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The features of the properties and creation of nanocomposite metal oxide materials, especially TiO2, ZnO, SnO2, ZrO2, and Fe3O4,
and their applications for ecology are considered in the article. It is shown that nanomaterials based on them are very promising for
use in the ecological direction, especially as sorbents, photocatalysts, and sensitive layers of gas sensors. The crystallochemical
characteristics, surface structure, and surface phenomena that occur when they enter the water and air environment are given
for these metal oxides, and it is shown that they play a significant role in obtaining the sorption and catalytic characteristics of
these nanomaterials. Particular attention is paid to the dispersion and morphology of metal oxide particles by which their
physical and chemical properties can be controlled. Synthesis methods of metal oxide nanomaterials and ways for creating of
nanocomposites based on them are characterized, and it is noted that there are many methods for obtaining individual
nanoparticles of metal oxides with certain properties. The main task is the correct selection and testing of parameters. The
prospects for the production of metal oxide nanocomposites and their application for environmental applications are noted,
which will lead to a fundamentally new class of materials and new environmental technologies with their participation.

1. Introduction

Nanomaterials based on metal oxides (nanostructured and
nanodispersed) are a diverse class of materials in terms of
electronic structure and physical, chemical, and electromag-
netic properties [1]. The application of metal oxide nanoma-
terials and nanocomposites based on them is becoming
increasingly popular in applied ecology, especially where they
can be used as adsorbents and photocatalysts as well as a
material for the manufacture of environmental monitoring
devices. Adsorption materials based on nanosized metal
oxides have a large specific surface area, high capacity, fast
kinetics, and specific affinity for various contaminants [2–5].
The use of nanostructured metal oxides in photocatalytic
processes allows the oxidation of organic compounds that
are not decomposed biochemically, and the pretreatment of
aqueous solutions by their use is considered to be the most
promising [2, 6, 7]. Metal oxide nanostructures used in envi-
ronmental monitoring as sensitive layers of chemoresistive

gas sensors are characterized by high values of the sensory
signal due to the large specific surface area; hence, a higher
adsorption capacity [8–10].

Consequently, nanosized metal oxide materials are of
considerable interest because of significant advantages over
bulk analogues and, of course, because they have great pros-
pects for obtaining new types of adsorbents, photocatalysts,
and sensitive layers of gas sensors based on them. However,
nanostructured and nanodispersed oxides also have a signif-
icant drawback—their application can lead to environmental
pollution with nanoparticles. In this case, it is promising to
create metal-oxide nanocomposites—an extremely interest-
ing type of nanomaterial due to their properties—that may
exceed the properties of its individual phases by order. The
use of the latter will prevent the loss of metal oxide nanopar-
ticles due to the stabilization of the nanoparticles in the com-
posite’s matrix, which will also positively affect the separation
process after the completion of the processes of sorption and
photocatalysis [4]. In addition, nanocomposites due to their
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structure have special, sometimes unique, physical and
chemical properties, and they can be applied in a wide variety
of fields, including the production of new materials for use in
the fields of medicine, energy, and ecology.

The purpose of this work is to consider the features and
potential use of the metal oxide nanomaterials and nanocom-
posites based on TiO2, ZnO, SnO2, ZrO2, and Fe3O4 for envi-
ronmental applications. The crystallochemical structures of
selected metal oxides, the features of their surface structure,
and their possible surface phenomena in water and air envi-
ronments are considered in the article. Their physical, chem-
ical, sorptive, and photocatalytic properties are also provided
for an understanding of their more efficient usage. We also
reviewed what we considered the most promising synthesis
methods of individual oxides in terms of ease of implementa-
tion, and the existing approaches for the creation of nano-
composite metal oxide materials of ecological direction in
the literature are presented.

2. Crystallochemical Characteristics of Metal
Oxides and Their Surface Structure

2.1. Crystallochemical Structures of TiO2, ZnO, SnO2, ZrO2,
and Fe3O4. In nature, TiO2 exists in three different crystalline
structures: rutile, anatase, and brookite. In all modifications,
the structural unit of the TiO2 crystalline lattice is the
distorted TiO6 octahedra, joined together by common verti-
ces or ribs, i.e., each Ti4+ ion is surrounded by six O2- ions,
and each O2- ion is surrounded by three Ti4+ ions. Octahedra
are arranged in such a way that each oxygen ion belongs to
three octahedra [11]. In rutile, the octahedra of TiO6 are
connected with two adjacent octahedra along the edges in
the (001) plane, resulting in longitudinal bands in the crystal
lattice. In anatase, the octahedra of TiO6 are connected along
the edges lying in the (001) and (100) planes. Thus, each
octahedron has four common ribs with neighbors that form
zigzag chains. There are 4 common ribs for one octahedron
in anatase and 2 in rutile. Hence, the elementary cell of
anatase consists of four TiO2 molecules, while that of
rutile consists of only two (see Figure 1).

