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Abstract—The relationship between the structure and properties of nanoscale conductometric sensors based
on binary mixtures of metal oxides in the detection of reducing gases in the environment is considered. The
sensory effect in such systems is determined by the chemisorption of oxygen molecules and the detected gas
on the surface of metal oxide catalytically active particles, the transfer of the reaction products to electron-
rich nanoparticles, and subsequent reactions. Particular attention is paid to the doping of nanoparticles of the
sensitive layer. In particular, the effect of doping on the concentration of oxygen vacancies, the activity of oxy-
gen centers, and the adsorption properties of nanoparticles is discussed. In addition, the role of heteroge-
neous contacts is analyzed.
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INTRODUCTION

The main qualities that sensors used in various
fields should have are sensitivity to analytes even at
their concentration at the ppb level, speed, and stabil-
ity. At present, the most widely used conductometric
chemical sensors that meet these requirements are
those using semiconductor metal oxides with nano-
sized crystals as a sensitive layer. Such sensors are reli-
able and easy to manufacture and are used both in
everyday life and in production for monitoring the
environment, in medicine, and in other applications,
in particular for the detection of ammonia at refriger-
ation plants, methane in mines, and carbon monoxide
in exhaust gases [1–3]. Their small size and relatively
low cost allow them to be used also as personal sensors.

Work on the creation of conductometric chemical
sensors began in the 1950s–1960s, when it was shown
that at temperatures of ∼400°C metal oxides change
their resistivity when exposed to various chemical
compounds (see, for example, review [4], where these
articles are cited). Soon thereafter, sensory devices
such as the Taguchi sensors based on tin oxide
appeared [5]. Subsequently, work in this direction was
mainly devoted to expanding the range of metal oxide
systems with sensory properties and elucidating the
peculiarities of the mechanism of action of these sys-

tems (a discussion of works in this direction is pre-
sented, in particular, in reviews [3, 6, 7]).

The detection of reducing compounds by metal
oxide sensors is based on the fact that their sensitive
layer contains chemisorbed oxygen, which captures
electrons from the conduction band of semiconductor
nanoparticles. At the same time, oxygen anionic cen-
ters such as O–, O2–, and  can form on the surface
of these particles. The structure and concentration of
the oxygen centers depends on the chemisorption
temperature [8, 9].

Taking into account the currently accepted model
of the sensory process in the detection of reducing
compounds, it can be assumed that the sensory effect
is determined by two processes: the adsorption of the
analyzed compounds and oxygen on the surface of the
metal oxide sensor particles and the reaction of the
adsorbed compounds with oxygen centers O– on this
surface. The main disadvantage of single-component
semiconductor sensors is their low selectivity for
detecting compounds of the same type, in particular,
various reducing gases. At the same time, the selectiv-
ity and the sensitivity of conductometric sensors are
improved when using multicomponent composite sys-
tems that combine metal oxides with different elec-
tronic characteristics and chemical properties (see, for
example, [10–15]). In this case, we should distinguish
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EFFECT OF COMPOSITION AND STRUCTURE 1073
between the introduction of low concentrations of
doping oxides [10, 15, 16] and the situation when their
commensurate concentrations are used [11, 17–20]. In
the second case, some works were carried out with a
targeted combination of nanoparticles in comparable
concentrations of an electron-rich oxide (In2O3) and
catalytically active SnO2 [18], ZnO [19], and CeO2
[20]. This combination turned out to be very produc-
tive and the sensitivity of the sensor increased signifi-
cantly. In [21–25], a noticeable effect of the composi-
tion on the conducting properties of the composite
was noted.

At present, a great deal of attention is paid to the
development and study of binary metal oxide sensor
systems structured at the nanoscale, especially since
conductometric semiconductor sensors consisting of
metal oxide crystalline nanoparticles are the most
common means of detecting various impurities in the
atmosphere. The sensory effect in the detection of
reducing gases in the systems under consideration
structured at the nanoscale depends on two factors
[26, 27]. The first one (receptor function) is the
chemisorption of the detected gas and oxygen on the
surface of individual metal oxide particles, which is
determined by the physicochemical properties of the
particles, and the subsequent interaction of the
chemisorbed gas with the oxygen centers (sensory
reaction). The second factor (transducer function) is
the transformation of the electronic state of particles,
which occurs as a result of a sensory reaction, which
leads to a change in the conductivity of the sensitive
layer. In a mixed metal oxide system consisting of
components with different electronic and physico-
chemical properties, both factors of the sensory pro-
cess depend on the interaction between the compo-
nents, which opens up additional opportunities for
increasing the efficiency of the sensory system.

Let us discuss what types of interactions are real-
ized in mixed oxide systems. The overwhelming
majority of metal oxides are ionic compounds; there-
fore, the transition of the metal ions of one component
into nanoparticles of another is possible in the com-
posite (doping of nanoparticles). This doping occurs
mainly during the synthesis of nanosized crystals of
the composite and leads to a change in the structure
and properties of nanoparticles.

In addition, we should take into account the con-
tacts between semiconductor nanoparticles of various
sizes and electronic structures, leading, in particular,
to the transfer of electrons between particles and the
mutual charging of the contacting nanoparticles [28, 29].
Under the conditions of the interaction of the sensor
with the molecules of the analyzed gas, the transfer of
chemisorbed molecules and the products of their reac-
tions with metal oxide (in particular, active products
such as atoms or radicals) between the contacting
nanoparticles of the components (spillover) is also
possible. Of course, the separation of composites by
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
the type of interaction between components is condi-
tional, since a change in the structure of nanoparticles
due to the doping of one metal oxide composite with
ions of another component can significantly affect the
processes occurring during contacts of nanoparticles.

