentration of surface bidentate nitrite group. Ab initio calculations
[63] indicate that the most energetically favoured is the molecular adsorption of
nitrogen dioxide with the coordination of one or both of the oxygen atoms of NO2

molecules on the vacancies of bridging oxygen atoms on a partially reduced
surface of tin dioxide.

Study by infrared spectroscopy and programmed desorption in the temperature
range 25–400 �C [64] showed the possibility of dissociation of NO2 during
interaction with the surface of tin dioxide. The presence of NO in the thermal
desorption products can serve as indirect evidence of the occurrence of following
reactions:

NO2ðgasÞ $ NO2ðadsÞ; ð3:25Þ

NO2ðadsÞ þ e� $ NO�2ðadsÞ; ð3:26Þ

NO�2ðadsÞ $ NOðgasÞ þ O�ðadsÞ: ð3:27Þ

To increase the SnO2 sensor signal towards NO2 it seems to be reasonable to
introduce electron donor modifiers that increase the concentration of electrons with
sufficient energy to overcome the barrier created by the negatively charged sur-
face. Alternatively the use of modifiers that are able to transfer electron density to
the oxygen belonging to the acceptor chemisorbed species through an increase in
the degree of oxidation should also enhance the sensing signal towards NO2.

3.5.2 Reducing Gases: CO

The mechanism of CO interaction with the surface of metal oxides depends primarily
on temperature. Since the CO molecule can act as both the donor and acceptor of
electrons, it can react with acidic surface centers—coordinatively unsaturated metal
cations (Lewis acids) and oxygen ions, which have basic properties according to
acid–base classification, given by Lewis. At low temperatures, CO adsorbs on metal
cations. The structure of the molecular orbitals of CO is that the electron density
transfer is possible from both the CO molecule to the free orbital of the metal (r-
donor), and vice versa—from the d-orbitals of the metal to unoccupied antibonding
orbitals of CO (p-acceptor) [60]. At elevated temperatures carbon monoxide on the
surface of oxide reacts with chemisorbed oxygen species or with oxygen anions in the
crystal lattice. The final product of oxidation is CO2.

The main reaction responsible for sensor signal generation, is namely the oxi-
dation of CO by chemisorbed oxygen. Therefore, modifiers that increase the con-
centration and mobility of oxygen species on the surface of SnO2, are of greatest
interest for the development of highly sensitive materials for CO detection.
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3.5.3 Reducing Bases: NH3

Ammonia molecules can adsorb on the oxide surface through formation of
hydrogen bonds with surface atoms of oxygen or oxygen from hydroxyl groups
(Fig. 3.17a), a hydrogen bond between the nitrogen and hydrogen of the hydroxyl
group (Fig. 3.17b) or a coordinative donor-acceptor bond with an unsaturated
surface metal cation (Fig. 3.17c) [60]:

The formation of NHþ4 ion is a criterion for the presence of surface Brønsted
acid centers—hydroxyl groups, whereas the coordination of the NH3 molecules
indicates the presence of Lewis acid centers. Dissociative adsorption of ammonia
leads to the formation of NH2-and OH-groups on the surface:

ð3:28Þ

Based on the presented data one can suggest that the increase in NH3 adsorption
on the surface of tin dioxide and, possibly, enhancement of sensor response can be
achieved by increasing the number of acidic adsorption sites.

3.5.4 Reducing Acids: H2S

Interaction of gaseous hydrogen sulfide with the oxide surface is characterized by
two factors. First, hydrogen sulfide is a strong reducing agent: the value of the
ionization potential of the H2S molecule is 4.10 eV. Secondly, hydrogen sulfide is
a Brønsted acid, i.e. heterolytic cleavage of the S–H bond is quite easy, especially
via the formation of new donor-acceptor bonds. Thus, H2S can interact with
various centers on the oxide surface (Fig. 3.18) [60]:

Fig. 3.17 Scheme of possible ammonia coordination on oxide surface
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The possible reactions are [60]:

ð3:29Þ

ð3:30Þ

ð3:31Þ

MnþO2� þ H2S! ½Sv� þMðn�2Þþ þ H2O ð3:32Þ

As a result of interaction with gaseous hydrogen sulfide the following changes
were found at the oxides surface [60]:

• formation of sulfides;
• partial blocking of Lewis acid sites;
• reduction of metal cations with variable valence;
• oxidation of sulfur and increasing acidity of the surface through formation of

SOx groups.