At atmospheric pressure and temperature, anatase is less
dense and less stable than rutile. In the brookite structure,
each octahedron of TiO6 has two common ribs with its
neighbors and also forms zigzag chains. The Ti–O bond
lengths in these structures are 0.195-0.198, 0.194-0.197, and
0.187-0.204 nm for rutile, anatase, and brookite, respectively
[12]. The parameters and some characteristics of all of the
TiO2 modifications are shown in Table 1.

When heated, both anatase and brookite irreversibly
transform into rutile. The temperature transition depends on
many factors, including impurities, the obtainment method,
the precursor type, and the size of the final crystal. Also, the
direct obtainment of the particular phase can be realized by
adjusting the finite particle size [13].

Zinc oxide crystallizes in three modifications: hexagonal
wurtzite, cubic sphalerite, and cubic modification of the NaCl
type, which is rare. Only the hexagonal wurtsite is thermody-
namically stable under normal conditions. Cubic sphalerite
can be obtained when growing ZnO on the substrates with

a cubic lattice. ZnO with the NaCl structure is obtained at
relatively high pressures [14].

The wurtsite structure is obtained from the hexagonal
close-packed lattice consisting of two interpenetrating
packed hexagonal Bravais lattices based on the positions
(0 0 0) and (a/2 3a/c с/2). In the ideal tetrahedral surround-
ings, the constants a and c are correlated with each other as
c/a = 8/13. In real structures, there are deviations from this
relationship. The ZnO structure can be described as the series
of alternating planes composed of tetrahedrally coordinated
O2- and Zn2+ arranged one on top of another along the c axis.
O2- and Zn2+ form the tetrahedral unit, and the whole struc-
ture is devoid of central symmetry (see Figure 2). [15].

SnO2 has only one stable phase, the mineral form of
which is known as cassiterite. Tin (IV) oxide crystallizes in
the tetragonal structure of rutile, the parameters and charac-
teristics of which are given in Table 1. In the rutile structure,
tin atoms are located at the center and surrounded by six
oxygen atoms, which are located at the corners of the almost
regular octahedron. Atoms of oxygen are surrounded by
three tin atoms, which form an equilateral triangle. The
length of the Sn–O bond is 0.209-0.216 nm [16, 17].

ZrO2 also exists in three crystalline modifications
(see Figure 3): monoclinic, tetragonal, and cubic. The cubic
ZrO2 has a fluorite structure, in the crystal lattice of which
each zirconium atom has eight bonds with oxygen atoms.
Thus, zirconium atoms form face-centered cubic lattices with
oxygen atoms occupying the position in tetrahedral inter-
stices. Consequently, the elementary cell of cubic ZrO2 con-
tains one zirconium atom and two atoms of oxygen; the
length of the Zr–O bond is 0.221 nm [18, 19].

The tetragonal ZrO2 can be considered as a slightly dis-
torted cubic structure (see Figure 3(b)). In the crystalline
tetragonal structure of ZrO2, zirconium atoms are also bound
to eight oxygen atoms—four neighboring oxygen atoms are
located at the tetrahedron plane with a Zr–O bond length
of 0.207 nm, while the other oxygen atoms are located at a

(a)

(b)

Figure 1: Elementary cells of rutile (a) and anatase (b):
titanium—white; oxygen—red.
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90° angle to the tetrahedron plane at a distance of 0.246 nm
from the zirconium atoms [19, 20]. The monoclinic ZrO2 is
formed by further distortion of the tetragonal structure (see
Figure 3(c)). It is even less symmetric and is represented by
12 atoms of an elementary cell and more complex geometric
structures. In the monoclinic ZrO2, zirconium atoms have
seven bonds with oxygen. In the space, the oxygen atoms
form angles of 134.5° and 109.5°. Consequently, the atoms
of oxygen are not in the same plane. In the crystalline struc-
ture of the monoclinic ZrO2, the interatomic distances of
Zr–O vary considerably; however, they have average values
of 0.207 nm and 0.221 nm [20, 21]. Some structural charac-
teristics of ZrO2 are given in Table 1.

