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Abstract: This review analyzes the studies published, mainly in the last 10-15 years, on the synthesis,
structure, and sensor properties of semiconductor nanocomposites. Particular attention is paid to the
interaction between nanoparticles of the sensitive layer, and its effect on the structure, sensitivity, and
selectivity of semiconductor sensor systems. Various mechanisms of interaction between nanopar-
ticles in metal oxide composites are considered, including the incorporation of metal ions of one
component into the structure of another, heterocontacts between different nanoparticles, and core—
shell systems, as well as their influence on the characteristics of gas sensors. The experimental data
and studies on the modeling of charge distribution in semiconductor nanoparticles, which determine
the conductivity and sensor effect in one- and two-component systems, are also discussed. It is shown
that the model which considers the interactions of nanoparticles best describes the experimental
results. Some mechanisms of detection selectivity are considered in the conclusion.

Keywords: mixed metal oxide sensor; nanoparticle interaction; morphology; nanoparticle structure;
sensitivity; selectivity

1. Introduction

Sensors based on semiconductor metal oxides are currently widely used to detect
various gases in the environment. The principles for production of highly efficient sensors,
based on metal oxides, for the detection of various substances have been investigated
for more than four decades (see, for example, reviews [1-5]). In this review, we consider
studies elucidating the influence of the composition, structure, and chemical properties
of semiconductor composites, on the sensor characteristics, undertaken mainly in the last
10-15 years. Particular attention is paid to the interaction between the components of
nanostructured composites and its effect on the chemical processes that determine the oper-
ational properties of metal oxide sensors. All the studies cited below have used composites
prepared by different methods, including the mixing of ready-made nanopowders, various
impregnation methods, hydro- and solvothermal treatment, the sol-gel technique, the
electrospinning method, and others. The techniques used for the preparation of different
composites in the literature and associated references are summarized in two tables in a
subsequent section.

The operation of metal oxide sensors is based on the change in their conductivity, under
the influence of the analyzed gases. Depending on the oxygen content in the environment,
this process is described by two different models. The ion-sorption model describes the
sensor process at a high oxygen concentration. The chemisorbed oxygen molecules present
in the sensitive layer of the particle capture electrons from the conduction band of the
metal oxide, creating oxygen anion centers, such as O~, O, and O?~ on the surface. As
a result, a negatively charged layer is formed on the surface of the nanoparticles, and the
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near-surface region is depleted of conduction electrons (the depletion region), due to their
escape to the surface from the near-surface layer [6].

The resistance of the sensor depends on the parameters of the barrier that the electrons
overcome during the transition between particles, and the concentration of electrons in the
layers near the surface of the particles. The distribution of electrons in a nanoparticle is
determined by the equilibrium conditions (see Section 3). Correspondingly to the change
in the concentration of electrons in the layers near the surface of the particles, the sensor
resistance increases.

The interaction of the molecules of the analyzed gas, adsorbed on the surface of
metal oxide nanoparticles with the active oxygen centers, results in the release of trapped
electrons, which subsequently return to the conduction band of the semiconductor. There
occurs an increase in the conductivity of electronic (1) semiconductors and a decrease for
hole (p) semiconductors.

At low oxygen concentrations, for example, to detect impurities of reducing gases in
an inert gas, the sensor process proceeds in accordance with the vacancy model [7,8]. In
this case, the reducing gas reacts with the oxygen ions of the O~ lattice of the metal oxide
on the surface of the sensitive layer nanoparticles, to form oxygen vacancies containing
weakly bound electrons, which also increases the conductivity of the sensor [8]. This
review considers the processes occurring in air ambience and therefore, the most common
ion-sorption model is used.

The type of oxygen ions adsorbed on the surface of a semiconductor metal oxide
depends on temperature (see Figure 1). At temperatures in the range of 200—400 °C, at
which metal oxide sensors mainly “work” for the detection of reducing gases, oxygen
anions (O7) are the active centers [8-10].
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Figure 1. Schematic representation of the priority formation of active oxygen species on the surface

of metal oxide nanoparticles at different temperatures.

As for the O?~ ions, there are no convincing experimental data on the state and
behavior of these particles on the metal oxide surface, and the calculations in some previous



Chemosensors 2023, 11, 320

3 0f 30

studies [11,12] give contradictory results. In addition, these calculations do not consider
surface oxygen vacancies, which play an important role in the sensor process. All of the
above support the sensor response model involving the radical ion O~

A generally accepted approach to improving the sensitivity, rate, and selectivity of
the sensors is to use composite systems that combine metal oxides with different elec-
tronic characteristics and chemical properties (see, for example, [13-20]). Until recently,
only systems containing small additives (no more than 5-10%) of modifying oxides were
considered in the study of sensor characteristics of metal oxide composites. A detailed
study of the behavior of composites containing measurable amounts of different oxides
began with the studies in Refs [20-22]. In the last 5-6 years, studies by other authors have
appeared, that considered sensor systems consisting of mixtures of oxides over a wide
range of compositions (see, for example, [23,24]).

The sensor properties of metal oxide composites are determined by the electronic
structure of the nanoparticles, which, in turn, is affected by the interaction between the
components of the composite. It is this interaction that determines the sensor activity of
metal oxide nanocomposite sensors.

Depending on the relative content of metal oxides, it is reasonable to classify the two-
component systems into single-phase and two-phase systems. A single-phase composite
is a solid solution in which an ion of the doping oxide enters the lattice of nanocrystals
of another oxide. Such solutions are formed only in the range of doping oxide concen-
trations not exceeding 10%. The difference in the sizes and charges of the ions forming
the lattice produces additional deformations and defects in the lattice. This stimulates the
adsorption of oxygen and detected gases on the surface of nanocrystals, which increases the
sensor effect.

Binary two-phase systems, formed at comparable concentrations of oxides, consist of a
solution of a small addition of one oxide (up to 10%) in the lattice of another oxide, without
nanocrystal of the first component in the system. The influence of the interaction of compo-
nents on the sensitivity of the sensor system is due to the contact between nanocrystals of
different phases.

An analysis of the available literature shows that the sensor effect of nanostructured
metal oxide systems is determined mainly by two factors [25,26]. The first is the chemisorp-
tion of the detected gas and oxygen on the surface of sensor particles, and the subsequent
interaction of the chemisorbed gas with active oxygen centers. The second factor is the
change in the electronic structure of metal oxides during the sensor reaction, which affects
the conductivity of the sensitive layer. It is important to note that in a system consisting of
metal oxides with different electronic and physicochemical properties, both of the above
factors depend on the interaction between these components. This interaction largely
determines the behavior of metal oxide nanocomposite sensors and makes it possible to
purposefully change their performance characteristics.

Since the metal oxides used in sensors are ionic compounds, their contact in mixed
oxide composites can lead to the transition of metal ions of one component into the nanopar-
ticles of another (doping of nanoparticles). This causes the transfer of electrons between
particles, their mutual charging, and changes in the structure of the nanoparticles [27,28].
The introduction of small concentrations (up to 5-7%) of metal ions with a higher charge
into the metal oxide results in the appearance of an additional positive charge.

Compensation of this charge occurs due to a decrease in the concentration of positively
charged oxygen vacancies and an increase in the concentration of conduction electrons.
Thus, when InyOj is doped with tin oxide, In*? ions are replaced by Sn** ions, which are
accompanied by an increase in conductivity and a decrease in the sensor response to hydro-
gen [19]. Replacing lattice ions with lower valence ions creates localized negative charges
on metal ions embedded in the lattice. In this case, the concentration of positively charged
oxygen vacancies in the lattice increases [29], leading to a decrease in the concentration of
conduction electrons in the metal oxide.
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An important role in the sensor process is also played by the transfer (spillover) of
chemisorbed molecules and products of their reactions with metal oxides between the
contacting nanoparticles. Thus, a noticeable sensor effect in a system of SnO; nanofibers,
coated with a layer of catalytically active Pd nanoparticles, is explained by the spillover
of oxygen atoms formed on the surface of Pd nanoparticles, upon dissociation of O, [30].
Oxygen atoms transfer to SnO, nanofibers, capturing conduction electrons from them, and,
as a result, are converted into O~ radical anions.

The sensor process proceeds according to a similar scheme in a system containing
comparable concentrations of ZnO and InyO3 [22]. An increase in the sensor effect upon
the addition of ZnO occurs because of the spillover of O~ radical anions formed during the
dissociation of oxygen, on catalytically active ZnO, into tin oxide nanoparticles. These O~
radical anions determine the conductivity of the composite.

The theory of the sensor effect in single-component systems, allowing for the distribu-
tion of conductive electrons, was developed in previous studies [14,31-35]. A comparison
is made in these studies with experimental literature data, and the approaches of other
authors to the description of the sensor process are discussed. The theoretical description of
the sensor effect is largely based on the distribution of electrons in semiconductor nanopar-
ticles [31,36,37]. In the case of nanoparticles with high electron content in the conduction
band, the important role of the negatively charged layer is considered. Various mechanisms
of interaction between nanoparticles are also considered, and the distribution of electrons
and the sensor effect in two-component systems is described [37].

2. Mechanisms of Sensitivity of Semiconductor Metal Oxide Sensors in the Detection
of Reducing Gases

The sensor effect, which characterizes the sensitivity of the sensor, is mainly deter-
mined by three factors: the specific surface area of the sensitive nanostructured layer; the
adsorption of oxygen and analyzed compounds on the surface of nanoparticles; and the
reactivity of adsorbed compounds with respect to active oxygen centers [2].

The sensitivity of semiconductor metal oxide sensors can be significantly increased
by using nanostructured sensitive layers based on two-component materials, consisting
of metal oxides with different electronic characteristics and chemical properties (see, for
example, [13-16]). The mechanisms for the increase in sensitivity depend on the interaction
between the metal oxide components, which is affected by their phase state. With this in
mind, we will classify sensor systems into single-phase and two-phase types.

As noted above, a single-phase, two-component system is a solid solution in which
metal ions of one component enter the lattice of nanocrystals of another component. The
presence in the lattice, of contacting metal ions of different sizes and charges, contributes to
the formation of additional deformations and defects in the crystal (in particular, oxygen
vacancies), which stimulate the adsorption of oxygen and analyzed gases on the surface of
nanocrystals and increase the sensor effect.