Note that the description of the sensory effect is
largely based on the distribution of electrons in semi-
conductor nanoparticles [12, 30]. In this case, it is also
necessary to take into account the various mecha-
nisms of interaction of nanoparticles [31]. As for the
sensory effect, its theory in one-component systems
was developed in [32–34]. A comparison with the
experimental data is also given there.

The review considers the interaction between the
components of semiconductor composites structured
at the nanoscale depending on the structure and
chemical properties of metal oxides, as well as on the
method of their formation. The primary attention is
paid to the influence of this interaction on the chemi-
cal processes that determine the operational properties
of composite sensors to detect reducing gases in the
atmosphere.

STRUCTURE OF PARTICLES IN COMPOSITES
The interaction of the components of a binary

metal oxide system can lead to the incorporation of
cations of one metal oxide into crystalline nanoparti-
cles of another component (doping). As a result, ions
are replaced in the lattice of particles with the forma-
tion of a corresponding solid solution, which ulti-
mately can have a significant effect on the sensory
properties of the composite. This is observed during
the formation of composites during the codeposition
of components from solutions containing a mixture of
salts or organometallic precursors [14], as well as when
crystals of one metal oxide are impregnated with a
solution of a salt of another metal, followed by heat
treatment of the impregnated samples [10, 35].

The effect of this substitution of ions in crystalline
metal oxide nanoparticles on their properties depends on
the size and valence of the metal ions. A distinction is
made between 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 dop-
ing, when the valences of the metals are different.

Isovalent Doping

With isovalent doping, changes in the structure and
properties of particles are caused by the deformations
of bonds in the lattice when the main ions of the lattice
are replaced by doping ions of the same charge, but of
a different size and with different electronic character-
istics. The energy of ionic bonds in the lattice of a
metal oxide crystal, EMO, depends on the surface
charge density of the metal cations in the lattice and
increases with a decrease in the size of the cations.
l. 15  No. 6  2021



1074 GERASIMOV et al.
Thus, the quantity EMO increases as a result of the
compression of the crystal lattice observed upon par-
tial (in the concentration range 0–15 wt %) substitu-
tion of In3+ ions (radius 0.80 Å) by the smaller Al3+

(radius 0.54 Å) during the formation of the In2O3–Al2O3
composite [36]. This leads to a decrease in the total
concentration of oxygen vacancies in the bulk and on
the surface and, accordingly, in conduction electrons
in nanocrystals of the composite [37]. It was found by
photoluminescence that the concentration of oxygen
vacancies also decreases as a result of the compression
of the lattice of SnO2 nanocrystals when doped with
Ti4+ ions (radius 0.64 Å) [38]. At the same time,
decrease in EMO as a result of lattice expansion upon
the replacement of 5% In ions3+ by larger La ions3+

(radius 1.03 Å) in La2O3–In2O3 composites [39, 40] is
accompanied by an increase in the concentration of
oxygen vacancies [41] and an increase in the conduc-
tivity of the composite [42].

According to X-ray photoelectron spectroscopy
(XPS) data, when doping ions such as Al3+ and La3+ into
In2O3 nanocrystals, the content of the chemisorbed oxy-
gen on the surface of these nanocrystals increases [36,
39, 40, 42]. This indicates an increase in the number of
oxygen chemisorption centers, which are surface oxy-
gen vacancies. Vacancies contain metal ions that are
not fully coordinated with the oxygen ions of the metal
oxide lattice and therefore have an increased affinity
for oxygen molecules and other agents in the gas
phase. The chemisorption of oxygen molecules on
oxygen vacancies leads to the dissociation of O2 and
the formation of radical anions O– [43], which are the
active centers of the sensory response.

It is interesting that the number of surface oxygen
vacancies in In2O3 nanocrystals doped with Al ions3+

increases in all cases of substitution of the main lattice
ions, even with a decrease in the total number of
vacancies [36]. This can apparently be explained by
the differences in the structures of the surface layer
and deeper layers of the crystal.

Indeed, the incorporation of smaller ions leads not
only to lattice compression and a decrease in the num-
ber of vacancies in relatively deep layers of the nano-
crystal but also to the additional disturbance of the
surface structure and, accordingly, to an increase in
the number of surface vacancies. In the case of the
incorporation of larger ions, the number of vacancies
increases both in the volume and on the surface. Con-
sequently, with any violation of the regularity of the
structure of a nanosized object, the concentration of
active centers on the surface, and with it the sensitivity
of the sensor, will increase.

The increase in the content of chemisorbed oxygen
on the surface of In2O3 nanocrystals caused by their
isovalent doping with Al3+ and La3+ ions, leads to an
increase in the sensory effect in the detection of vari-
ous reducing gases, especially hydrogen sulfide and
RUSSIAN JOURNAL O
oxygen-containing organic compounds (formalde-
hyde, ethanol, acetone, etc.) [36, 39, 40, 42]. The
increased sensory effect during the detection of com-
pounds of this nature also occurs as a result of isova-
lent doping of SnO2 with Ti4+ [44, 45].

Heterovalent Doping

Despite the change in the sensory effect observed
upon isovalent doping, the primary attention of
researchers is focused on the heterovalent doping of
metal oxide nanocrystals, which is much more effec-
tive for increasing the sensitivity and selectivity of sen-
sors. In this case, during the formation of composites,
the ions of one metal oxide component passing into
nanoparticles of the other cause a redistribution of
charges related to the movement of ions between the
components of the composite.

The formation and disappearance of oxygen vacan-
cies upon heterovalent substitution of Sn ions4+ by
Sb5+ ions during the formation of the SnO2–Sb2O5
composite from solutions of tin and antimony salts
leads to an increase in the conductivity of the compos-
ite in comparison with SnO2 [46]. This process is
described by the equation

(1)

where SnSn and  are Sn4+ and Sb5+ions in the
SnO2 lattice, and e– are SnO2 conduction electrons

compensating the positive charge of the centers 
The Sb5+ ion substituting the Sn4+ ion in the lattice,
forms a donor level near the conduction band of SnO2
[46]. The increase in conductivity in this system is
explained by the appearance in it of additional elec-
tron-donor centers  which increases the concen-
tration of the conduction electrons.