The monoclinic ZrO2 modification is the most stable, and
transition to it occurs during cooling from 1273K to 923K.
On the contrary, during heating, the monoclinic phase is
transformed into a tetragonal modification, starting at
1093K. At the same time, the tetragonal modification exists
even up to 1443K [22]. Consequently, the tetragonal ZrO2
modification is unstable and can be stabilized by using

dopants (usually rare earth oxides, calcium, magnesium,
and iron). Cubic ZrO2 has the highest strength and density.
However, the like tetragonal modification, it is also unstable.
To stabilize the cubic modification, the same dopants for the
tetragonal modification are used; however, larger amounts
are used.

Magnetite belongs to the class of spinel, which has the
general formula AB2O4, where A and B are cations of diva-
lent and trivalent metals, respectively. The structure of spinel
is based on the face-centered cubic lattice with oxygen atoms,
in which 1/8 tetrahedral and 1/2 octahedral positions are
occupied. Magnetite has the structure of an inverse spinel,
in which the elementary cell contains 32 oxygen anions with
64 tetrahedral and 32 octahedral cavities, where the Fe (III)
ions are randomly distributed between the octahedral and
tetrahedral positions, and the Fe (II) ions are found only in
the octahedral positions [23, 24]. The parameters of the mag-
netite crystalline lattice and some of its characteristics are
presented in Table 1.

2.2. Features of the Metal Oxide Surface Structure. The
surface of metal oxides plays a major role in adsorption pro-
cesses, heterogeneous (photo)catalysis, detection of mole-
cules in the gas environment, etc., since in these cases all
molecular and chemical processes occur on the surface of
metal oxide crystals. The surface is considered as the transi-
tion region from the crystal volume to the environment that
is in contact with the atmosphere, which leads to the forma-
tion of oxide layers, depositions on the surface, or penetra-
tion into the water vapor, carbon atoms, and other chemical
compounds. Therefore, the actual surfaces of the crystals
are too complicated to study, so it is usually assumed that
they are atomically clean and smooth surfaces, which are
considered as simplified models of real systems.

To a certain extent, they are similar to bulk crystals in
terms of their structural properties and reactivity surfaces;
however, there are a number of differences that can funda-
mentally distinguish their surface from that of bulk crystals.
These consist of the arrangement of atoms and ions, which
is different from the location found in bulk crystals; the ionic
mobility of the particles on the surface; the number and
nature of defects and dislocations; the presence of surface
groups with different chemical compositions on them; the

Table 1: Parameters of TiO2, ZnO, SnO2, ZrO2, and Fe3O4 crystalline lattices and some of their characteristics [11, 14–16, 19, 23].

Phase Space group Lattice parameters (nm) Volumetric density (g/cm3) Band gap (eV)

TiO2 tetragonal (rutile) P4/mnm a = 0 4585, c = 0 2953 4.3 3.0

TiO2 tetragonal (anatase) I4/amd a = 0 3784, c = 0 9515 3.9 3.2

TiO2 rhombic (brookite) Pbca а = 0 9184, b = 0 5447, c = 0 5145 4.1 3.3

ZnO hexagonal Р63mc а = 0 3249, c = 0 5206 5.6 3.4

SnO2 tetragonal (cassiterite) P42/nmm а = 0 4738, с = 0 3188 7.0 3.6

ZrO2 monoclinic (baddeleyite) P21/c a = 0 5169, b = 0 5232, c = 0 5341 5.6 5.8

ZrO2 tetragonal P42/nmc a = 0 514, b = 0 527, a/c = 1 02 (at 1523K) 6.1 5.8

ZrO2 cubic Fm/3m a = 0 5256 (at 2603K) 6.3 6.1

Fe3O4 cubic (magnetite) Fd/3m а = 0 8396 5.2 ~2

Figure 2: Elementary cell of wurtzite: zinc—violet; oxygen—yellow.
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ability of the surface for adsorptive concentration of matter
from adjacent volumetric phases; and the wider set of possi-
ble structures corresponding to this solid material than in
the volume [25]. Also, chemical bond types that are unique
or rarely encountered can be realized on the surface. This is
due to the following factors: the presence of the phase
separation boundary, which sharply differs in electrical and
chemical properties; the reduction of symmetry on the sur-
face, which facilitates the appearance of attenuated, interme-
diate, and deformed bonds; the presence of defects in the
structure, as well as mechanical stresses, resulting in the
redistribution of electronic density; and finally, the incom-
plete saturation of bonds in the surface structures [25]. So,
proceeding from this, the surface is the special state of mat-
ter with its chemistry.