However, metastable solid solutions in a two-component metal oxide system are
formed only in the region of low doping oxide concentrations, which depend on the size
and valence of metal ions, and do not exceed 10%. At higher concentrations, segregation
of solid solutions occurs when the particles of the segregated material coexist with the
particles of the solid solution [14,19,38].

In binary two-phase systems, the influence of the interaction of components on the
sensitivity of the sensor system is due to contacts between nanocrystals of different phases.
The transfer of electrons between nanocrystals with different work functions, during the
contact of oxides, leads to mutual charging of the nanocrystals [27], which, in turn, affects
the adsorption of molecules, especially dipole types.

Of particular interest are contacts between catalytically active metal oxides and
electron-rich nanoparticles that form the conduction paths of a sensor system (see, for
example, [14,19,39]). In this case, the increase in sensitivity is due to the transition into
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conducting nanocrystals of atomic and molecular particles, arising from the dissociation of
oxygen molecules and the adsorption of the analyzed gas.

2.1. Mechanisms of Increasing the Sensitivity of Two-Component, Single-Phase Metal Oxides

Various processes occur in the sensitive layer of two-component, single-phase metal
oxides that affect their properties. In the following sections, we consider the effects associ-
ated with the doping of nanoparticles of one component with the molecules or atoms of
another. These effects include the change in the particle lattice during doping, the role of
doping in the adsorption of oxygen and detected gases, and the influence of the nature of
doping ions.

2.1.1. Change in the Lattice of Particles during Doping—Dependence of the Interaction of
Doping Ions with Ions of Main Lattice on Their Valence

The formation of binary metal oxide systems, by coprecipitation of components from
solutions containing a mixture of salts or organometallic precursors or by impregnation of
crystals of one metal oxide with another metal, can be accompanied by the incorporation of
one of the components into the crystal structure of the second oxide, i.e., doping [13,16,40].
In this case, the metal ions of the base oxide are replaced by doping ions. There are two
types of doping, namely isovalent doping, in which the valences of the main ions that make
up the crystal lattice and the doping ions are the same, and heterovalent doping, when the
valences of the metal ions are different.

The change in the structure and properties during isovalent doping is due to the
deformation of bonds in the main crystal when doping ions are introduced into its lattice,
the size of which differs from the size of the main ions. The energy of ionic bonds (Epo) in
the metal oxide crystal depends on the surface charge density of the cation in the lattice
and increases with decreasing cation size.

The influence of lattice deformations on the concentration of oxygen vacancies de-
pends on the method of formation of a two-component system. A typical example is
InyO3 nanocrystals doped with aluminum oxide. During the formation of Al;O3-In;O3
nanocrystals from a mixed solution of indium and aluminum salts by electrospinning, the
In*3 ions (radius 0.80 A) are partially replaced by the smaller Al*3 ions (radius 0.54 A). This
leads to the contraction of the lattice of InyO3 nanocrystals and their rearrangement into a
stronger rhombohedral phase, which is accompanied by an increase in Eyjo and a decrease
in the concentration of oxygen vacancies [41].

A similar result was obtained for SnO, nanocrystals synthesized by electrospinning
(Sn** radius 0.71 A) and doped with Ti** ions (radius 0.64 A) [42]. At the same time,
AlyO3-InyO3 nanocrystals formed by the hydrothermal method retain the weaker cubic
structure of InpOs crystals. Lattice compression upon the doping of crystals with aluminum
ions leads to the formation of defects and an increase in the concentration of oxygen
vacancies [43]. These vacancies form centers of oxygen chemisorption, which increase the
sensor effect in the detection of reducing compounds [43,44].

An increase in the concentration of oxygen vacancies and the associated increase in the
sensor effect are more pronounced because of lattice expansion upon the isovalent doping
of metal oxide nanocrystals with metal ions of larger size than the main lattice ions. This
is clearly seen in the example of In,O3 nanocrystals with In>* ions (radius 0.80 A) doped
with La®* ions (radius 1.03 A) [45,46], which is explained by the weakening of bonds in the
InyOj3 lattice under the influence of La3* ions.

The most significant effect on the sensitivity of two-component, single-phase metal
oxides is provided by heterovalent doping. Due to the difference in the valence of metal ions,
not only local deformations but also new local charges arise in the lattice of a nanocrystal.
The change in the sensor properties of the metal oxide during doping depends on the ratio
of the charges of the doping ions to the main ions of the crystal lattice, which determines
the conductivity.
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The introduction of up to 5-7% of metal ions with a larger charge into the basic
oxide lattice produces an additional positive charge in the system. The concentration
of positively charged oxygen vacancies decreases and the concentration of conduction
electrons increases. As a result, when In,O3 is doped with SnO, and In®* ions are replaced
by Sn** ions, an increase in conductivity and a decrease in the sensor response to hydrogen
are observed [19,40].

When lattice ions are replaced by ions with a lower valence, localized negative charges
appear on metal ions built into the lattice, the concentration of positively charged oxygen
vacancies increases [29], and the concentration of conduction electrons decreases. Such a
process is considered in the example of the formation of the SnO;-In,O3 composite [29,40].
Since the size of In*? is larger than that of Sn**, the substitution of In*3 for Sn** results
in an increase in interplanar distances in the SnO, lattice and an increase in the response
to hydrogen [40,47].

When lattice ions are replaced by doping ions, in contrast to their incorporation into
the intercrystallite space, the emerging vacancies can form complexes with these ions. Such
complexes were characterized for In,O3 nanocrystals doped with Mn*? and Co*? ions [48].
The vacancies formed when these ions are included in the In,Oj3 lattice, and enter the first
coordination sphere of oxygen anions surrounding the doping ion [49].

Many metal ions form specific bonds with organic molecules. Such complexes, in
which the centers of oxygen chemisorption (oxygen vacancies) are associated with the
centers of adsorption of the detected gas on embedded metal ions, create especially favor-
able conditions for the sensor process. Thus, the impregnation of nanocrystalline In,O3
by divalent cobalt, which is accompanied by the incorporation of Co*? ions into the In,O3
lattice, produces a material with an exceptionally high response to CO (Figure 2) [50].
Impregnation of InyO3 nanoparticles by other metals also increases the sensor effect, but
much less so than in the case of Co*? ion incorporation.
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Figure 2. Sensor response of In,O3-based nanocomposites impregnated by various metal oxides in
the detection of 1000 ppm CO.

The activity of InyO3 doped with Co*? ions is attributed to the fact that complexes of
cobalt ions with oxygen vacancies are active centers of the sensor reaction [48]. The bonds
of these ions with CO molecules [51] increase the adsorption of CO on such a complex.
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2.1.2. Effect of Doping on Adsorption of Detected Gases

A change in the structure of metal oxide nanocrystals, due to their doping with metal
oxides, leads to the formation of new adsorption centers. Two types of adsorption bonds
between adsorbed organic molecules and metal oxide nanocrystals of the sensitive layer
can be distinguished: acid-base bonds [52] and bonds between 7n-electrons of adsorbed
molecules and d-electrons of metal ions in metal oxides [53,54].

Acid-base bonds are characteristic of adsorption on metal oxides with polar functional
groups containing nitrogen or oxygen atoms. Doping of metal oxide nanocrystals with
basic metal ions, including alkaline earth metal ions, creates adsorption centers for acidic
compounds in their lattice. Such compounds are alcohols, aldehydes, ketones, etc., related
to Bronsted acids [55,56]. Doping not only increases the number of adsorbed molecules but
also can change the strength of their bond with nanocrystals, depending on the acidity of
the molecules.

The influence of doping of In,O3 nanocrystals with Ca, Sr, and Ba ions on sensor
effects in the detection of formaldehyde, ethanol, and acetone by sensors based on these
nanocrystals has been studied [57]. The sensor effect in the detection of formaldehyde
decreases from Ca to Ba [55]. This is due to a drop in the electronegativity of metal ions and
a decrease in their ability to attract electrons from the surrounding oxygen ions of an oxide.
Their electron donation and the energy of bonds between the metal ions and adsorbed
acid-type molecules also increase [58].

The sensor effect for InpO3 nanocrystals doped with alkaline earth metal ions increases
sharply [55] with an increase in the acidity of the analyzed compounds in the series
acetone (pKa = 20), ethanol (pKa = 15.9), and formaldehyde (pKa = 13.27). Thus, there is a
correlation between the acid—base bonds of the detected molecules with the sensitive layer
and the magnitude of the sensor effect.

The nature of the adsorption bonds of 7-electron molecules with a sensitive metal oxide
layer depends on the electronic structure of the cations that make up this layer. Such bonds
have been the most studied in relation to the CO molecule [59]. For effective detection,
CO bonds with metal ions must be strong enough to ensure reliable CO adsorption on the
surface of the sensor layer, at temperatures of 200-300 °C.

These bonds should not interfere with the sensor reaction of adsorbed molecules with
oxygen active sites, mainly O~. In this respect, the doping of oxides with divalent metal
ions, in particular, Mg2+, Mn?Z*, FeZ*, Co?*, Ni?*, and Zn%*, which are characterized by
reversible binding to CO molecules, is of particular interest [51]. Simultaneously, upon
doping with these ions, oxygen vacancies appear in the system, which are the active centers
of the sensor reaction. Ions in which d-electron shells are either absent (Mg2+) or completely
filled (Zn?*) have the lowest binding energy with CO molecules. This bond is due to the
electrostatic attraction between the metal ion and the lone pair of electrons of the 5o orbital
of the C atom in the CO molecule; the energy of such a bond is about 8 kcal /mol [53,60].

When CO interacts with metal cations with unfilled d-electron shells (Co%*, Ni2*),
the electron pair of the 5o-orbital of carbon is connected with the d-electrons of the metal.
Concurrently, due to the overlapping of the unoccupied d-orbitals of the metal ion by
the antibonding 7*-orbitals of CO, the n*-d interaction appears [54]. This leads to an
increase in the binding energy of the ion with CO, which, for Co?* and Ni?*, reaches about
13 kcal/mol [51].