Fig. 3.18 Scheme of possible H2S coordination on oxide surface
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An increase in H2S adsorption on the surface of tin dioxide can be achieved
with the introduction of modifiers that increase the electron-donor ability of sur-
face basic centers (oxygen anions). In this case the H2S adsorption is accompanied
by heterolytic reaction with the Lewis acid/base pair on the oxide surface. The
maximum augmentation of sensor signal is possible if the interaction of a high-
resistance modifier oxide with hydrogen sulfide results in the reversible formation
of a highly conducting sulfide.

3.5.5 Complex Organics: Acetone

Acetone represents a complicated case for gas sensing since it can interact with
metal oxide surfaces via a number of reaction routes. Each of these mechanisms
for sorption affects further transformation steps, so there are number of products
expected to form prior to desorption. In this sense the assumption, that the con-
version of organic molecules to CO2 and H2O is the process, which solely governs
the sensor response, seems to be an oversimplification. The polar carbonyl group is
a moiety, which in the first step, could take part in the adsorption on a metal oxide
surface. According to IR data it usually goes through formation of an enol species
[65, 66] with further dissociation and formation of propene-2-olate strongly
bonded to the surface metal cation and a proton bound to surface oxygen with the
formation of a hydroxyl group. This transformation may lead to acrolein or acrylic
acid. At the same time the highly electrophilic carbonyl carbon atom may be
attacked by nucleophylic O2- with further carbon chain cleavage and partial
oxidation to acetic acid [67] or acetic aldehyde. It was shown also that the con-
densation of two nearby adsorbed enolates gives rise to complex molecules
(oxidative coupling) [66, 67]. The interaction of adsorbed enolate with Brønsted
acid sites may give a dehydration product—propene—and water as a result of the
slight Brønsted basicity of the enol group. The ratio of these reaction rates at the
solid surface is governed mainly by surface cation acidity and anion basicity and
may be shifted to either of the processes via surface modification [37].

Also the interaction of adsorbed organic molecules with highly reactive elec-
trophilic adsorbed oxygen species should be taken into account. It is generally
referred to as an unselective interaction, giving rise to a number of products of
partial oxidation or complete burning to CO2 and H2O. At this point it is hard to
propose any restricted number of surface modification agents for SnO2 to achieve
sensor response enhancement without additional information regarding the
mechanism of conversion and the sensor response to the vapor of this compound.

98 V. Krivetskiy et al.



3.6 Sensor Properties Studies

3.6.1 CO Sensing

The benchmark study of sensor sensitivity to CO, a common reducing gas, is of
special interest since it allowed for the formation of general trends with respect to
mechanisms of sensor sensitivity towards reducing gases [68].

The synthesized materials showed a different temperature dependence for
sensor sensitivity to CO (40 ppm in air RH = 30 % Fig. 3.19). The material
modified by catalytic clusters of Pd, had the largest sensor response at a low
operating temperatures (200–250 �C). For most other materials, the sensor
response, in contrast, increases with increasing operating temperature. Only in the
case of SnO2-Ru-700, this dependence passes through a maximum at 300 �C. At
the high measurement temperature, 350 �C, the maximum sensor response was
observed for the materials modified with catalytic clusters of gold. These differ-
ences indicate the various chemical mechanisms that underlie sensor sensitivity to
CO.