The same phenomenon occurs as a result of the
substitution of In3+ in Sn4+ and the formation of donor
centers  in the In2O3 crystals upon the dissolution
of SnO2 in In2O3 [35, 47]. Note that in the X-ray dif-
fractometry (XRD) spectra of the SnO2–In2O3com-
posites, obtained by impregnation and containing
from 5 to 20 wt % SnO2, only peaks related to
nanoparticles and nanosized clusters of In2O3 are
observed. There are no peaks corresponding to tin
oxide. This means that the SnO2 molecules do not
form a noticeable number of individual nanoclusters,
but mainly dissolve in nanosized In2O3 objects. The
indium oxide crystals are surrounded by small crystal-
line In2O3 nanoparticles of 7 nm, which are formed on
the surface of larger In2O3 crystals in the case of viola-
tions of their surface during the impregnation process.

The Sn4+ ions dissolve in small amounts in In2O3
crystals while expanding the In2O3 lattice due to the

2 5 Sn Sn 2 2Sb O 2Sn 2Sb 2e 0.5O 2SnO ,+ −+ ↔ + + +

SnSb+

SnSb .+

SnSb ,+

InSn+
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appearance of an additional positive charge of the tin
ion [35]. In this case, additional electrons, as in (1),
are released and pass into the conduction band. With
an increase in the concentration of SnO2 the conduc-
tivity of the system increases to its maximum concen-
tration of 5 to 7 wt %, which in this case, during the
formation of SnO2–In2O3 by the impregnation
method corresponds to the maximum solubility of
SnO2 in In2O3 nanoparticles. When the content in the
composite is more than 7% SnO2 the conductivity
begins to decrease, which can be explained by the for-
mation of clusters of tin oxide with a higher electron
affinity than that of In2O3 nanocrystals capturing
In2O3 conduction electrons. As in other binary com-
posites obtained from solutions, such clusters are not
detected in the XRD spectra due to their small size.

It should be noted that both in the SnO2–Sb2O5
system [48] and in the SnO2–In2O3 system [35, 47]
observed at low concentrations of SnO2 an increase in
conductivity is accompanied by a decrease in the sen-
sory response. This is due to a decrease in the concen-
tration of oxygen vacancies, which serve as centers of
oxygen chemisorption with the formation of active
oxygen О– anions involved in sensory reactions [35,
43, 49, 50].

The replacement of metal oxide crystal cations with
lower valence metal ions, on the contrary, leads to an
increase in the number of oxygen vacancies and a
decrease in the conductivity of the composite, as a
result of which an increase in the sensory effect occurs.
A typical example is the dissolution of In2O3 in SnO2
nanocrystals when forming SnO2–In2O3 composites
in the process of the codeposition of these oxides from
aqueous solutions of tin and indium salts [46] or
impregnation of In2O3 crystals by solutions of tin salts
[35]. In the latter case, In ions are transferred to SnO2
nanoclusters during their growth on the surface of
In2O3 matrix crystals. Incorporation of the In3+ ion
into a tin oxide lattice that is larger than the tin ion
leads to an increase in the interplanar distance d(110)
in SnO2 [35].

Replacement of Sn ions by In ions in the SnO2 lat-
tice proceeds as follows [46]:

(2)

where SnSn and Oo are Sn4+ and O2– ions in the SnO2

lattice,  is the In3+ ion replacing Sn4+ in the SnO2
lattice and creating a localized negative charge in it,
and  is a double positively charged oxygen vacancy.

It was established in [35] that the maximum
increase in the interplanar distance d(110) SnO2 in the
40% SnO2–60% In2O3 composite caused by the sub-
stitution of indium ions by tin ions and leading,
according to (2), to the formation of additional oxygen
vacancies in the SnO2 lattice, corresponds to the max-

2 3 Sn O Sn O 2In O 2Sn O  2In V 2SnO ,− +++ + ↔ + +

SnIn−

OV ++
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imum sensory response of 1400 to the presence of
hydrogen.

Thus, upon the dissolution of In2O3 in SnO2 nano-
crystals, acceptor centers  and an additional num-
ber of oxygen vacancies  are created in them. This
leads to an increase in the oxygen chemisorption and
an increase in the sensory effect in the detection of
reducing compounds. Similar complexes of doping
cobalt ions and SnO2 oxygen vacancies, forming cen-
ters of oxygen chemisorption on the surface of SnO2
nanocrystals, are described and discussed in [51].

An increase in the sensory effect was also noted
upon the detection of CO by nanocrystalline SnO2
doped with Ni3+ and Zn2+ ions, which replaced the Sn4+

ions in the SnO2 lattice [52]. It was shown in [53] that an
increase in the content of oxygen vacancies and, accord-
ingly, chemisorbed oxygen causes an increase in the sen-
sory effect upon detection of CH4 by SnO2 nanocrystals
containing Cr3+ ions in the lattice. The doping of SnO2 by
Eu3+ ions also leads to sensitization of the sensory effect
during the detection of acetone [54].

Effect of Doping on the Position of the Fermi Level
The relationship between the magnitude of the sen-

sor effect and the electronic structure of the metal
oxide sensitive layer was studied in detail by doping
indium oxide nanocrystals with ions of various metals
[55, 56]. It was found that the effect of ions dissolved
in the lattice of In2O3 nanocrystals on the sensory
effect is determined by the action of these ions on the
position of the Fermi level (EF). It turned out that the
EF of In2O3 nanocrystals increases with doping with
Al, Ga, and Zr ions. For example, an increase in the
Fermi level upon doping with In2O3 with aluminum is
confirmed by measuring the work function by the Kel-
vin scanning probe method. Thus, the work function
for pure In2O3 is 4.99 eV, which is higher than for the
composite containing 15 wt % Al2O3 (4.85 eV) [57].