In a series of CO sensors obtained by the hydrothermal method from indium oxide
doped with Cu?*, Pd?*, and Ni?* ions, sensors containing Ni** have the highest sensor
effect, which is six times the effect in the absence of additives [61]. Doping of In,O3 with
Zn2* jons also increases the sensor effect approximately 3.5 times [62].

A similar effect of the interaction energy of CO with doping ions on the sensor effect
was observed in sensors based on SnO; doped with Zn?* and Ni?* ions [63]. Thus, as in
systems with acid-base bonds between the analyzed gas and the sensitive layer, an increase
in the energy of CO adsorption bonds, due to the 7*-d interaction of CO with doping ions,
causes an increase in the sensor effect.
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2.1.3. Influence of the Nature of Doping Ions on the Reactivity of Oxygen Anionic Centers

In the reactions of anions localized on the surface of a metal oxide sensitive layer, the
activation energy that determines the sensor effect depends on the binding energy of the
anion with the metal oxide. The effect of these bonds was demonstrated in the detection of
formaldehyde by a sensor based on In,O3, doped with ions of various metals [64—66]. The
Fermi level (see Figure 3) of the sensitive layer increased or decreased depending on the
nature of the doping ions.
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Figure 3. Semiconductor band structure. Here, Ey;e is minimal vacuum energy of electron, Ec is
bottom of the conduction band, Er is Fermi level and Ey is valence band ceiling.

An increase in the Fermi level leads to an increase in the sensor effect in the detection
of formaldehyde and other reducing compounds [59]. This trend can be attributed to the
increase in the reactivity of active oxygen anions, due to a reduction in their binding energy
to the surface. The reduced binding energy is caused by a decrease in the electron affinity
Xe of the metal oxide sensitive layer from the increase in the Fermi level.

An increase in the Fermi level of the sensitive layer leads to the increase in the concen-
tration of adsorbed oxygen anions. The change in concentration is due to the difference
between the Fermi level of the metal oxide and the energy of electrons captured by adsorbed
oxygen atoms or molecules, as well as the increase in the number of electrons passing from
the semiconductor to oxygen, to achieve equilibrium. An increase in X,, on the contrary,
causes a decrease in the sensor effect [64]. A similar dependence of the sensor effect on the
Fermi level (and X,) of the sensitive layer was observed in [55,57].

The influence of the metal oxide layer on the reactivity of the active oxygen particles
associated with this layer was considered, as well as the dependence on the average
characteristics, such as the electron affinity related to the entire layer [64]. In reality, oxygen
molecules are adsorbed on certain lattice defects, where the coordination between metal ions
and oxygen ions of the metal oxide lattice is disrupted. In this case, bonds of coordinating-
unsaturated metal ions with environmental molecules can be formed. Essentially, such
defects are oxygen vacancies [44], whose properties depend on the structure of the crystal
lattice and the location of the vacancy. Accordingly, the chemical activity of a vacancy in
the sensor process is changed [67].
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The properties of vacancies depend on the conditions of metal oxide annealing during
the formation of the sensitive layer. Thus, nanocrystalline SnO;, obtained by the hydrother-
mal method of tin hydroxide annealing, contains both isolated oxygen vacancies and
clusters of oxygen vacancies, in combination with vacancies of tin ions [68]. The number of
vacancies and the ratio between vacancies of different types depends on the medium in
which the annealing is carried out—in air, in oxygen, or in helium. In accordance with this,
the sensor response to acetone, ethanol, and formaldehyde is changed [68].

As noted in the previous section, the chemical activity of the metal oxide, and the
sensor effect in the detection of reducing agents, increase with a decrease in the bond
energy between oxygen ions and metal ions. To clarify this mechanism, the sensitivity
of MnO; nanofibers doped with niobium ions to CO was studied [69]. The Mn—-O-Nb
sequences formed in doped nanofibers contain oxygen ions weakly bound with the ions
of these metals. Therefore, the reaction, CO + Mn—-O-Nb — CO, + Mn-V—Nb, with the
formation of oxygen vacancies (Vo) proceeds efficiently, even at room temperature. This
reaction leads to a sharp drop in the resistance of nanofibers, but the reasons for this are
not discussed in [69].

It can be assumed that, since the electron levels of the formed vacancies lie near the
conduction band of the nanofibers [44,65], electrons from oxygen vacancies easily pass into
them. As a result, the conductivity of the composite increases, leading to a sensor effect.
After replacing the air mixture, with CO, with pure air, the vacancies are filled with oxygen,
and the resistance of the sensor system returns to its original value.

This system has exceptionally high sensitivity to CO, which makes it possible to detect
the gas, even at its concentration in air of 2 ppm [69]. A high selectivity of CO detection
is thus achieved in the presence of organic compounds, which can be explained by the
selective adsorption of CO on Mn—-O-Nb structures [70]. These structures are very stable.
Therefore, the formation of oxygen vacancies under the influence of CO and their death
upon interaction with oxygen are completely reversible processes.

A similar increase in the reactivity of oxygen ions was found for cerium oxide doped
with samarium ions [71]. The Ce—-O-Sm structures formed in this material also contain
labile oxygen ions weakly bonded to the lattice. As a result, the rate of CO oxidation with
the formation of oxygen vacancies increases, and the maximum of oxidative activity shifts
to lower temperatures. All this testifies to the key role of oxygen vacancies and complexes
of vacancies with metal ions in the sensor process.

2.2. Mechanisms for Increasing Sensitivity of Two-Component, Two-Phase Metal Oxide Composites

In contrast to single-phase systems, different conduction paths are formed in binary
two-phase systems, by aggregates of component particles contacting with each other.
Below, we consider the influence of the nature and structure of conduction pathways, as
well as the interaction between components, on the conductivity and sensor properties
of nanocomposites. The mechanisms of chemical and electronic sensitization of sensor
processes are also discussed.

2.2.1. Effect of Conduction Pathways on Sensor Properties of Binary
Two-Phase Nanocomposites

The conductivity of the sensor layer is determined by the aggregates of metal oxide par-
ticles that are in contact with each other and form current flow paths. In a two-component
system, in which components A and B form different crystalline phases, there are three types
of intercrystalline contacts, namely homophase contacts A-A and B-B, and heterophase
contacts A-B. As a rule, nanoparticles A and B have different work functions (W), such
that, upon their contact, electron transfer occurs at Wp > Wg from B to A, and at Wg > Wy,
in the opposite direction. Such an electron transfer between nanoparticles corresponds to
their mutual charging [27].

An internal electric field develops at heterogeneous contacts. In this case, the potential
barrier, that prevents the passage of current through a heterogeneous contact between
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particles, depends on the mutual direction of the internal and external fields [72]. In a
disordered system of nanoparticles, which includes heterogeneous contacts, when the
direction of the external field is opposite to the direction of the field in the contact, high
barriers inevitably arise on the current path. The current flow path “bypasses” such
contacts, choosing the homogeneous contacts with lower barriers for electron transfer [72].

Thus, in two-phase nanocomposites consisting of particles of components A and B,
two parallel homophase conduction paths can be realized through the contacting nanopar-
ticles A-A or B-B. The current flows through chains of contacting nanoparticles, which form
conducting clusters that connect the electrodes of the measuring system (“endless” clus-
ters [72,73]). The nanoparticles of the second component, that did not enter the conduction
pathways, are modifiers, the interaction with which changes the chemical and electronic
characteristics of the conducting nanocrystals, and, consequently, the conductivity and
sensor effects.

In a disordered two-phase conglomerate from particles of two components, the con-
duction paths are determined by percolation theory [73], and depend on the relative content
of the components and the ratio between the sizes of the corresponding nanocrystals [72].

In nanostructured composites ranging from n- and p-modifications of TiO,, three
conduction regions are possible [72], based on the percolation model, depending on the
relative content of the components. These are regions I and II, with conducting clusters of
nanoparticles of only one type, and region III, in which conducting clusters of both types
coexist. In region III, the conductivity of the composite depends on the ratio between the
concentrations of components, the size of the particles, and the concentration of current
carriers (electrons or holes) in the components [72].

In a nanostructured composite of metal oxides with different work functions, the
magnitude and direction of the sensor effect are determined by the electron transfer be-
tween the conducting clusters and the modifier. A characteristic example is the result
obtained from the study of the conductivity and sensor effect in a composite of SnO,
nanofibers with nanoclusters of TiO, or WO3; modifiers located on the surface of the
nanofibers [74]. In SnO, nanofibers and modifier nanoclusters, the work function is differ-
ent; therefore, the effect of modifiers on conductivity and sensor properties depends on the
difference between the Wg,0p and W of the modifier. Modification of nanofibers with TiO,
nanoclusters (Wriop < Wsno2) leads to an increase in the conductivity of the composite,
due to electron transfer from TiO, to SnO,, while modification with WOj3 nanoclusters
(Wwos > Wsnop) reduces the conductivity, due to electron transfer from SnO, to WO3 [74].

The modification of SnO, nanofibers also changes sensor effects, in addition to the
conductivity. An increase in conductivity under the influence of TiO, causes an increase
in the sensor effect for oxidizing gases but has almost no effect on the sensor effect for
reducing agents. The decrease in conductivity caused by WO3 nanoclusters also leads to
an increase in the sensor effect in the detection of reducing gases [74].

A similar increase in the sensor response to reducing gases, accompanied by a decrease
in the conductivity of the composite, is observed for the deposition of WO3 nanoclusters on
the surface of In,O3 nanofibers. In contrast, the deposition of In,O3 on WO3 nanofibers in-
creases their conductivity and sensor response to oxidizing gases but reduces the sensitivity
of the composite to reducing agents [75].

In numerous reviews on two-phase nanocomposites (see, for example, [76,77]), as
in the studies considered above, only systems with conduction paths from particles of
one component are mostly discussed. Particles of the second component, interacting with
conductive particles, change their properties and affect sensor effects.