The process of CO oxidation by different adsorbed oxygen species on the
surface (O2

-, O- and O2-) has a decisive contribution to the formation of an
electrical signal in relation to CO in the case of materials based on nanocrystalline
SnO2 :

b � COðgasÞ þ O�a
bðadsÞ ! b � CO2ðgasÞ þ a � e� ð3:33Þ

where COðgasÞ—the CO molecule in the gas phase, O�a
bðadsÞ—an atomic or molec-

ular form of oxygen, e�—an electron that is injected into the conduction band of
the semiconductor, CO2ðgasÞ—the molecular reaction product desorbed from the
surface.

In this context the low-temperature CO sensitivity of the Pd modified material
is reasonable to connect to reaction (3.33) involving the above-discussed mobile
forms of oxygen. Oxidation takes place according to the Eley-Riedel ‘‘collision’’
mechanism, which involves the oxidation of CO molecules in the gas phase, by
atomic oxygen species, located on the PdO surface. This reaction occurs during
rapprochement of two species, which in this case when a CO molecule passes near
a solid surface with a partially oxidated Pd cluster [69]. We propose that the
compensation of chemisorbed ionized forms of O- expended on the oxidation of
CO runs due to the phenomenon of reverse spillover—the transfer of already
existing adsorbed O- ions on the surface of SnO2 to the clusters of Pd. This
process leads to a change in the concentration of adsorbed oxygen on the surface
of the semiconductor and, consequently, the change in electrical conductivity of
the material that causes the sensor response to CO. With temperature increase, the
process of re-oxidation of PdOx accelerates due to the dissociation of molecular
oxygen, adsorbed directly onto noble metal clusters. This phenomenon leads to a
complete localization of the CO oxidation process on catalytic clusters and a
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cessation of reverse spillover transport, which is accompanied by the disappear-
ance of the sensor response to this gas.

A similar combination of factors underlies the sensor response to CO in the case
of the material, modified by RuOx clusters [70]. Displacement of the sensor
response maxima in this case to the higher temperatures in comparison with the
SnO2-Pd-500 may be due to additional unusually high diffusion barriers in the case
of the RuO2 surface [71].

According to monotonous growth of the sensor response with increasing
operating temperature in the case of other materials, the oxidation of adsorbed CO
molecules occurs on the surface of the matrix SnO2. The sharp rise in sensor
response at a 300 8C working temperature in this context corresponds to the
transition of molecular chemisorbed forms of O2

- into the reactive atomic O-

discussed above. Thus we can assume that the participation of lattice oxygen in
CO oxidation is secondary, because the growth of sensor response is observed at
significantly lower operating temperatures of sensors than the temperature used to
determine the activation barrier for Mars—van Krevelen type oxidation mecha-
nism. The role of catalytic gold clusters in the case of materials showing the
highest sensor response to CO, apparently, is activation of the oxygen species
chemisorbed in the close vicinity to triple metal-oxide-gas interface [72, 73].
Despite the fact that this special form of oxygen is not dominant on the surface, it
has extremely high reactivity. More accurate experimental data on this form of
adsorbed oxygen on the surface of such materials to date are not available.

3.6.2 NH3 Sensing

The main process that determines the sensor response of semiconductor metal
oxide sensors to ammonia is usually postulated to be the oxidation of surface
adsorbed NH3 [74]:

Fig. 3.19 Pattern of SnO2-based materials sensitivity to CO (40 ppm in 30 %RH air) at low
(200 �C) (left) and high (200–350 �C) working temperatures (right)
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2NH3ðgasÞ þ
3
b

O�a
bðadsÞ ! N2ðgasÞ þ 3H2Oþ 3e� ð3:34Þ

In accordance with the interconnection between surface acidity, molecular
adsorption and sensor response the increase in the concentration of Brønsted acid
sites on the surface in the case of materials modified with such acidic oxides as
MoO3 and V2O5 is accompanied by an increase in sensor response with respect to
NH3 gas (Fig. 3.20).