An increase in the Fermi level of nanocrystals
doped with Al, Ga, and Zr ions causes an increase in
the concentration of oxygen chemisorbed on the crys-
tal surface and, accordingly, an increase in the sensory
effect; and a decrease in EF upon doping with Ti, Sn,
Cr, W, and V ions, causes a decrease in the sensory
effect [55]. Meanwhile, it was found that when detect-
ing reducing gases with an aluminum-doped indium
oxide sensor, the effect of aluminum on the sensory
effect depends on the reducing ability of the com-
pound being detected.

EFFECT OF DOPING ON SELECTIVITY
OF SEMICONDUCTOR SENSORS

As noted in the introduction, the main disadvan-
tage of semiconductor sensors is their low detection
selectivity. One of the ways to solve this problem is,

SnIn−

++
OV
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apparently, by doping the main matrix of the sensor
material with various types of metal oxides. Indeed, at
present there are indications of an increase in selectiv-
ity when using sensors based on mixed oxides (see, for
example, [26, 55, 58]). Thus, in the In2O3 system
doped with aluminum, the sensory effect decreases
sharply in the series formaldehyde, ethanol, acetone,
and toluene [55]. This result means that increasing the
Fermi level of In2O3 nanocrystals during doping with
Al3+ ions [55] reduces the oxidative activity (AO) of
oxygen centers on the surface of these nanocrystals.
Below, the influence of doping agents on the state of
the sensory system and its activity in the process of
detection is considered in more detail.

Role of Oxidative Activity of Oxygen Centers in Doping

The oxygen centers of the sensory reaction, as
mentioned above, are the radical O– anions
chemisorbed on the surface. Oxidative activity is char-
acterized by a constant reaction rate (k) of these radi-
cal anions with reducing agents, for example, with
formaldehyde:

(3)

The electron e– formed in this reaction goes into
the conduction band of the semiconductor. The
energy gain for such an electron transition depends on
the electronic affinity of the semiconductor nanocrys-
tals. The decrease in values k of this reaction and mag-
nitude AO for In2O3 nanocrystals when doped with
Al3+ ions is due to the decrease in the thermal effect of
the reaction as a result of the decrease in the electronic
affinity of the nanocrystals due to an increase in the
Fermi level.

The oxidative activity of oxygen centers in In2O3
nanocrystals doped by Al3+ ions decreases so much
that they can selectively oxidize only a strong reducing
agent (for example, formaldehyde), but react poorly
with other, relatively weak reducing agents (for exam-
ple, ethanol and acetone) [55]. A similar change in the
selectivity of the sensor during the detection of the
aforementioned series of compounds was found for
two-component sensors based on La2O3–In2O3 [40]
and Ga2O3–In2O3 [59] composites, in which In2O3
nanocrystals are doped with La and Ga ions during
the formation of the composite.

Interestingly, the increase in the sensory effect as a
result of the doping of In2O3 nanocrystals still hap-
pens, despite the decrease in the oxidative activity of
the oxygen centers noted in the works [40, 55, 59].
Probably, in this case, the decrease in the activity of
oxygen centers is overlapped by the increase in the
reaction rate due to the sharp increase in the number
of oxygen centers as a result of the increase in the con-
centration of chemisorbed oxygen. This indicates the
possibility of a targeted effect on the selectivity of a

2 2CH O О CO H O e .− −+ → + +
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metal oxide sensor by changing its oxidative activity by
doping it with metal ions of various electronic struc-
tures.

Role of Changes in Adsorption Properties during Doping

Another factor that determines the sensitivity and
selectivity of a sensor is the adsorption properties of
the sensitive layer [60, 61]. The adsorption of com-
pounds with oxygen-containing functional groups,
such as formaldehyde, acetone, and alcohols, depends
on the acid-base properties of the sensitive layer. It is
known that the first stage in the detection of alcohols
by a metal oxide sensor is the catalytic reaction of alco-
hol molecules with a metal oxide, which can proceed
in two directions: through dehydration and oxidative
dehydrogenation [62, 63]:

(4)

(5)
However, only oxidative dehydrogenation leads to

a sensory effect (5), since the electrons captured by
oxygen return to the conduction band as a result of this
reaction. The ratio between the amounts of ethylene
and acetaldehyde formed during the catalytic decom-
position of alcohol on the surface of nanocrystals, and
hence the sensory effect, depend on the acid-base
properties of the sensitive layer. These properties can
be purposefully changed by doping nanocrystals with
metal ions of various electronic structures [62–64].

Investigation of nanostructured sensors based on
SnO2 and In2O3 doped with different ions showed that
the proportion of acetaldehyde in the primary decay
products of ethanol increases with a decrease in elec-
tronegativity and an increase in the basicity of the
doping ions. Accordingly, the sensory effect when
detecting alcohol with doped oxides is enhanced. A
particularly significant increase in the sensory effect is
observed [63] as a result of the dissolution of La3+ ions,
whose electronegativity is significantly lower than the
electronegativity of tetravalent tin ions [62], in SnO2
nanocrystals. Substitution of Sn4+ ions La3+ ions in
the SnO2 lattice increases the basicity of SnO2 nano-
crystals and increases the number of alkaline centers
on their surface, which stimulates the adsorption of
acid-type compounds such as alcohols and formalde-
hyde on the surface of these nanocrystals.