Binary nanocomposites with different conduction paths have different sensitivity to
detected gases. The authors of [78,79] studied systems consisting of metal or metal oxide
nanoparticles in combination with thin nanolayers of reduced graphene oxide (rGO). With
minimal coverage of rGO layers by Pd particles, these layers are current flow paths, and the
conductivity decreases in the presence of hydrogen. This is due to the transformation of Pd
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nanoparticles into PdHy, followed by electron transfer from PdH, to rGO and a decrease in
the concentration of charge carriers-holes in the p-semiconductor rGO [78].

With an increase in the concentration of Pd particles, the response to Hy decreases, due
to a change in the conduction paths—from rGO layers to clusters of Pd nanoparticles. This
occurs during the formation of a continuous Pd film on the surface of the rGO layers. Due
to the change in the structure of the Pd film, under the influence of hydrogen dissolved in
it, the response increases [78]. In the absence of Pd nanoparticles, the conductivity of rGO
layers largely does not react to the presence of nonpolar molecules in the air, for example,
H,. The effect of current flow paths in nanocomposites combining rGO layers with metal
oxide nanoparticles on conductivity and sensor properties was studied in detail using the
response to ammonia as an example [80].

As rGO was added to nanostructured SnO,, the type of conductivity of the composite
changed from electronic conductivity, characteristic of pure SnO,, to hole conductivity,
characteristic of rGO. Due to the difference in the shape of the components (thin, extended
rGO nanolayers and quasi-spherical SnO; nanoparticles), the percolation transition from
n- to p-composites occurs already at small (about 0.5 wt.%) additions of rGO to SnO,.

These experimental results agree with the calculations [80]. The response of the sensor
to ammonia is due to its reaction with oxygen anions on the surface of SnO, particles. In
n-type nanocomposites, where the current flows through clusters of SnO; nanoparticles,
the addition of ~0.5 wt.% rGO leads to an increase in the electronic conductivity of the
composite [80]. Since W;go (5.2 eV) of a completely reduced graphene oxide film [81]
is larger than Wgn0p (4.9 €V), electrons pass from SnO; to rGO. As a result, the electron
concentration in conducting clusters of SnO, nanoparticles decreases, which increases the
response to reducing gases [74,82].

In connection with the mutual charging of contacting SnO, nanoparticles and rGO
nanolayers, during the transition of electrons from SnO; to rGO, favorable conditions are
created for the adsorption of polar molecules in the contact region in the nanocomposite.
This also applies to NH3 molecules and additionally increases the sensitivity of the compos-
ite sensor to ammonia. An increase in rGO concentration to 1 wt.% leads to a percolation
transition from conduction through SnO; particles to conduction paths through rGO layers;
that is, to hole conduction [80].

The paths of hole and electron conduction are different in nanostructured metal
oxides [3,77,83]. The electron current flows through contacting nanoparticles, crossing their
surface layers where potential barriers are formed between the particles, due to oxygen
ionosorption accompanied by the capture of electrons from the conduction band. The
resistance of the surface layers is significantly increased, compared to the resistance in
the bulk of the particles. The height of such barriers on the current path is determined by
the number of electrons captured by oxygen, which decreases when O~ interacts with a
reducing gas. This leads to an increase in conductivity.

In the case of hole conduction, the current flows mainly in the near-surface layers of
p-nanoparticles, wherein, the negative charge of O~ on the surface is compensated by the
positive charge of holes in the near-surface layer. The concentration of holes in this layer is
naturally higher than in the volume of the particles [83,84]. The total resistance to the hole
current in the volume of the particles and surface layers is determined by the morphology
of the nanostructured metal oxide [85].

At the hole conduction, the total resistance (Rsen) of the sensor layer includes a volume
component which is largely independent of the processes on the particle surface. Therefore,
the sensitivity to reducing gases in such systems is significantly less than in the case of
electronic conduction, when the change in resistance is determined by the reactions of the
analyzed gases with O~ on the surface of the particles. SnO,-rGO sensors to ammonia,
with hole conduction along the paths formed by rGO layers, are characterized by greater
stability and a shorter response time to ammonia, and relaxation time after its removal [80].

The conductivity and sensor properties of nanocomposite fibers containing n-SnO,
and p-Co304 nanoparticles were studied in [23]. The resistance of the xXSnO; — (1 — x)Co304
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system and its sensor response to CO, CgHg, and C3HgO reach their maximum values at
x = 0.5. The nanofiber of this composition has electronic conductivity. Since the arrangement
of nanoparticles in a fiber is chaotic, the conductivity of a nanocomposite fiber is determined
by the percolation model [72,73].

According to this model, the electron current in such a system flows along n-type
homophase paths, excluding heterophase n-p contacts, the inclusion of which in the current
path would lead to the occurrence of large potential barriers. Heterophase contacts between
n- and p-nanoparticles of composite lead to the loss of electrons, due to electron-hole
recombination. As a result, the electron concentration in the conducting channels decreases.
In some cases, this leads to an increase in the response to reducing gases [83].

Similar effects are also characteristic of other n-p nanocomposites [86,87], in which
the maximum response is achieved in the systems with electronic conductivity. The
sensitization of the sensor response by p-nanoparticles contacting with n-nanoparticles
of conducting pathways is due to a decrease in the electron concentration in conducting
pathways, resulting from electron-hole recombination. At n-n-contacts, the concentration
of conduction electrons does not decrease, but the electrons pass into a lower-energy
conductivity band, forming an “accumulation layer” of electrons in acceptor centers [83,88].
Such a transition also reduces the concentration of conduction electrons in the conducting
paths of the composite, but to a lesser extent since the transition of electrons is hindered
by the resulting electric field. Therefore, n-p contacts are more effective for sensitizing the
composites undergoing the electronic conductivity.

2.2.2. Effect of Interaction between Conducting and Modifying Nanocrystals on Sensor
Properties of a Composite

In binary systems, the interaction of nanoparticles, constituting current flow paths
with modifier nanoparticles surrounding these paths, is a source of sensor sensitization.
There are two types of sensitizations: chemical and electronic [13,89].

Chemical sensitization is caused by catalytically active particles of the modifier, which
chemisorb oxygen and molecules of detected gases with the formation of reactive particles,
in particular, atoms or radicals. The most common variant of chemical sensitization is the
adsorption and dissociation of oxygen molecules on modifier particles with a subsequent
spillover of oxygen atoms into conducting clusters. After that, oxygen atoms capture
electrons from the conduction band of nanoparticles constituting conducting clusters,
forming O~ radical anions.

Since the reaction of reducing gases with O~ on the surface of conducting clusters “re-
leases” trapped electrons and increases the conductivity of the composite, the concentration
of adsorbed oxygen should be increased to raise the sensitivity. This is clearly facilitated by
the catalytic activity of modifier nanoparticles [14,90].

The detection of several -electron compounds, by sensors based on SnO, nanofibers
modified with Au, Pd, and Pt nanocrystalline particles, was studied to determine the
optimal conditions for achieving the maximum sensitivity [91]. The study indicated that
the adsorption bonds, of m-electron molecules with metal particles, are determined by the
location of the metal d-electron band, relative to the 7t-electron orbitals of the molecules of
the analyzed gases. Therefore, by varying the electronic structure of the contact between a
gas molecule and a metal particle on the surface of SnO; nanofibers, chemisorption can
be increased. The spillover of adsorbed molecules from metal particles onto SnO; fibers
increases the gas concentration on nanofibers and the sensitivity of the composite. The
conditions were determined for the most efficient chemical sensitization of the sensor effect
by Au, Pd, and Pt particles in the detection of CO, benzene, and toluene [91].

Chemical sensitization depends both on the structure of the detected molecule and
the properties of the catalytically active particle. A typical example is the sensitization of
CO and H; detection by a sensor based on nanocrystalline In,O3, containing nanoparticles
of the well-known catalyst, ZrO,. The particles of ZrO; increase the sensor effects in the
detection of Hj, but practically, do not affect the detection of CO [92].
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The effect of chemical sensitization of the sensor response to CO on this system could
be expected, due to the dissociation of O, on the surface of ZrO, nanoparticles with the
subsequent formation of O~ active centers. However, the dissociation of O, requires a
temperature above 800 °C [93]. The efficiency of H, detection is probably ensured by the
dissociation of H; molecules under the influence of ZrO,. As a result of the spillover of
the formed hydrogen atoms onto In,Oj3 particles, H atoms react with O~ radical anions
localized on the InyO3. In this case, the electrons captured by oxygen return to In,Os.

The conductivity of a nanofiber network Is determined by potential barriers to electron
transfer between contacting nanofibers, and depends on the electron concentration in
their surface layers (n5) [83]. The decoration of SnO; fibers, with electron-donating TiO,
(Wrtio2 < Wgnop) or electron-withdrawing WO3 (Wwoz > Wsno2) nanoclusters, leads to
a redistribution of conduction electrons between conducting channels and decorating
clusters [74]. The transfer of electrons from SnO, nanofibers to WO3 nanoclusters reduces
ns and increases the barriers for electron transfer between contacting nanofibers [83]. All
this affects the sensor effect [68], and can be considered as electronic sensitization.

The sensor properties of nanocomposites depend on the method of their formation,
which determines their morphology. In this regard, the indicators are the results of studies
of composites obtained by physical mixing of oxide nanopowders or by laser sputtering
of one oxide on the surface of crystals of another [21,22,94-96]. In such composites based
on electron acceptor SnO; or ZnO oxides, electron-donating additives of In,O3 or TiO,
nanoparticles do not decrease the sensor effect for reducing gases, as in [74,97,98], but
increase it.

It should be noted that the sensor characteristics of binary composites obtained by
mixing nanocrystalline powders, in contrast to the systems considered in [74,97,98], are
mainly determined by the contact of particles with different electron affinities and clearly
marked interphase boundaries [94], where the charges, formed as a result of mutual charg-
ing of such particles, are localized. Charges in the interfacial regions of the nanocomposite,
as mentioned above [80], can increase the chemisorption of oxygen and detected gases and,
thus, increase the sensor effect.

The effect of interfacial contacts on the sensor properties of nanocomposites was not
considered in [74,75]. This is probably due to the small size of electron-donor and electron-
acceptor clusters located on the surface of conducting nanofibers, because of which, the
distribution of electrons in the region of these contacts is largely blurred.