It must be noted, however, that this advantage in the magnitude of sensor signal
is minuscule which respect to otherwise modified materials, which to some extent
can be attributed to the competition of water vapor and NH3 for surface adsorption
on the same acidic sites. This phenomenon decreases ammonia adsorption thus
limiting further steps for its oxidation on the surface, which leads to a reduction in
the sensor response. At the same time in accordance to the data on the CO
detection, materials, modified by gold, also express pronounced sensor response to
ammonia since it exhibits a reducing nature as well as basic one (Fig. 3.21). The
fall of the sensor response with increasing operating temperature, which is
observed in the case of all tested materials, is likely due to a reduction in NH3

adsorption [75]. It is important to note that the highest response towards NH3 is for
the case of SnO2-Ru-700. The nature of this phenomenon could be explained with
additional considerations on the chemical form of the modifier (Ru) on the sensor
material surface. As it is introduced in the form of Ru(III) acetylacetonate with
further annealing, an EPR study of this material (SnO2-Ru-300) reveals a distinct
signal, that corresponds to EPR-active Ru3+. At the same time the interaction with
reducing gas (NH3) leads to an order of magnitude decrease of this signal indi-
cating that Redox catalytic activity of this modifier is due to transition to oxidation
states, other than Ru+3. That might be Ru0 and Ru+4 [76]. In this sense the presence
of metallic form of Ru on the sensor material surface may activate the additional
path of adsorbed ammonia conversion.

Fig. 3.20 Correlation
between SnO2-based
materials surface brønsted
acidity and sensor response
towards NH3 (20 ppm in
humid air RH = 30 %,
T = 200 �C)
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The metal surface of Ru is active in the catalytic dissociation of adsorbed
molecular ammonia [77, 78] with formation of atomic nitrogen and hydrogen,
desorbed in the molecular form:

NH3ðgasÞ þ Ruð0001Þ !kads

kdes

NH3ðadsÞ þ � !
kdiff

kdet r

NH3 � ��!
kdiss

N � � þ 3HðadsÞ�!
kNdiff

NðadsÞ

þ 3HðadsÞ

ð3:35Þ

with NH3(gas)—a molecule of ammonia in the gas phase, Ru (0001)—Ru metal
surface, NH3(ads)—ammonia molecule adsorbed on a metal surface *—active site
of dissociation of molecular ammonia, NH3-*—ammonia molecule adsorbed at
the center of the dissociation on the surface of metallic Ru, N-*—nitrogen atom
adsorbed at the center of the dissociation on the surface of metallic Ru, N(ads)—the
nitrogen atom, which left the center of the dissociation, H(ads)-adsorbed hydrogen
atom.

Thus, despite the lack of experimental evidence it is reasonable to propose the
formation of small amounts (clusters) of metallic ruthenium on the surface of
Ru-modified SnO2 during the interaction with reducing agents as a reason for
especially pronounced response of this material towards ammonia. In addition,
significant contributions to the chemical reactions on the surface are possible
through the interaction of adsorbed species and atomic nitrogen via the formation
of the nitrosyl species, NO, which is a chemical radical [79]:

NðadsÞ þ O�ðadsÞ ! NOðadsÞ þ e� ð3:36Þ

With its increased reactivity these newly formed nitrosyl species, NO, on the
surface may play a role for additional centers of adsorption and chemical reaction
of NH3. These chemical processes may contribute significantly to the sensor
response of SnO2-Ru-700 with respect to ammonia, but this issue is generally
unexplored as of yet.

Fig. 3.21 Pattern of SnO2-
based materials sensitivity to
NH3 (20 ppm in humid air,
RH = 30 %)
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3.6.3 H2S Sensing

Materials modified with catalytic Au clusters, showing an increased sensor sen-
sitivity to reducing gases, also have an elevated sensor response in the case of H2S
(Fig. 3.22), which is associated with the occurrence of the Redox process:

b � H2SðgasÞ þ 3O�a
bðadsÞ ! b � SO2ðgasÞ þ b � H2OðgasÞ þ 3a � e� ð3:37Þ

The largest sensor response, however, was achieved for the case of the copper
and iron oxide modified material, which in this case is likely caused by the
chemical transformation of the material’s surface.