Role of Increasing the Concentration 
of Oxygen Vacancies in Doping

It should be noted that the doping of the crystal
sensitive SnO2 layer by La3+ ions not only increases the
basicity of the La–SnO2 layer but also increases the
concentration of oxygen vacancies [64], which, as
already noted, chemisorb oxygen with the formation
of active oxygen centers. Thus, the sharp increase in

2 5 2 4 2C H OH C H H O,→ +

2 5 3 2C H OH О CH CHO H О e .− −+ → + +
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EFFECT OF COMPOSITION AND STRUCTURE 1077
the sensory effect when detecting alcohols and alde-
hydes by SnO2 nanocrystals doped with La3+ ions is
the result of the combined action of acid-base and oxi-
dizing factors, which especially strongly increase the
sensitivity of this system to formaldehyde [40].

A similar joint sensitizing effect of these factors on
the sensory effect in the detection of alcohols and
aldehydes is also manifested as a result of the doping of
the crystalline layers by the In2O3 ions of trivalent
yttrium [65]. In this case, an increase in the concen-
tration of formaldehyde chemisorbed by In2O3 con-
taining Y3+ (Y–In2O3) ions is consistent with the increase
in the Fermi level of Y–In2O3 nanocrystals under the
action of doping yttrium ions [65]. As in [40, 55, 59], the
difference between the Fermi level of the sensitive
layer and the upper free orbital of chemisorbed oxygen
increases. This increases the concentration of
chemisorbed oxygen, including the concentration of
oxygen active centers involved in the sensory process.
Thus, in the Y–In2O3 sensor system, there is a joint
action of acid-base and oxidizing factors, which espe-
cially strongly increases the sensitivity of this system to
formaldehyde [65].

The results of the study of two-component sensory
systems once again show that the sensitization of the
sensory effect when activating the ions of another
component introduced into the nanocrystal lattice
depends on the concentration of the latter. With an
increase in the concentration of such ions, the sensory
effect first increases, reaches the maximum, the value
of which depends on the structure of the nanocrystal
lattice, as well as on the size and electronic structure of
the intercalated ions, and then decreases with a further
increase in their concentration.

Investigation of sensory systems based on oxides
such as SnO2 [35, 66, 67], In2O3 [35–37, 68–72], ZnO
[73], and Co3O4 [70–72, 74] doped with various ions
showed that the dependence of the sensory effect on
the concentration of different types of doping ions has
the same form as the dependence of the amount of
chemisorbed oxygen.

Effect of the Position of Doping Ions in the Crystal Lattice

When analyzing the results for mixed metal oxide
systems, it should be borne in mind that the transition
of ions between components can occur by replacing
ions at the nodes of the nanocrystal (doping) or by
introducing ions into the interstitial space of the nano-
crystal [75, 76]. Thus, during doping with the forma-
tion of substitutional solutions, accompanied by a
change in the charge of ions or the bonds of metal ions
with oxygen in the crystal lattice, conditions are cre-
ated that favor the appearance of oxygen vacancies and
thereby stimulate a sensory response.

The concentration range of the doping agent at
which the solution remains stable depends on the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
structure of the nanocrystal lattice, as well as on the
size and valence of the doping ions. With an increase
in the concentration of doping ions, the substitutional
solutions are partially or completely destroyed with the
transition of doping ions from nodes of the lattice to
the interstitial space. In this range of concentrations of
the “foreign” ions introduced into the nanocrystal,
the effect of their amount on the concentration of oxy-
gen vacancies in the metal oxide lattice decreases.

The effect of doping ions on the lattice of nano-
crystals can be characterized by studying the stresses in
the lattice at various concentrations of these ions. The
nature and magnitude of stresses are determined by
the Williamson–Hall equation [77]:

where k is the coefficient depending on the shape of
the particle and equal to 0.9 for spherical particles; D
is the size of the nanocrystals; 2θ is the diffraction
angle; β is the width of the X-ray peak at half the
height of the peak corresponding to the diffraction
angle; λ is the wavelength of X-ray radiation; and ε is
the magnitude of the voltage induced by lattice
defects, including doping ions.

In the work [68], In2O3 nanocrystals doped with
manganese ions are studied in detail. The slope of the
curves constructed in accordance with the William-
son–Hall equation for various concentrations of Mn
determines the nature of the stresses in the lattice aris-
ing from doping. The negative slope of these curves at
Mn ion concentrations below 5% indicates the com-
pression of the nanocrystal lattice due to the formation
of Mn substitutional solutions in In2O3 [68]. In the
system containing 5% manganese, a sharp change in
the type of stresses occurs: the compression of the lat-
tice is replaced by its expansion. The substitutional
solution remains stable at a manganese concentration
below 5%, and at higher Mn concentrations, the solu-
tion decomposes, and part of the doping manganese
ions pass into the In2O3 interstitial space. This leads to
a change in voltages. Simultaneously with the rear-
rangement of the nanoparticle lattice observed at an
Mn concentration above 5%, a sharp drop in the sen-
sory effect occurs [68].

Similar phenomena were noted for SnO2 nanopar-
ticles doped with In ions during their formation on the
surface of In2O3 nanocrystals [35] or doped with Ni
ions during the codeposition of NiO and SnO2 from a
solution of Ni and Sn salts [66]. The results of these
studies are in complete agreement with the remarks
made above about the relationship between the
arrangement of doping ions in the lattice of nanopar-
ticles and the sensory effect.

It should be taken into account that, according to
the XPS data, doping ions forming the substitutional
solid solution in nanocrystals are inhomogeneously
distributed over the entire volume, so that the surface
layers of nanocrystals are significantly enriched with

( ) ( )cos 4 sin ,k Dβ λ θ = + ε λ θ
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these ions [62]. In particular, in SnO2 crystals with the
average size of about 100 nm, doped with In ions, with
the average concentration of such ions in the bulk of
the nanocrystal of about 1%, the concentration of the
latter in the surface layer exceeds that in the bulk layer
by a factor of 4.