It can be assumed that the differences in the sensor properties of nanocomposites
obtained by different methods are due to the structure of the interfacial regions in such
composites, which determines the adsorption of gases and their activity in sensor reactions.
The largest increase in the sensor effect is achieved due to the joint effect of chemical and
electronic sensitization by chemically active modifiers with a high work function [90].

Such sensitization of the sensor effect occurs, in particular, as a result of the modifi-
cation of the surface of conducting metal oxide particles by nanoclusters of catalytically
active metals, Au, Pd, and Pt [91]. Nanoclusters of these metals, as shown above, cat-
alyze the formation of highly reactive atoms and radicals on the surface of metal oxide
nanocrystals, which corresponds to chemical sensitization. These nanoclusters, which
have a higher work function than conductive metal oxide nanocrystals, capture the elec-
trons of the nanocrystals, lowering ns. Thus, there is also an electronic sensitization of the
sensor effect.

A characteristic example of the synergism of electronic and chemical sensitization
is the detection of ethanol vapor by sensors based on In;O3; nanotubes, decorated by
nanoclusters, CozO4, Fe;O3 or a combination of these nanoclusters [99]. The deposition of
nanoclusters, of even a single metal oxide on the surface of nanotubes, increases the sensor
effect due to electron sensitization, since the work function of these metal oxides is higher
than that of InyO3. In this case, Co3O4 clusters have a greater influence, although W for
Fe,O3 (5.3 eV [100]) is higher than for Co3O4 (4.8 eV [101]).
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Co304 nanoclusters are both electronic and chemical sensitizers, which is due to the
catalytic activity of CozO4 in the dissociation reactions of adsorbed oxygen molecules
with the formation of O~. The largest increase in the sensor effect occurs with the joint
application of CozOy4 and Fe;O3, when high chemical sensitization of the sensor effect under
the action of Co30; is combined with high electronic sensitization under the influence
of Fe203 [99].

The synergism of the sensitizing action of different agents is also manifested in sensors
based on porous In,O3 nanospheres, modified with NiO and Au nanoclusters [102]. The
interaction of NiO clusters with In,Os leads to the formation of oxygen vacancies on the
surface of In,O3 in such systems, due to the difference in the charges of Ni*? and In*?
ions. Concurrently, Au nanoclusters catalyze the dissociation of these molecules, with the
capture of electrons and the formation of O~ active centers.

The combined action of NiO and Au clusters on In,Os nanoparticles produces high
sensitivity in the detection of reducing compounds, in particular, toluene [102]. Using
such a sensor, toluene can be detected, even at concentrations of the order of 100 ppb,
since Au clusters adsorb toluene and thus increase the sensor effect. A similar synergistic
effect of electronic and chemical sensitization of the sensor effect was also found for In,O3
nanotubes containing NiO and PdO nanoclusters on the surface [39].

The results presented in this section have shown that the sensor response for two-
component, two-phase metal oxide composites can differ markedly for various gases.
Table 1 summarizes the results of previous investigations and makes it possible to compare
the response magnitudes to various gases of sensors synthesized with different methods
under diverse conditions.

Table 1. Sensor response to various gases of two-component two-phase metal oxide composites.

Sensor Response

Material Synthesis Method (Gas Concentration) Temperature References
0.55n0,-0.5C0304 electrospinning method 18.7 (1 ppm CgHpg) 350 °C [23]
WO;3-5n0; sputtering high-purity Ti or W 140 (1 ppm Hy) 300 °C [74]

TiO-SnO, targets on SnO, 232 (1 ppm Oy)
WO3-Iny05 sol-gel method 27 (200 ppm NO3) 300 °C [75]
SHOncomponites© gan phase synthesie method | 148% 1% CarsO) 200°C 7]
rGO by hydrothermal treatment of
rGO-5n0O, aqueous dispersion of GO, 1.3 (50 ppm NH3) 22°C [80]
rGO-5nO, composite by mixing
0.55n0,-0.5NiO electrospinning process 36 (10 ppm NOy) 300 °C [86]
Sn0,-2.78Cu0O sol-gel route 200% (400 ppm CO) 350 °C [87]
In, O3-Co304 Electrospinning method 39 (200 ppm HCHO) 260 °C [88]
Pt-SnO, phOtOIithfag;fcﬁ}y‘isfsp;?ecfj ;“d yoray 40 (1 ppm C7Hg) 300 °C [91]
10%C0304-90% In, O3 1300 (1100 ppm Hy) 250 °C

20%ZrO-80% TnyOs Mixing metal oxides 280 (1100 ppm Hy) 315°C 2]
TiO, /5n0O, hydrothermal process 52.3 (100 ppm triethylamine) 260 °C [96]
ZnO@In;03 hydrothermal method 28.6 (100 ppm C,H5OH) 160 °C [97]
Au-NiO/In,O3 solvothermal method 80.6 (10 ppm toluene) 250 °C [102]

The consideration of the processes of chemical and electronic sensitization of sen-
sor reactions has shown that such a division is rather arbitrary. For example, oxygen
molecules dissociate on the surface of nanoparticles with the formation of chemically active
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centers, which corresponds to chemical sensitization, wherein, the formed oxygen atoms
actively capture electrons from the near-surface layer, thereby depleting it; this is already
characteristic of electron sensitization. Thus, in various sensor processes, both types of
sensitization mechanisms can occur simultaneously, but the chemical or electronic nature
will be manifested to a greater extent.

2.3. Interaction of Nanocomponents in Core—Shell Sensor Systems

Two-phase structures of the core—shell type have been intensively studied in the last
decade. Such structures consist of a core of metal oxide covered by a layer of another
semiconductor oxide (see, for example, reviews [14,103-106]).

With the right choice of core and shell materials, such structures can achieve exception-
ally high sensitivity and selectivity in the detection of various substances. This also makes
it possible to significantly lower their operating temperature [14,104,105,107-109]. These
materials have generally different morphologies, but the highest sensitivity is exhibited
by structures formed by composite nanofibers (see Figure 4). The sensor characteristics of
such a material depend on the path of current flow. According to the percolation model of
conductivity in a disordered system of semiconductor particles with different electron work
functions [72,73], the current in the sensitive layer passes through the fiber shell, overcom-
ing the barriers of the homocontacts, but bypassing the potential barriers of heterocontacts
in the core-shell system [110].

Figure 4. Scheme of the sensitive layer of composite nanofibers of the core-shell type. «e™ — e™»
indicates the current flow in the shell of nanofibers.

Such a scheme has been confirmed by the results obtained from the detection of a
reducing agent (benzene) and an oxidizing agent (NO,) by composites of #n-ZnO-p-CuO
nanofibers [111] (here and hereinafter, the first oxide is the core, and the second is the
shell). The conductometric sensor response to these compounds in the sensitive layer of
n-ZnO-p-CuO nanofibers indicates hole conductivity through the nanofiber shells without
crossing the fibers. In this case, the value of the sensor response, due to the features of
hole conductivity [112], is much lower than in the sensitive layer from pure zinc oxide
nanofibers with electronic conductivity [111]. An increase in the sensor response, when
p-CuO nanoparticles are included in such a layer, is due to a change in the electronic
conductivity as a result of contacts between 1-ZnO and p-CuO nanoparticles and electron
transfer from ZnO to CuO.

The resistance of the sensitive layer, as in other nanostructured metal oxide semicon-
ductors, is determined by the resistance of contacts between nanoparticles (in this case,
nanofibers), which in systems with electronic conductivity increases with a decrease in the
electron concentration in the shells.
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Two factors affect the concentration of electrons in the shell nanofiber. The first factor
is the capture and localization of conduction electrons by electron-withdrawing centers
on the outer and inner surfaces of the shell, which leads to the depletion of the shell in
electrons. On the outer surface, such centers are adsorbed forms of oxygen, which, at
the “operating” temperatures of the sensors above 200 °C, are mainly oxygen atoms. On
the inner surface separating the nanofiber shell from the core, electrons are trapped by
lattice defects that arise during the formation of the composite, due to the difference in the
structures of the core and shell [113].

Another factor is associated with the presence of electron heterojunctions between the
core and shell. Such a transition is determined by the difference in the values of the electron
work function W for the core W and the shell Wg,, of the fiber. If Wg, < W, conduction
electrons pass from the shell to the core. In this case, the shell of the composite fiber is even
more depleted of electrons.

According to existing concepts, the most promising are sensors based on core—shell
nanofibers, which contain weakly conductive catalytically active layers of SnO, or ZnO.
Modification of core—shell metal oxide systems with noble metal nanoparticles can have a
significant effect on their sensor response and selectivity. Sensors based on such nanofibers
make it possible to detect even traces of various organic compounds in the air (see, for
example, [114-117]).

The response to 0.1 ppm CO of core—shell sensors, based on SnO,-ZnO nanofibers
with Au nanoclusters located on the surface of ZnO shells, is 25, while for pure SnO, and
ZnO nanofibers, it is only 3 and 2, respectively [114,118]. The maximum sensor response in
the detection of 100 ppb benzene, by SnO;-ZnO nanofibers with Pd nanoclusters on the
surface of ZnO shell, is 71 [116]. This is much higher than the sensor effect for SnO, (1.9)
and ZnO (2.1) nanofibers, as well as for SnO,-ZnO sensors that do not contain Pd clusters
(11.2). It is also interesting that the deposition of silver nanoparticles on the surface of a
nanosystem consisting of tungsten oxide (W13049), included in a polypyrrole shell, leads
to an increase in the sensor response to ammonia and an improvement in the selectivity of
this system [115].

To determine the mechanism of sensor effects in composite nanofibers, it is important
to find out how the electrical and sensor characteristics of fibers change when the material
of the core and shell are swapped. Sensor effects in the detection of CO and aromatic
hydrocarbons were determined for core-shell ZnO-5nO; nanofibers [118]. A comparison
with data for similar layers of SnO,-ZnO nanofibers [109] makes it possible to elucidate
important features of the resistance and sensor effects in these systems.

In both cases, shells were formed on monocrystal nanorods by deposition of atomic
layers. According to [108,109], the interaction between the core and shell in SnO;,-ZnO
nanofibers leads to an increase in the resistance of the sensor system, due to the contacts
between the layers. The sensor effect is also increased.