In the case of nano SnO2–CuO a significant change in resistance in the presence
of H2S should be attributed to the formation of copper (I) sulfide [80], which is a
narrow-gap semiconductor:

6CuOþ 4H2SðgasÞ ¼ 3Cu2Sþ SO2ðgasÞ þ 4H2OðgasÞ ð3:38Þ

As a result of this reaction the energy barrier at the grain boundaries p-CuO/
n-SnO2 is removed and electrical conduction increases. A similar mechanism of
sensor signal formation can be attributed to tin oxide modified with Fe2O3.

With an increase of the sensor working temperature, the sensor response of the
material drops sharply, indicating that in these circumstances, a decisive contri-
bution to the sensor response is made only by the process of oxidation of hydrogen
sulfide to sulfur oxide by active species of oxygen adsorbed on the surface, pre-
venting the formation of sulfides.

3.6.4 NO2 Sensing

Despite the fact that the detailed mechanism of sensor response with respect to
NO2 is still a subject of debate, it was shown [63] that the change of the

Fig. 3.22 Pattern of SnO2-
based sensor materials sensor
response to H2S (2 ppm in
humid air, RH = 30 %)
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conductivity of nanocrystalline SnO2 in the presence of NO2 molecules corre-
sponds to the change in the concentration of adsorbed bidentate nitrite species:

NO2ðgasÞ þ e� $ NO�2ðadsÞ ð3:39Þ

The increase in operating temperature sensor causes a decrease in sensor
response due to desorption of NO2 (Fig. 3.23).

In our study the increase of sensor signal in the case of several materials with
the comparison to pure nanocrystalline tin dioxide was observed:

1. The most pronounced signal to nitrogen dioxide is obtained at 200 �C by means
of SnO2 doped with Sb. In this case the signal may be due to an electronic
effect. Antimony introduction into tin dioxide is a well known route for
increasing the density of electrons in the conduction band of semiconductor
[81]. After the adsorption on the surface, the NO2 molecule performs as an
electronic trap, profoundly depleting the electron density in the conductance
band and leading to significant decrease of nanocrystalline material conduc-
tance. So, the increase of concentration of electrons, which have enough energy
to overcome the electric field resulting from the negative charging of the sur-
face, favors reaction (3.39) that leads to the growth of sensor signal. The
increase in working temperature greatly decreases the sensor response perhaps
by a shift in the surface adsorption-desorption equilibrium of NO2. This process
also goes same way in the case of pure nanocrystalline SnO2 that appears as the
increase of sensor signal with SnO2 crystallite size growth. Response growth
with the transition from SnO2-300 to the SnO2-700, as described in the liter-
ature [82], has not yet found its comprehensive explanation, but it is proposed
that this effect is caused by an increase in the charge carrier concentration in the
conduction band of a semiconductor, which occurs with an increase in the
crystallite size of SnO2. This may be responsible for the shift of adsorption
equilibrium (3.41). It cannot be excluded that the difference in charge carrier
concentration in the presence of NO2 molecules on the surface and in the pure
air becomes greater for materials with large grain size and higher initial

Fig. 3.23 Pattern of SnO2-
based sensor materials sensor
response to NO2 (3 ppm in
humid air RH = 30 %)
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concentration of free electrons in the surface layer in the atmosphere of pure air.
It must be assumed that the same size effect is also responsible for increased
sensitivity to NO2, exhibited by the material SnO2-La2O3-700;

2. in the case of SnO2-MoO3 the high sensitivity of this material with respect to
NO2 can be linked to the ability of Mo atoms to penetrate the surface layers of
the SnO2 grains and occupy lattice Sn positions in a variable oxidation state
Mo+5 or Mo+6 [83–85]. Re-oxidation of Mo+5 to Mo +6 upon NO2 adsorption,
probably leads to the formation of additional acceptor energy levels in the band
gap, which are accompanied by a sharp drop in the material’s surface con-
ductivity. For materials modified with NiO a similar effect of ‘‘receptor’’
sensitivity may underlie their high sensitivity to NO2.