Enrichment of the surface layers of a nanocrystal-
line sensor with doping elements with an increase in
their volume concentration (for substitutional solu-
tions of Mn in In2O3 over 5%) stimulates the segrega-
tion of these elements on the surface of nanocrystals
[63]. This prevents the interaction of oxygen and the
detected gas with the surface of the sensitive layer and
reduces the sensory effect [64]. This circumstance
may be another reason for the drop in the sensitivity of
the metal oxide sensor, which is mentioned above and
is typical for many systems, with an increase in the
concentration of doping elements.

THE INFLUENCE OF HETEROGENEOUS 
CONTACTS ON THE SENSORY EFFECT

As mentioned above, the sensory effect is expressed
by a change in the conductivity of the sensitive layer as
a result of the reaction of the detected gas with oxygen
atoms or molecules chemisorbed on the surface of
metal oxide nanoparticles. The conductivity of this
layer is determined by the chains of particles in contact
with each other and thereby forming paths of current
flow between the electrodes of the measuring system.
Most of the two-component sensor materials consid-
ered in this review are mixtures of randomly located
metal oxide nanoparticles of both components. Such
mixtures were obtained by the mechanical mixing of
nanoparticles (see, for example, [3, 35, 74, 78]) or by
the coprecipitation of metal oxides from mixed solu-
tions [49, 59, 62, 63, 78, 79].

At low contents of one of the metal oxide compo-
nents, the codeposition of metal oxides leads to the
formation of a solid solution of this component in
nanocrystals of another oxide. As a result, a single-
phase system is formed in which the current f lows
through aggregates of the solid solution’s nanoparti-
cles. However, the range of the existence of metastable
solid solutions in a two-component metal oxide com-
posite is extremely limited. The solutions decompose
with the segregation of individual metal oxides, so that
the particles of the solid solution coexist with the par-
ticles of the segregated material [76].

In most two-component metal oxides, these com-
ponents form two phases, and therefore, in accor-
dance with the percolation theory [80], such compos-
ites have different paths of current f low, which depend
on the composition of the system, as well as the size
and nature of the particles of the components. In
accordance with the changes in the paths of current
flow, the action of the detected gas on the conductivity
of the composite changes, which determines the sign
RUSSIAN JOURNAL O
and magnitude (increase or decrease in conductivity)
of the conductometric sensory effects.

All these issues are discussed in [81] using the per-
colation model of the conductivity of a material struc-
tured on the nanoscale. The conductivity and sensory
properties of a completely disordered composite with
a random arrangement of TiO2 nanoparticles related to
the two-phase modifications of this oxide—anatase (A)
with electronic (n) conductivity and rutile (R) with
hole (p) conductivity—are considered. In such a sys-
tem, there are three types of intercrystalline contacts:
A–A, R–R, and A–R; moreover, an internal electric
field is formed in the heterogeneous A–R contacts
caused by the transfer of electrons from R to A, since
crystals A differ from crystals R by a higher electron
affinity [82]. This field in a disordered system can
increase the conduction barrier. Based on this, the
authors of [81] conclude that, in two-phase compos-
ites, two parallel mutually exclusive conduction paths
are most probable: through the homogeneous contacts
of nanoparticles n–n or p–p, in this case, along the
chains of nanoparticles A or R. The nanoparticles of
the second component, which are not included in the
conduction path, are modifiers, interaction with
which changes the chemical and electronic character-
istics of the conducting nanocrystals.

A similar approach can be used when considering
two-phase structures based on n-nanocrystals K1 and
K2 with a different work function of the electron: We1
and We2. In this case, with a random arrangement of
nanocrystals, the heterogeneous contacts K1–K2, as
in the composite consisting of n- and p-nanoparticles,
increase obstacles in the path of the current, so that
the current in the system flows, bypassing these con-
tacts, along homogeneous paths through the K1–K1
or K2–K2 contacts. Such systems are, in particular,
ZnO–In2O3 nanocomposites obtained from mixtures
of In2O3 powder with ZnO powder as a result of grind-
ing them with the addition of water or alcohol [79].

In binary ZnO–In2O3 systems with the zinc oxide
(XZn) content less than 3 wt %, ZnO dissolves in In2O3
crystals, as a result of which a homogeneous conglomer-
ate of In2O3modified with Zn2+ ions is formed [18, 19].
The increase in the resistance and sensory response
during the detection of hydrogen and carbon monox-
ide in this case is explained by the dissolution of In2O3
ions of lower valence in the lattice, which leads to the
formation of additional oxygen vacancies in the In2O3
nanoparticles.

With a further increase in the ZnO content, a com-
posite is formed in which the modified In2O3 crystals
come into contact with the ZnO crystals. The influ-
ence of such contacts on the resistance and sensory
properties of the nanocomposite is determined by two
factors: chemical and electronic [10].

The formation of oxygen centers O– of the sensory
reaction occurs during the dissociation of chemisorbed
F PHYSICAL CHEMISTRY B  Vol. 15  No. 6  2021
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Fig. 1. Effect of the composition of nanoscale structured ZnO–In2O3 (1), SnO2–In2O3 (2), and СeO2–In2O3 (3) composites on
their maximum sensory response  when detecting 2% H2 [18–20, 78].
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oxygen on the surface oxygen vacancies of a metal
oxide nanoparticle [43]. ZnO nanoparticles have high
catalytic activity [83]. At the same time, the catalytic
activity of In2O3 nanoparticles is much lower [84].
Therefore, in ZnO–In2O3 composites, the oxygen dis-
sociation with the formation of chemisorbed oxygen
atoms occurs predominantly on the surface of ZnO
nanoparticles [85], but the current in these composites
at XZn < 80% flows through aggregates of the electron-
rich In2O3 nanoparticles [19].