The values of resistance and the sensor effect of core—shell composites largely depend
on the thickness of the shell. For the SnO,-ZnO nanocomposite, the maximum values of
these parameters are achieved at a shell thickness of about 30 nm; that is, close to the Debye
charge screening length in ZnO (Az,0), which is 22-35 nm [116]. A similar dependence on
the shell thickness was also observed in another sensor system of the same type.

The maximum sensor response of the NbyO5-ZnO system of the core-shell type to
1% H, at 300 °C is observed at a ZnO shell thickness of about 50 nm, which is close
to 2Azno [119]. These data indicate the presence of electron-withdrawing defects in the
NbyO5-ZnO system at the interface core—shell, which reduce the electron concentration in
the shell. Therefore, the length of the screening of charges on oxygen centers, formed on
the surface of the shell during oxygen chemisorption, increases. Meanwhile, the reaction
of these centers with the analyzed reducing agent and the “release” of trapped electrons,
respectively, causes a sensor response, as evidenced by an increase in conductivity.

Judging by the data on the resistance of SnO,-ZnO and ZnO-S5nO, nanofiber
layers [114,117], the concentration of conduction electrons in the shells of these nanofibers



Chemosensors 2023, 11, 320

17 of 30

decreases mainly due to defects at the boundary between SnO; and ZnO. The transfer of
electrons between SnO, and ZnO increases or decreases the electron concentration in the
shells, depending on which of these materials forms the core or shell of the nanofibers. The
value of the sensor effect, in the detection of reducing compounds (CO, C¢Hg, C7Hg) by
5n0,-Zn0O and ZnO-5nO; sensors, changes according to the change in the resistance of the
sensitive layer [114,117].

The attribution of the large value of the sensor effect in core—shell nanofibers, when
both the core and the shell have catalytic activity, to only the influence of the system
resistance, is not sufficiently substantiated. Indeed, in [116-118], a significant increase in
the sensor effect was observed when nanoclusters of noble metals were located on the
surface of shells, although such additives only reduce the resistance of the film. In addition,
a very noticeable sensitivity and selectivity was found in the detection of ethanol by In,O3-
ZnO nanofibers [120] containing In, O3 core with a very high electron concentration, which
can pass into the ZnO shell, since the work function of the electron for In,O3 is lower than
for ZnO. The sensor effect for composite nanofibers is 10 times that for In,O3 nanofibers. In
this case, In,O3, as in mixed systems of nanoparticles, is an electron supplier, while ZnO is
a catalytically active agent.

The study of the sensor layer based on core—shell nanofibers was also carried out
for the ZnO-5n0O, system, which has a slightly different crystal structure. These fibers
consist of a monocrystal ZnO core and a continuous SnO; shell, formed during the thermal
reaction of (CH3)45n with oxygen on the ZnO surface [121]. The sensitivity of such a layer
to reducing gases (CO, CHy, Hy, CoH50H) at 200 and 300 °C is very low and almost does
not differ from the sensitivity of a layer of ZnO nanofibers. An increase in the sensor effect,
under the influence of the SnO, shell located on the surface of ZnO nanofibers, manifests
itself only when the temperature rises to 400 °C. Therefore, in ZnO-5SnO, nanofibers [121],
conduction electrons, trapped by defects at the interface between the core and shell, are
held more strongly in defects than in the ZnO-SnO; and SnO;-ZnO nanofibers considered
above, with shells formed by the deposition of atomic layers [114,117].

Thus, the sensor properties of composite metal oxide nanofibers of the core—shell type
strongly depend on the composition and method of syntheses of the nanofibers (Table 2)
and, accordingly, on their morphology. A detailed study of such systems will elucidate the
role of the interaction between the core and shell in the sensor process, and will contribute
to the development of new, highly efficient sensor materials.

Table 2. Sensor responses of core-shell materials to various gases.

Material

Sensor Response

Synthesis Method (Gas Concentration)

Temperature References

Ag- Oc-Fez O3
core-shell composites

two-step reduction-sol gel
approach, including 9 (500 ppm) 250 °C [105]
Ag nanoparticles

facile low-temperature

Au-ZnO core-shell nanoparticles solution route 103.9 (100 ppm Hy) 300 °C [107]
25 (10 ppm NOy)
) g . : 75 (10 ppm C7Hg) o
SnO,-ZnO core-shell nanowires two-step process 83 (10 ppm CeHy) 300 °C [108]
77 (10 ppm CO)
) . . : 6.5 (1 ppm CO) o
SnO,-ZnO core—shell nanofibers two-step process 48 (1 ppm NO,) 300 °C [110]
ZnO-CuO core-shell nanowires facile three-step process 29 (10 ppm NOy) 350 °C [111]
thermal evaporation of indium
In;O3/ZnO powder in an oxidizing 196 (1000 ppm C,HsOH) 300 °C [113]

core—shell nanowires

atmosphere, followed by the
atomic layer deposition of ZnO
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Table 2. Cont.

Sensor Response

Material Synthesis Method (Gas Concentration) Temperature References
SnO,-ZnO core—shell nanowires Vapor-liquid-solid
functionalized by porq 26.6 (100 ppb CO) 300 °C [114]
. growth method
Au nanoparticles
polymerizing the uniform PPy
Ag functionalized W13O49@PPy shell film on surface of W3 o
core-shell nanorods nanorods with AgNOj as 25 (20 ppm NH) 40°C [115]
oxidant and DBSA as modifier.
two-step growth technique. Pd
Pd-functionalized SnO,-ZnO functionalized SnO;-ZnO by o
core-shell nanowires using the ray 71 (100 ppb CoHe) 300°¢ [116]
radiolysis technique
two-step growth technique. Pt
SnO,-ZnO core-shell nanowires functionalized SnO,-ZnO by o
functionalized Pt nanoparticles using the ray 279 (100 ppb C7Hs) 300°C (1171
radiolysis technique
41.13 (10 ppm CO)
Zn0O-SnO, core-shell nanowires two-step growth technique 39.48 (10 ppm C7Hg) 300 °C [118]
40.34 (10 ppm CgHg)
Nb,Os/Zn0O core-shell nanorod two-step growth process 156 (100 ppm Hj) 300 °C [119]
) g . : 265 (400 ppm C,H5OH) o
InyO3-Zn0O core-shell nanowires two-step growth process 7 (2000 ppm H, 350 °C [120]
ZnO-SnO; core-shell nanowires  two-step vapor growth method 66.3 (10 ppm NO,) 200 °C [121]

3. Modeling of the Electronic Subsystem of Semiconductor Nanoparticles and
Properties of Associated Sensitive Layers

The operation mechanism of semiconductor sensors has been described in many
studies [10,14,82]. Due to the presence of oxygen vacancies in the oxide nanoparticles that
make up the sensitive layer, a noticeable electron density appears in the conduction band.
Oxygen molecules from the air are adsorbed on the surface of nanoparticles and dissociate.
The resulting oxygen atoms, which are much deeper electron traps than oxygen vacancies,
capture electrons from the bulk of the nanoparticles, and the conductivity of the sensitive
layer decreases sharply. After the addition of the analyzed gas, its molecules are adsorbed
on the surface of the nanoparticles and react with oxygen ions. The captured electrons
are subsequently released and returned to the conduction band of the nanoparticle. The
conductivity of the sensitive layer increases, constituting the sensor effect.

Many articles have been published on the modeling of the charge distribution in
semiconductor nanoparticles and sensor processes. A discussion of these studies, with
reference to the numerous assumptions made within them, including erroneous ones, is
presented in a review [14]. The most notable of the erroneous assumptions are the use
of a flat instead of a real boundary between nanoparticles, the absence of a relationship
between the number of oxygen ions on the surface and the electron concentration in the
bulk, and the assumption that the density of positively charged donors is constant along
the nanoparticle radius, which is true only in the case of fully ionized donors.

In early studies aimed at determining the distribution of electrons in a nanoparticle, it
was assumed that positive charges are immobile and, most importantly, that the concentra-
tion of electrons in the negatively charged layer on the surface of nanoparticles was chosen
arbitrarily. The role of this layer was clearly overestimated.

The nanoparticles that make up the sensitive layers can be conditionally classified into
two types, depending on the concentration of conducting electrons. The first type consists of
the nanoparticles with a low electron concentration in the conductive zone. Thus, in sensors
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based, for example, on SnO,, the concentration of conduction electrons is 1. < 106 cm 3.

At a diameter of 100 nm, one such nanoparticle contains no more than one electron, and
a negatively charged layer cannot be created. Thus, there is no interference, as a result of
shielding electron transfer between nanoparticles.

In another type of nanoparticles at operating temperatures, the sensitive layer contains
a sufficiently large number of conduction electrons. In a nanoparticle of the same size
(for example, Inp O3, in which n. = 101°-10%0 ecm—3 [122,123]), the number of electrons can
reach ~10%-10°. Since a significant part of these electrons is captured on the surface of
nanoparticles by oxygen atoms, this leads to the appearance, in this case, of a negatively
charged layer. Assuming that the nanoparticles are spherical and that the surface is charged
uniformly, we use the well-known Gauss theorem, according to which, an electrical charge
uniformly distributed on a spherical surface does not create a field inside the sphere. If,
on the whole, the nanoparticle is electrically neutral, then the field outside it is also equal
to zero.

The electric field inside the nanoparticle is created, due to the uneven distribution of
negative and positive charges inside the nanoparticle [31]. The current in the system is
determined by the state of electrons in the near-surface layer. To determine the efficiency
of the sensor, it is necessary to calculate the distribution of charges over the radius of the
nanoparticle, in both the presence and absence of the studied gas. This will make it possible
to compare theoretical and experimental results on the sensitivity of sensors based on both
single and mixed oxides.

3.1. Distribution of Electrons in Oxide Nanoparticles

In sensors based on nanoparticles with a low concentration of conduction electrons
(for example, SnOy), there is no negatively charged layer, the distribution of electrons
over the volume is uniform, and there is no problem of finding the charge distribution in
the nanoparticle.