Many papers were preoccupied in both experimental and
theoretical studies of the surface structure and its influence
on the TiO2 properties [11, 26–48]. The results of these
studies indicate that the definition of the surface structure
of TiO2 and defects on it is rather the complex issue, espe-
cially because of the presence of Magneli phases, which for
TiO2 fluctuates between Ti2O3 and TiO2 [44, 45]. In addition,
titanium (IV) oxide is characterized by a variety of TiO2 crys-
talline structures; hence, in the first place, the structure of its
surface will be determined by the phase composition.

The main building unit of titanium (IV) oxide structures
is Ti2O4 or Ti4O8. In all three structures of titanium (IV)
oxide, the scaling is carried out by the multiplication of
octahedra for the triple-coordinated oxygen atom O(3).
The features of the structure of bulk crystals of rutile and
anatase and the most thermodynamically stable faces (110)
and (101) are shown in Figures 4(a) and 4(b).

From Figure 4, it is evident that both surfaces have six
and five times coordinated atoms of titanium Ti(6) and
Ti(5), and triple- and double-coordinated atoms of oxygen
O(3) and O(2) [42, 46–48]. The presence or absence of the
latter (the so-called bridge oxygen atoms) can change the
electronic structure of the bulk material and the surface
energy of the faces; hence, the finite properties of TiO2.

The ZnO surface is studied by examining faces (1010)
and (1120) [49]. At the same time, the physical and chemical
properties of ZnO are primarily affected by their own defects

caused by the absence or presence of zinc or oxygen in the
lattice [50]. Therefore, in the case of ZnO, the surface struc-
ture and its properties primarily depend on its stoichiometry.

The surface of zinc oxide is the most studied (1010) (see
Figure 5). In the stoichiometric ZnO, the shortening of the
Zn–O bond from 0.198nm to 0.183 nm is observed due to
the surface relaxation on this face. As a result, a slight trans-
formation occurs, in which the surface zinc “gets involved”
inside the structure, and oxygen “appears” above the surface.
In the case of the nonstoichiometric zinc oxide, everything is
more complicated; as a result, the surface may have funda-
mentally different properties.

In the SnO2 single crystals, low-index facets (110) and
(101) are the most developed. The surface (110) is the most
theoretically [51–57] and experimentally [58–70]studied.
The surface structure and the presence of these or other
facets to a decisive extent depend on the methods and condi-
tions of SnO2 synthesis, which in turn affects the concentra-
tion of oxygen on the surface in the lattice. The production of
SnO2 crystals in the absence of oxygen leads to the formation
of the oxygen-depleted (110) face.

The face (101) in the SnO2 single crystal has been studied
only recently [71–75]. In this case, the double valence of tin
contributes to the formation of different charges on this face:
Sn2+ or Sn4+. The transition from one charge to another on
this face is easily accomplished through the peculiarity of
atomic stacking in this crystallographic direction. The struc-
ture of the (101) surface is shown on Figure 6. It can be seen
that atomic stacking along this direction can be described as
the three-layer O–Sn–O, the boundary of which is oxygen
(see Figure 6(a)); that is, with such a sequence, tin retains
its valence for Sn4+. When removing the oxygen layer, the
surface of the crystal is already ending with the layer of tin
(see Figure 6(b)); as a result, the transformation of Sn(IV)
into Sn(II) can easily take place [76]. Thus, the addition or
removal of the surface oxygen layer by simply treating it at
ambient conditions or in vacuum, can convert the tin surface
from Sn(IV) to Sn(II) or vice versa. For the face (110), such
easy conversion is not observed; therefore, on this face tin
exists only in the form of Sn(IV) [71, 76].