3.6.5 Acetone Sensing

The similarity of the sensor sensitivity diagrams for sensor materials studied in
relation to acetone (Fig. 3.24) and to CO indicates a possible similarity of
mechanisms for the sensor response.

However, the low-temperature sensor response mechanism, observed in the
case of CO for the materials modified by clusters of Pd, is not found during the
detection of acetone. This may be related to the blocking of the reverse spillover
mechanism caused by the decrease in concentration or mobility of chemisorbed
oxygen on the surface of the oxide matrix. This restriction is lifted out at higher
sensor operating temperature that allows SnO2-Ru-700 material to show a maxi-
mum sensitivity to acetone vapor at 300 �C, similar to the process of detecting CO.

The maximum sensor signal with respect to acetone is exhibited by Au-mod-
ified materials, but only at a 350 8C working temperature. This indicates the
complexity of the conversion process of acetone on the surface of materials
flowing through a set of parallel mechanisms, rather than the simple oxidation to
CO2 and water.

The concentration dependence of the sensor response toward acetone (Fig. 3.25)
has a linear form in double logarithmic coordinates at low concentrations.

The position of the tipping point of this linear dependence is proportional to the
rate constants of interaction between the reducing gas and ionized adsorbed oxygen
forms. In the simplest case it can be stated that the O- oxygen formed on the surface
of materials governs the conductivity of sensor layer [86]. The concentration of O-

adsorbed on the surface is governed by the interrelationship of oxygen dissociative
adsorption on the surface of semiconductor oxide, O- recombination and desorption
and the process of interaction between O- and adsorbed gas molecules.

O2ðgasÞ þ 2e�$k1

k�1

2O�ðadsÞ ð3:40Þ

qO�ðadsÞ þ pAðadsÞ !
k2 productsðadsÞ þ qe� ð3:41Þ
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d O�ads

	 


dt
¼ k1PO2 e½ �2�k�1 O�ads

	 
2�k2PA
p O�ads

	 
q ð3:42Þ

where O2(gas) oxygen molecule in the gas phase, O�ðadsÞ—ionized atomic form of

adsorbed oxygen on the SnO2 surface, A(ads)- reducing gas molecule, adsorbed on
the surface, PO2- oxygen partial pressure in the gas phase, PA- reducing gas partial
pressure in the gas phase.

Since the sensor response is calculated at kinetic equilibrium state

d½O�ads�
dt

¼ 0 ð3:43Þ

and the equation governing the [O-] concentration could be written as

k1

k�1
PO2 e½ �2¼ O�½ �2 1þ k2

k�1
PA

p O�½ �q�2
� �

ð3:44Þ

For the detailed analysis of this equation and the interrelationships between
sensor material conductance, sensor response and gases partial pressures the reader

Fig. 3.24 Pattern of SnO2-
based materials sensor
response to acetone (130 ppm
in humid air, RH = 30 %)

Fig. 3.25 Calibration curves
of SnO2-based sensor
materials sensor response to
acetone (T = 400 �C, dry air,
RH = 4 %)
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is kindly asked to follow the [86] reference. For simplicity sake we must say that
the sensor layer conductivity and sensor response is the interplay of semiconductor
oxide physics and surface reactions chemistry. The relationship between the
resistance of ‘‘ideal’’ SnO2 with clean surface without any adsorbed oxygen or
reducing gases (R0) and actual resistance in air atmosphere with reducing gases
present (R) is expressed as follows [86]:

R

R0
¼ exp

m2

2

� �
ð3:45Þ

where

m ¼ w

LD
ð3:46Þ

where w is the electron depletion layer thickness, LD- Debye length—physical
values, governing electric conductance of sensor layer. Further:

½e� ¼ Nd exp �m

2

� �
ð3:47Þ

½O�� ¼ Ndw ð3:48Þ

where Nd—concentration of donors, giving rise of electrons in conduction band of
semiconductor oxide. In the case of SnO2 them are oxygen vacancies in oxide
lattice, serving as electron donors. The application of such notation gives one a
possibility to introduce new form of Eq. 3.44:

k1
k�1

PO2

� �1=2

LD
� exp �m2

2

� �
¼ m 1� k2

k�1
PA

p NdLDmð Þq�2
� �1=2

ð3:49Þ

Thus using new function, which is dependent only on reducing gas partial
pressure at given reaction constants:

y ¼ k2

k�1
NdLDÞq�2
� �1=p

PA ð3:50Þ

it is possible to numerically solve the relationship between R/R0 (sensor response)
and reducing gas concentration. The examples for different x (different k1 to k-1

ratio) and different p and q (gas ‘‘reducing power’’) are shown on Fig. 3.26.
It must be noted that Yamazoe and Shimanoe [86] used R0 as a resistance of

semiconductor in a ‘‘flat band mode’’—i.e. when nothing is adsorbed on the surface
whereas we use R0 for sensor response calculation as a resistance of semiconductor
with surface covered with adsorbed oxygen to the highest extent possible in the
measuring conditions. That’s why the Fig. 3.25 looks like Fig. 3.26 rotated upside
down.

According to this simplified model the increase of reducing gas partial pressure
leads to a linear increase of sensor response (in double logarithmic coordinates)
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only in restricted range of reducing gas partial pressure (i.e. reducing gas con-
centration). The k2/k-1 ratio and p coefficient, given the oxygen partial pressure
and k1/k-1 ratio are fixed, governs the value of reducing gas concentration above
which the further increase in concentration leads to no further increase in con-
ductivity. Accordingly the sensor response also stops to rise. The height of linear
slope above the X-axis (sensor response value) is governed by k1/k-1 ratio—the
higher the ratio, the bigger the response. The concentration regions of linear sensor
response growth have the same slope in the case of all materials, with SnO2-NiO-
Au, demonstrating a significantly higher sensor response, which could be associ-
ated with a higher rate constant for dissociation of molecular O2 on the surface of
the material. In this sense the Au clusters role on the surface of SnO2 in the
increase of sensor response towards reducing gases is in the increase of k1 con-
stant—acceleration of molecular oxygen diffusion on the surface of oxide.

At the same time SnO2-Pd-500 material manifests pronounced deviations in the
form of calibration curve and the length of the concentration range with linear
growth of sensor response. This notion is in line with considerations of differences
in sensor response mechanisms for this material and other tested samples, based on
oxidation processes carried on top of the Pd clusters coupled with adsorbed O-

transfer via reverse spillover mechanism.
In line with these arguments gas chromatographic analysis has shown a con-

nection between a sharp rise in the sensor response with the degree of conversion
of acetone (Fig. 3.27) as the working temperature rises. The analysis was made
through the use of a special setup which allows the detection of products formed
via acetone interaction with the sensor materials under the same conditions as the
sensor experiments are made. This type of experiment can be generally charac-
terized as an ‘operando’ experiment as discussed in the Gurlo chapter.

Fig. 3.26 Reduced resistance, R/R0, as correlated with reduced reactivity of reducing gas,

y ¼ k2
k�1

NdLDð Þ
q�2

p PA on logarithmic scales for complex surface reactions where q (a) and p (b) are

varied. Variable x ¼
k1

k�1
PO2

LD
reflects kinetic constant ratio given oxygen partial pressure is constant.