For sensors with a high concentration of conduction electrons, the situation is much
more complicated. To find the distribution of electrons along the radius of a nanopar-
ticle, one can use the free energy of the system, which consists of the free energies of
conduction electrons and electrons on adsorbed oxygen atoms, as well as the potential
energy of positively charged ionized donors and the interaction of all negative and positive
charges of the nanoparticle [31]. The total free energy is minimized with respect to the
chemical potential. Further, the resulting equations are solved, together with a system of
stationary equations for the quantity of oxygen atoms, ions, and molecules on the surface
of nanoparticles [31,35].

As a result, for nanoparticles of different radii, one can find the distribution of conduc-
tion electrons along the nanoparticle radius as a function of temperature. The distribution is
found to be inhomogeneous, and the inhomogeneity increases with increasing temperature.
This is explained by an increase in the number of electrons on the surface at increasing
temperature [37].

3.2. Sensor Effect in One-Component Systems

A theory has been constructed that describes the sensor properties of semiconductor
oxides containing both small and large quantities of conduction electrons. In the case of
one-component sensors, terms and equations for the detected gas are added to the system
of stationary kinetic equations for the concentrations of oxygen atoms, ions, and molecules.
The solution of this system, together with the equations for the concentration of conduction
electrons, makes it possible to find the sensitivity of the sensor as a function of the pressure
of the detected gas, the temperature, and the average radius of the nanoparticles [32-35].

The theory developed was compared with the experimental data. For example, in [33]
a comparison was made of the theoretical and experimental results obtained in a study
on the dependence of sensitivity to different hydrogen concentrations on temperature for
sensors with large [124] and small [33] average radii of SnO, nanoparticles. In addition,
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the dependence of the sensitivity of a sensor based on tin oxide nanoparticles, on their size,
was experimentally studied [125]. It has been shown that the maximum sensitivity of the
sensor decreases with an increase in the average size of the nanoparticles. Calculations of
the dependences of the sensitivity of the SnO, sensor, on temperature and nanoparticle
size, showed good agreement with experiment [32,33].

Sensors with a high concentration of conduction electrons have also been studied [34,35].
The technique of determining the electron distribution along the nanoparticle radius has
been used for comparing theory with experiment [31]. The electron concentration in the
near-surface layer was calculated in the presence and absence of the studied gas. The ratio
of these concentrations corresponds to the sensor effect. The study showed a fairly good
agreement between the experimental and theoretical results, at reasonable values of the
fitting parameters [34,35]. Some discrepancy between theory and experiment is explained
by the fact that the calculations were carried out for spherical nanoparticles, which, in fact,
differ markedly from reality [35]. In addition, the study assumed average particle radius,
without consideration for the dispersion of nanoparticles.

3.3. Electron Distribution and Sensor Effect in Two-Component Systems

The distribution of particles and the sensor effect are determined by different types of
interaction between nanoparticles in two-component semiconductor systems [19,37,39,126].
There are many experimental studies devoted to the sensor properties of mixed oxides
(see, for example, reviews [13,14,103]). The influence of one nanoparticle on the elec-
tronic structure of another largely determines these properties. A theoretical considera-
tion of the distribution of electrons in a mixed system was carried out for the first time
in [37]. The distribution of electrons in InyO3 nanoparticles surrounded by CeO, nan-
oclusters was studied. The interaction of nanoobjects leads to the effective dissociation
of O, molecules on the surface of CeO, nanoclusters [127], followed by the transfer of
oxygen atoms to neighboring In,O3 nanoparticles and the capture of electrons from their
bulk [126]. It should be noted that in experiments where the CeO,-In;O3 sensor system was
studied [14,20,103,126,128-130], the result did not give a simple summation of sensor effects
on CeO, and InyO3 nanoobjects but showed their synergistic interaction.

The experimental and theoretical results on the CeO,-In,O3 sensor system were
subsequently compared [131]. A nanostructured system, corresponding to the insert in
Figure 5, was considered. The distribution of electrons in the mixed nanocomposites [37]
can be used to describe the experimental results [126].
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Figure 5. Temperature dependence of sensor response of impregnated 3% CeO,_97% InyO3 system

to hydrogen. Green stars are experimental data [127] and dot-dash line is the theory; the insert is the
TEM structure of composite.
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Using the mechanism of nanoparticle interaction considered above, it was possible for
the first time to describe the temperature dependence of the sensor effect (Figure 5) in a
mixed system [132].

4. Mechanisms of Sensor Selectivity

One of the main characteristics of a sensor is the selectivity of its response, Sa, to
the detected chemical compound. In the case of reducing compounds, which are con-
sidered in this review, the selectivity is determined mainly by two factors: (i) the se-
lectivity of the adsorption of oxygen molecules and analyzed molecules from air in the
near-surface sensor layer, and (ii) the different activity of the adsorbed molecules in the re-
action with oxygen anionic centers (mainly O~), capturing the conduction electrons of this
semiconductor layer.

At present, there is considerable interest in the detection of harmful anthropogenic
substances, the accumulation of which in air is associated with the rapid development
of industry [132-134]. The selectivity of the detection of such substances is extremely
important for the development of methods for protecting the body from the harmful effects
of the external environment.

4.1. Selectivity of Molecule Adsorption on Surface of Sensor Layer

Harmful anthropogenic substances include reducing organic compounds. The re-
action of reducing agents with oxygen anion centers on the surface of a semiconductor
(mainly metal oxide), which is used for the selective detection of these compounds by the
conductometric method. The oxygen anion centers are formed when oxygen molecules
capture electrons from the conduction band of the semiconductor.

This process can be conditionally divided into two stages: the adsorption of reagent
molecules, and the spillover of the adsorbed molecules from the adsorption center to the
oxygen center, accompanied by the reaction of this molecule with the “release” of the
trapped electron and its transition to the conduction band of the semiconductor. Such a
distinction is valid if the formation of adsorption bonds, between molecules and semicon-
ductor nanoparticles of the sensitive layer of the sensor, does not significantly affect the
chemical properties of the molecules, including the reactivity of molecules with respect to
the oxygen centers of the sensitive layer.

It is assumed that this feature of adsorption bonds is typical for the interaction of
alcohols, aldehydes, and ketones with a metal oxide semiconductor sensor layer. For the
selective detection of these compounds, the Bronsted acids are used as nanostructured
layers, modified with inclusions of metal oxides with highly basic ions, especially alkali and
alkaline earth metal ions. These ions are introduced into the lattice of oxide nanocrystalline
particles of the sensitive layer, and form adsorption centers for acid-type compounds. The
energy of adsorption bonds, in this case, increases with a decrease in the electronegativity
and, consequently, with an increase in the basicity of the introduced ions [135].

The study of nanocrystalline metal oxide layers containing these ions showed that,
for such layers, the sensor effect varies, depending on the acidity of adsorbed oxygen-
containing compounds, which is determined by their structure. This dependence is the
main selectivity factor for the conductometric detection of these compounds by metal
oxide sensors [55,57,136].

The use of acid-base bonds, between the analyzed molecules and the nanostructured
metal oxide layer, also underlies the selectivity in the detection of compounds related to
bases, including amines of various structures [137]. Centers for the selective adsorption of
compounds with acidic and basic properties can appear in composites as a result of the
mutual charging of molecules during the transfer of electrons between metal ions with
different work functions [138,139]. The data obtained indicate a correlation between the
acid-base bonds of the detected molecules and the sensitive layer, as well as the magnitude
of the sensor effect.
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The composite sensitive layers of sensors are considered to contain particles that
provide preferential adsorption of molecules of a certain type, with semiconductor particles
that form conduction paths. The increase in conductivity in this case, as noted above, is
due to the spillover of adsorbed molecules onto the conducting semiconductor layer, where
they react with oxygen anionic centers, which gives a selective sensor response.

Further application of this approach to the formation of selective conductometric
sensors, by combining adsorbing and conductive components in the sensitive layer, was
carried out in [140], where modifiers adsorbing analyzed compounds were grafted onto
conductive SnO, nanoparticles. Long-chain acid molecules with functional groups were
chosen as such modifiers [140]. This method was used to obtain sensors that make it
possible to distinguish hydrocarbons, in particular, methane, benzene, and toluene, by the
magnitude of the sensor response.

Many harmful anthropogenic substances are present in the atmosphere that belong to
various 7-electronic compounds, in particular, benzene derivatives. The greatest interest, in
the high selectivity detection of these compounds, is on nanostructured metal oxide layers
containing transition metal inclusions with partially filled d-electron orbitals.

Adsorption bonds between m-electron molecules and nanoparticles of noble transition
metals, in particular, Au, Pd, and Pt, are mainly due to the overlap of the m-electron orbitals
of the molecules with the orbitals of the d-electron band of the metal [90]. These bonds
depend on the position of the m-electron levels, relative to the center of the d-electron
band. It is precisely the formation of these bonds with the subsequent spillover of adsorbed
molecules, onto conducting metal oxide nanofibers, that ensures the sensitization of the
sensor effect in the composite of nanofibers with noble metal nanoparticles [91].

The dependence of the sensor effect on the energy level of the d-electron band of a
metal makes it possible to achieve a high selectivity of the sensor response, by using metal
particles with different levels and widths of this band, and also considering the levels of
mi-electron orbitals of the detected molecules [91,141]. Indeed, doping SnO, with Pd, Pt, or
Au nanoparticles makes it possible to selectively determine the concentration in air of even
sub-ppm amounts of C¢Hg, C7Hg, or CO, respectively.

The selectivity observed in these systems is due to the chemical sensitization of the
sensor process due to different interactions between the catalytically active metals and
the analyzed gas. Thus, the sensor response of Pd-SnO; to 1 ppm CgHjg at 300 °C is 25.5,
which is almost an order of magnitude higher than the response to C;Hg, C;H50H, CO,
and HjS. On the other hand, SnO, composites with Pt or Au have the maximum response
to 1 ppm CO (21.1) and C7Hg (40), which also significantly exceeds the response to other
gases investigated.