At the contacts of the In2O3 and ZnO nanoparti-
cles, the oxygen atoms formed on the surface of the
ZnO nanoparticles are transferred to the surface of the
In2O3 nanoparticles (spillover) [86], capturing the
conduction electrons and transforming into O– radical
anions chemisorbed on the surface of the In2O3
nanoparticles. These radical anions are involved in the
detection reaction of reducing compounds, in partic-
ular CO and H2. Thus, the ZnO nanoparticles perform
the chemical sensitization of the sensory effect in the
ZnO–In2O3 composite in accordance with the defini-
tion given in [10].

Chemical sensitization of the process is most effec-
tive in the composite when the conducting aggregates
In2O3 come into contact with the ZnO nanocrystals
along the entire current path. For In2O3 and ZnO
nanocrystals of approximately the same size, such
aggregates appear when the ZnO content is about
20 wt %, which corresponds to the maximum sensory
response (Fig. 1, curves 1 and 2) [19].

A further increase in the ZnO content in the com-
posite probably decreases the number of conducting
filaments of In2O3 particles related to the ZnO parti-
cles due to the fact that these filaments are broken by
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the ZnO inclusions. Accordingly, the sensitization of
the sensor effect in the composite performed by ZnO
nanoparticles decreases. Chemical sensitization of the
sensor effect is also observed in composites obtained
by mixing the In2O3 and СeO2 nanoparticles. In these
systems, the current also f lows through aggregates of
In2O3 nanoparticles, while the СeO2 nanoparticles,
like the ZnO nanoparticles, act as catalysts for the dis-
sociation of oxygen molecules with the subsequent
transfer of the oxygen atoms to the In2O3 nanoparticles
(Fig. 1, curve 3) [20, 78]. Shift of the maximum of the
sensory sensitivity of the СeO2–In2O3 composite to
the region of lower (in comparison with the ZnO–
In2O3) concentrations of CeO2 can be explained by the
fact that the CeO2 nanoparticles in composites with
In2O3 studied in [20, 78] are much smaller than ZnO
nanoparticles.

Unlike the ZnO–In2O3 composite, in the SnO2–
In2O3 composite, when hydrogen is detected, there is
practically no chemical sensitization of the sensor
effect by the SnO2 nanoparticles [18, 19]. This differ-
ence between the indicated composites can be
explained by the fact that the catalytic activity of the
SnO2 nanoparticles in the processes of the dissociative
chemisorption of oxygen and hydrogen is much lower
than that of the ZnO nanoparticles.

At the same time, a significant increase in the sen-
sory effect upon modification of indium oxide with
additions of ZnO and SnO2 caused by more intense
chemisorption of oxygen on the surface of the com-
posite was observed during the detection of formalde-
hyde [87, 88]. This indicates the dependence of the
sensitization of the sensory effect not only on the cat-
l. 15  No. 6  2021
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alytic dissociation of oxygen but also on the reactivity
of the detected compounds.

When decreasing XIn up to 20–30 wt % in accor-
dance with the percolation model in the SnO2–In2O3
and ZnO–In2O3 composites, the path of the current
flow changes from the conductive aggregates of In2O3
nanoparticles to the conductive aggregates of SnO2
and ZnO nanoparticles [18, 19]. In a composite with
conductivity through these aggregates, when hydrogen
is detected, electronic sensitization of the sensor effect
is manifested due to the transfer of electrons from the
In2O3 particles to the SnO2 and ZnO particles with a
higher electron affinity, since the degree of electron
transfer as a result of the sensory process increases
[18]. In [89], the role of chemical and electronic sen-
sitization by gold nanoparticles on the detection of
acetone, toluene, ammonia, and hydrogen sulfide by
metal oxide composites based on WO3, SnO2, and
NiO is also analyzed in detail.

Methane detection by nanoscale-structured sen-
sors consisting of electron-rich In2O3 nanocrystals of
the n-type of about 1 μm, coated with catalytically
active Ni2O3 nanoclusters of the p-type with a size of
about 10 nm, is studied in [90]. In this system, in con-
trast to the nanocomposites described above, there are
conducting paths of only one type of In2O3 particles of
the n-type, modified as a result of contacts with Ni2O3
nanoclusters of the p-type. The authors of [90] believe
that the observed increase in the sensory effect is
explained by the significant drop in conductivity
caused by these contacts. In our opinion, a more
important reason The increase in the concentration of
the active centers of the sensory reaction—O– anion
radicals—as a result of the chemisorption and dissoci-
ation of oxygen molecules on the surface of the cata-
lytically active Ni2O3 nanoclusters. Then oxygen
atoms are transferred to the surface of the In2O3 parti-
cles, accompanied by the capture of conduction elec-
trons by these atoms of the In2O3 nanoparticles.

Coating In2O3 particles by Ni2O3 clusters leads not
only to an increase in the sensory effect but also to a
decrease in the temperature of methane detection
[90]. Composites consisting of In2O3 fibers containing
SnO2 nanoclusters on the surface [91] behave simi-
larly. Nanoscale In2O3 fibers were formed by the
method of electrospinning, and the clusters were
formed by impregnating the fibers with a tin salt solu-
tion, followed by its hydrolysis and the formation of
SnO2. In this system (in contrast to the SnO2–In2O3
nanocomposites discussed above), the SnO2 nano-
clusters are in an active metastable state [91]. The dis-
sociative chemisorption of oxygen proceeding on their
surface and the adsorption of oxygen atoms formed in
this case on the In2O3 fibers lead to the formation of
active O– centers in the SnO2–In2O3 boundary layers.
This not only enhances the sensory effect of detecting
RUSSIAN JOURNAL O
ethanol in air but also reduces the return time of the
sensitive layer of the sensor—the surface of the In2O3
fibers—to the initial state, since under the action of
SnO2 clusters the rate of deposition of oxygen atoms
on the fiber surface increases after the removal of eth-
anol vapors [91].