([86] With permission.)
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Analysis of the chromatographic peaks (Fig. 3.28) suggests the formation of a
large number of products of incomplete conversion of acetone at low operating
temperatures and a decisive contribution of their complete oxidation to CO2 and
H2O towards the sensor response magnitude. This in total can be described by the
equation:

ðCH3Þ2COgas þ
8
b

O�a
bðadsÞ ! 3CO2gas þ 3H2OðgasÞ þ

8a
b

e� ð3:51Þ

At the same time GC/MS analysis showed a number of complex compounds,
formed during interaction even at maximum operating temperatures that have
bigger molar masses than that of acetone.

Two of such condensation products has been identified as 2,4-dimethylfuran
and 3-pentene-2-on :

ð3:52Þ

ð3:53Þ

The accumulation of such substances on the sensor material’s surface leads to
the blocking of the molecular O2 adsorption and dissociation centers, which is

Fig. 3.27 Acetone conversion with temperature rise—1,800 (left) and 200 (right) ppm in dry air
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Fig. 3.28 a Chromatogram of products mixture obtained after acetone (1,800 ppm) interaction
with sensor material (SnO2-500) at T = 300 �C. b–f Comparative graphs of absolute content in
products mixture exhausted from reactor vs. temperature of acetone (1800 ppm) interaction with
sensor material (SnO2-500)

Table 3.4 Selection of modifiers for SnO2-based gas sensors with enhanced selectivity

Target gas Interaction with the surface of n-
type semiconductor oxide,
resulting in conductance change

Suitable modifier

Reducing gases
without pronounced

acid/base
properties: CO, H2,
CH4

Oxidation by chemisorbed oxygen Noble metals and their oxides, Au

Lewis bases: NH3,
amines

Oxidation by chemisorbed
oxygen; Adsorption on surface
acid sites

Metal oxides more acidic than
SnO2: V2O5, MoO3, WO3

Acids: H2S Oxidation by chemisorbed
oxygen;

Metal oxides more basic than SnO2:
Fe2O3, In2O3, La2O3

Heterolytic reaction with Lewis
acid/base pair on oxide surface

Complex organic
molecules with
different functional
groups:

Oxidation by chemisorbed
oxygen;

Noble metals and their oxides, Au

Oxidizing gases
O2, NO2, O3 Chemisorption with localization of

electrons from oxide
conduction band

Noble metals and their oxides, Au;
Electron donor additives: Sb(V);
Modifiers, which can increase their

oxidation state during
interaction with oxidizing gas
Mo(V), Ni(II)
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accompanied by decrease in the conversion of acetone via the total oxidation
reaction (3.40), leading to a decrease in sensor response.

Comparative analysis has shown that introduction of catalytic clusters of Au on
the SnO2 surface, leads to an increase in acetone conversion, a reduction in the
formation of heavy products of the acetone conversion on the surface of the SnO2-
based sensor materials and an increase in the value of the sensor signal perhaps
due to enhanced acetone combustion to CO2 and H2O.

3.7 Concluding Remarks

On the basis of the sensor response patterns towards CO, acetone, NH3, H2S and NO2

one can conclude that chemical modification of SnO2 with different catalysts pro-
vides an effective route for tailoring sensor materials with enhanced selectivity
towards the detection various gas molecules. To predict the most suitable modifier to
maximize the SnO2 sensor response to any particular gas it is necessary to analyze the
chemical nature of the interaction between semiconductor matrix, modification
agent and the target gas molecule. These conclusions are summarized in Table 3.4:

However, it is currently impossible to establish a parameter, which would
clearly link the fundamental properties of modifiers with their catalytic activity
and their influence on SnO2 sensor properties. The final optimization of the sensor
material should be based on the requirements determined by practical tasks:
sensitivity, response and recovery time, energy consumption, working tempera-
ture, precision of measurements, long term stability. In each case it is necessary to
take into account the following factors:

• Tin oxide nanostructure;
• Concentration of modifier and its distribution between surface and bulk of tin

oxide crystallites;
• Humidity;
• Target gas concentration range;
• Possible poisoning of sensor material.

Accounting for these factors still require detailed experimental studies to resolve
specific practical problems.
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