It is important to note that the electronic structure of the surface layer of metal nanopar-
ticles, and the parameters of the d-electron band of this layer, can change due to ligands
bound to nanoparticles and deformations of nanoparticles [142]. This opens new possibili-
ties for obtaining selective sensors using noble metal nanoparticles.

4.2. Selective Activity of Adsorbed Molecules in Reaction with Oxygen Anions

In composite metal oxide layers containing clusters of noble metals, the adsorption of
detected molecules, especially molecules with 7-electron bonds, occurs mainly on these
clusters, which have an increased affinity to such molecules. The next stages are the
spillover of adsorbed molecules onto the conducting layer of semiconductor metal oxide
particles, and the reaction of these molecules with chemisorbed oxygen atoms or molecules
that “captured” electrons from the conduction band of the semiconductor. This reaction
is accompanied by the return of the “liberated” electrons to the conduction band and,
consequently, an increase in the conductivity of the sensor.

However, such a scheme is doubtful at a high bonding energy, between an adsorbed
molecule and a metal cluster. For example, the adsorption energy of benzene on a platinum
cluster is over 30 kcal/mol and, at the same time, this system has a particularly high sensor
response and an extremely short response time [91].
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It should be noted that complexes of noble metal clusters, with metal oxide semicon-
ductor nanoparticles in air, already contain chemisorbed oxygen, and this can drastically
change the pattern of the sensor process. Most likely, the detected molecule is adsorbed on
the complex of the catalytically active metal cluster, with the metal oxide and the negatively
charged oxygen center of the sensor reaction, for example, O~.

Using the example of a CO molecule adsorbed on such a complex, it has been shown
that the adsorption of molecules “triggers” the reaction of CO oxidation and the rearrange-
ment of the initial complex [143]. The reaction, CO + O™ — CO; + e~ produces a sensor
response, i.e., leads to an increase in conductivity. Thus, in contrast to the two-stage process
considered above, in this case, both adsorption and reaction merge into one reaction.

A sensor process of this type is observed at the interaction of reducing compounds
with oxygen centers of nanocomposites consisting of - and p-nanoparticles. Sensor charac-
teristics of the n-p-nanocomposite depend on the interaction between the particles of its
components. In p-n-composite semiconductor systems, in which potential barriers at the
boundaries of n- and p-composite nanoparticles prevent the recombination of electrons and
holes between particles, the sensor effects depend on the electronic and hole conductivity of
the composite. The resulting current flowing through the composite is a combination of the
electron current in the conduction band of the composite particles (electron current), and
the current, due to electron hopping between positively charged holes in the valence band,
in the direction of the electric field (hole current). This situation arises when conducting
paths consisting of n- and p-nanoparticles [23] are simultaneously present in the composite.

In the p-n-nanocomposite, when reducing compounds react with oxygen centers on the
surface of nanoparticles that have captured conduction electrons, the concentration of these
electrons in the particles increases. This leads to an increase in the electronic conductivity
(Ale) in the paths consisting of the n-type nanoparticles. In p-type particles, due to the
recombination of positively charged holes with electrons released during the reaction on
the surface of these particles, the hole concentration decreases and the hole conductivity
(Al,) decreases. As a result, the increase in overall conductivity of a nanostructured
n-p-composite sensor, upon reaction with a reducing gas (i.e., sensor response), should be
less than in a nanostructured sensor consisting only of n-nanoparticles. This is confirmed
by the data of some studies [24,144].

The sensor response of a nanocomposite p-n sensor to reducing compounds depends,
firstly, on the adsorption of the detected molecules on the nanoparticles of the sensor’s
sensitive layer. The difference in the adsorption of detected gases on n- and p-nanoparticles
of this layer significantly increases the selectivity of gas detection.

In particular, the use of a nanostructured #-SnO,—p-Co30, composite sensor made it
possible to achieve exceptionally high selectivity in the detection of hydrogen in a mixture
with carbon monoxide [24]. This became possible due to different adsorption of H; and CO
on the n- and p-nanoparticles of the composite. Hj is adsorbed and reacts with adsorbed
oxygen mainly on the n-5nO, nanoparticles, while CO is equally adsorbed on the n-5nO,
and p-Coz04 nanoparticles [24]. This means that the decrease in the conductivity considered
above, and the decrease in the sensor response of the 7n-SnO,—p-Co30,4 composite with
an increase in the content of the p-hole component (p-Co30,) in it, will be greater for the
detection of CO than the detection of H,. Accordingly, the difference between sensor
responses to Hy and CO will increase.

At a certain concentration of CozOy4, near the percolation transition from the electronic
conductivity of the composite to the hole conductivity (in the system [24], at a CozO4
content of about 15%), the fraction of the conductivity of the “hole” component of Co30y,
in the total conductivity of the composite, becomes so small that the sensor response of the
composite almost does not differ from the response to hydrogen for SnO, [24].

High selectivity in the detection of H, and CO, in a mixture of these gases, was also
found for nanocomposite sensors, 1-SnO,—p-Mn30; [144] and n-ZnO-p-NiO [145], where
the selectivity has the same characteristics as in composites considered in [24]. It was also
shown that the annealing temperature of the intermediate mixture of oxides, during the
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formation of composites, affects the temperature of electron-hole transitions and sensor
responses to CO and Hj [145]. The observed influence of the annealing temperature on the
response opens up new possibilities for controlling the sensor process.

The above results have shown that the doping of sensors based on n-type metal oxides
with catalytically active additives leads to the production of sensor materials with high
selectivity in the detection of various gases (see Table 3). The influence of the sensor
composition on selectivity is due to the electronic and chemical sensitization of the sensor
process that occurs during the interaction of the sensitive layer with the analyzed gas.

Table 3. Selectivity of various sensor systems in the detection of various chemical compounds.

Material Synthesis Gas Selectivity Temperature References
Zn0O nanorods by the one-pot
ZnO/NiO chemical method, NiO by H, > CO, NO,, CO,, CHy 237 °C [145]
hydrothermal method
Pd by chemical reduction
. method, ZnO nanorods by the o
Pd-ZnO/NiO one-pot chemical method, NiO H, > CO, NO,, CO,, CHy 225°C [145]
by hydrothermal method
SnO,-Mn304 sol-gel technique H, > CO 350 °C [144]
SnO, /Co30;4 sol-gel technique H, >CO 350 °C [24]
SnO,-ZnO precipitation method C,H50H > CO 300 °C [139]
SnO, precipitation method CO > C,H50H 250-300 °C [139]
SnO,-ZnO hydrothermal method Trimethylamine > other gases 330 °C [138]

Dimethylamine > NHj,

Nb-doped TiO, nanotubes anodic oxidation method C,HsOH, CO 300 °C [137]

5% Ca-Inp,O3 electrospun method Formaldehyde > other volatile 130 °C [136]
organic compounds

5Y-In,O3 electrospun method formaldehyde > other gases 100-120 °C [135]

NiO/ZnO one-step hydrothermal method formaldehyde > other volatile 200 °C [134]

organic compounds

5. Conclusions

The influence of the interaction of nanoparticles on the sensitivity and selectivity of
semiconductor sensors in the detection of reducing gases is considered and analyzed. The
primary focus is on various detection mechanisms in two-component metal oxide systems.
The mechanisms discussed include the influence of doping on the lattice structure, the
adsorption of detected gases, the reactivity of oxygen centers, and various possibilities for
sensitization of the sensor process. The role of conduction pathways is also considered.

Particular attention is paid to a direction that has been intensively developing
recently—sensors based on core-shell nanofibers. The reasons for the high sensitivity
and selectivity of such materials are discussed in sufficient detail. In addition, the possibili-
ties of a theoretical description of the electronic structure of nanoparticles and the sensor
process in one-component and two-component systems are briefly considered.

One of the important issues considered in this review is the problem of selectivity.
Among the various ways to achieve greater selectivity, this review is limited to the con-
sideration of such mechanisms as the selectivity of the process of adsorption of molecules
on the sensitive layer surface, and the selectivity of the reaction of oxygen anions with
adsorbed molecules.

It is interesting that different authors note both an increase and a decrease in the
sensor effect during doping. The sensitivity of sensors is known to be determined by
the ratio of the density of conduction electrons in the surface layers of nanoparticles,
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in the presence and absence of the detected gas (n5(P)/ns(0), where P is the pressure
of the detected gas). Sensitivity can be increased either by increasing the numerator
or decreasing the denominator. Obviously, at high concentrations of the detected gas,
it is better to use nanoparticles with large 15 to enhance the numerator, while at low
concentrations, ng should be small, in order to affect the denominator. In other words, for
sensors designed to determine the concentrations of toxic and explosive substances close to
the MPC (maximum permissible concentrations), it is preferrable to use semiconductors
with a high concentration of conduction electrons.

The efficiency of the sensor is determined by the following characteristics: sensitivity,
sensor response time and relaxation, optimal operating temperature and selectivity. The
values achieved for the first three characteristics can be considered quite satisfactory,
especially considering the results of operando mode. The situation is more complicated for
temperature and selectivity.

Almost all conductometric gas sensors operate at high temperatures (300-500 °C).

Such high temperatures limit the scope of the application of gas sensors, including
the impossibility of their integration into mobile devices, as well as the significant power
consumption requirement and risk of explosion. Some reduction in operating temperature
has been achieved by using mixed nanocomposites, such as the sensitive layer. In the
last decade, studies on the photoactivation of detection at room temperatures have been
reported, but the efficiency and response/recovery time of such sensors leave much to be
desired. The same can be said about the metal-containing sensitive layers synthesized by
low-temperature, solid-phase polymerization.

Although the situation with the selectivity of sensors remains unsatisfactory, new
opportunities have been opened for solving this problem. The use of composites based on
noble metal nanoparticles, for example, is promising in this regard. Moreover, the sensor
effect of nanocrystalline metal oxides containing alkali and alkaline-earth metal ions varies
depending on the acidity of adsorbed oxygen-containing compounds. This is the main
factor for the selective detection of such compounds. Nevertheless, further research is
needed to better address this issue.

Another area that needs to be developed is the theoretical study of the structure of
semiconductor nanoparticles and the mechanisms of the sensor effect. This is especially
important for two-component sensitive layers, because single-component systems have
already been widely explored.
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