In the work [78], nanocomposites consisting of
In2O3 or SnO2 nanocrystals containing clusters of
CeO2 of 6 to 8 nm were studied. These clusters (as well
as SnO2 and ZnO, see Fig. 1) in the composite with
In2O3 nanocrystals lead to an increase in the sensory
effect when detecting hydrogen. At the same time, in
the composite based on SnO2 nanocrystals, additives
of cerium oxide sharply reduce the sensory effect [78].

The structure of In2O3 nanocrystals during the for-
mation of CeO2–In2O3 composites barely changes
[78]. An increase in the sensory effect in this compos-
ite, as in other similar systems, is due to the catalytic
dissociation of the oxygen chemisorbed on the CeO2
clusters with the subsequent transfer of oxygen atoms
to the surface of In2O3 nanocrystals, which is accom-
panied by the capture of electrons by these atoms from
the conduction band. As a result of the reaction

(6)
the e– electrons captured by oxygen are freed.

It should be noted that the addition of CeO2 leads
not only to an increase in the sensory activity of
indium oxide structured at the nanoscale but also to a
decrease in the operating temperature during the
detection of reducing gases [92]. The increased sen-
sory activity of In2O3 with the addition of CeO2 was
found also with the detection of ethanol [93].

In the CeO2–SnO2 composite, the picture of the
sensory process is most likely basically the same. The
difference from the CeO2–In2O3 composite lies in the
fact that, as the XPS data and the temperature depen-
dence of the conductivity of the CeO2–SnO2 compos-
ite show [78], the structure of SnO2 nanocrystals, at
least the structure of their surface layers, which deter-
mines the conductive and sensory properties of com-
posites, is modified by the action of the cerium ions
dissolved in these layers. The replacement of Sn ions
by Ce ions in the SnO2 lattice leads to a weakening of
the Sn–O bonds [94]. Accordingly, the binding energy
of electrons with the surrounding ions in oxygen SnO2
vacancies should increase, as a result of which the acti-
vation energy of conduction increases [78].

The oxygen atoms passing from CeO2 clusters on
the surface of In2O3 and SnO2 nanoparticles are local-
ized on the surface defects of nanoparticles (mainly
oxygen vacancies), as noted in the form of O–. In this
case, as a result of the O– reaction with a reducing
agent, in particular with H2 (see reaction (5)), first,
most likely, an intermediate complex of an electron
with a vacancy (electron trap) is formed, which then

( ) − −+ → +2 2Н ads О Н О е
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decays with the transition of the electron to the con-
duction band of the semiconductor. The formation of
deep electronic traps in the CeO2–SnO2 composite
prevents this transition and thus can reduce the sen-
sory effect.

The decrease in sensitivity when hydrogen is
detected by a CeO2–SnO2 composite sensor com-
pared to an SnO2-sensor was also established in [95].
At the same time, the crystalline composite CeO2–
SnO2 nanosized fibers formed by the method of elec-
trospinning when detecting alcohol also show a higher
sensory effect than similar fibers from SnO2 obtained
by the same method [96]. When detecting alcohol, it is
necessary to take into account the possible increase in
its adsorption by nanoparticles of the composite in
comparison with the adsorption by SnO2 nanocrystals
due to the intercharging of composite nanoparticles as
a result of the transfer of electrons from CeO2 particles
(the work function of an electron is 4.6 eV [97]) to
SnO2 particles (the work function of an electron is
4.9 eV [98]) and, as a consequence, the formation of
new dipole adsorption centers.

CONCLUSIONS
Experimental and theoretical works devoted to the

study of the structure, conductivity, and sensory prop-
erties of metal oxide systems structured on the
nanoscale are considered and analyzed. The sensitivity
and selectivity of conductometric sensors are improved
by using multicomponent composite systems that
combine metal oxides with different electronic char-
acteristics and chemical properties. The sensory effect
in the detection of reducing gases is determined by the
chemisorption of oxygen and the detected gas on
metal oxide particles and the reaction of chemisorbed
molecules of the detected gas with oxygen ions. As a
result, the conductivity of the sensitive layer changes.
For efficient operation, sensor systems must contain
both catalytically active nanoclusters and nanoparti-
cles with a high concentration of conduction elec-
trons.

The main mechanisms of the interaction of
nanoparticles include catalytic reactions on the sur-
face of one of the components, the transfer of reaction
products to another, and the effect of these products
on the electronic subsystem of the latter. We need to
take into account the capture of electrons from the
bulk of nanoparticles by the adsorbed oxygen atoms
and the further return of an electron to the conduction
band during the reaction of O– with molecules of the
detected gas. An important role in increasing the sen-
sory activity of mixed systems during their formation is
played by the movement of metal ions of one oxide
into nanoobjects of another component. The structure
and properties of nanoparticles change upon iso- and
heterovalent doping. In this case, not only is the
charge important but also the ratio of the sizes of the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
replaced and incorporated ions. This study showed
that the sensitization of the sensor effect upon the
incorporation of activating ions of another component
into the nanocrystal lattice depends not only on the
charge and size but also on the concentration of the
incorporated ions.

Depending on the content of the second compo-
nent, the composite can exist in the form of a single-
phase system in which the current f lows through
aggregates of the nanoparticles of a solid solution or
form two phases. In the latter case, in composites,
there are different paths of current f low, which depend
on the composition of the system, as well as the size
and type of particles of the components. In such sys-
tems, the conductivity of the composite is greatly
influenced by the interaction of heterogeneous con-
tacts of dissimilar oxides.
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