In the environment, the pure ZrO2 phase has the mono-
clonal structure of the baddeleyite m-ZrO2 [77, 78], in

(a) (b) (c)

Figure 3: Distortion of ZrO2 crystalline lattices: cubic (a), tetragonal (b), and monoclinic (c).
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which zirconium is in a distorted sevenfold coordination,
and oxygen atoms are four times or three times coordinated
(see Figures 7(a)–7)c)). At approximately 1400K, m-ZrO2
is transformed into the tetragonal structure (t-ZrO2), where

zirconia is surrounded by eight anions but with two different
Zr–O distances. The ideal eightfold coordination with the
transformation of t-ZrO2 into the cubic structure of the
fluorite type (c-ZrO2) is achieved at 2600K [79–81].

Ti
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Figure 4: The structure of the bulk structures of rutile (a) and anatase (b) and faces (110) and (101) of rutile (c) and anatase (d), respectively.

(a) (b)

Figure 5: The structure of the stoichiometric (1010) surface: (a) side view and (b) top view [49].
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Experimental studies of ZrO2 polycrystalline samples
have shown that only a few crystal faces with low indices
are open, especially the face (101), which is the most stable
(see Figures 7(d) and 7(e)), and (001) [77, 82–85]. Theoreti-
cal studies have confirmed the discovered fact. Figures 7(d)
and 7(e) show three outer layers where dashed lines allocate
the repeating link of one layer in the direction perpendicular
to the surface. The oxygen atoms have threefold coordination
on these surfaces, and there are two different types of oxygen
atoms on the face (101).

The structure of magnetite is based on the tight packet of
oxygen (anion of the lattice) with iron cations, occupying
octahedral and tetrahedral coordinated gaps between them
(see Figure 8), in which Fe (II) and Fe (III) coexist in the octa-
hedral position. Properties of magnetite are mainly deter-
mined by this fact.

Natural and synthetic crystals of Fe3O4 often have octa-
hedral crystals, in which the main facet is (111) [23]. How-
ever, depending on the synthesis conditions, it is possible to
obtain other forms of magnetite particles, for example, cubes
(see Figure 9), in which the main facet is (100). Consequently,
the properties of magnetite can be regulated by obtaining
magnetite particles of different shapes, which will have the
different set of surface facets; therefore, they will differ in sur-
face energies.

In the (100) direction, the surface of magnetite consists of
layers, which alternate as follows: the first layer consists of
two Fe (III) ions in the tetrahedral position, then the plane
containing eight O2- anions followed by two Fe (III) ions
and two Fe (II) ions in the octahedral positions (see
Figure 10(a)). The main defect of this face may be an excess
of iron ions [23].

The direction (111) in the magnetite consists of 6 differ-
ent atomic planes: iron in the tetrahedral positions of Fetet1,
plane of oxygen O1, iron in the octahedral positions of
Feoct1, plane of oxygen O2, iron in the tetrahedral positions
of Fetet2, and iron in the octahedral positions of Feoct2 (see
Figure 10(b)). Consequently, the close location of the oxygen
plane to the surface causes a strong negative charge, but the
presence of iron in the tetrahedral positions of Fetet1 partially
neutralizes it, resulting in the formation of the polar surface
on the facet (111) by Tasker type 3 surfaces [23, 24, 86, 87].

The considered structures and structural features of dif-
ferent surfaces of TiO2, ZnO, SnO2, ZrO2, and Fe3O4 indicate
that the control of the metal oxide properties, especially in
the nanodispersed range where the surface comes to the fore,
begins with the shape and size of the crystals that affect the
presence of those or other facets depending on the choice

of the synthesis method, the process conditions, and treat-
ment parameters after obtaining them.

2.3. Surface Phenomena on Metal Oxides. The phenomena
occurring on the surface of solids are traditionally described
using several models: statistical, band, and geometric [25, 88].

The statistical model (the model of “local” interactions) is
based on the chemical approach, in which surface phenom-
ena are described through active centers belonging to the sur-
face. The active centers in this case are the surface atoms of
the lattice, centers connected with defects of an inhomoge-
neous surface (point defects, dislocations), and impurities
on the surface. When considering the surface in the theory
of the crystalline field, the surface centers are free orbitals
with a high affinity to the electron or occupied orbitals with
a low ionization potential. Thus, the active centers are always
localized on the real surface of the solid and have certain
chemical activities [25].

A band model (“hard zone” model) is based on the elec-
tronic or energy approach. In this model, the surface descrip-
tion is carried out through surface states, which correspond
to the surface electronic energy levels. The corresponding
mathematical description does not depend on the chemical
nature of the adsorbate and on the details of the local chem-
ical interaction. The description is carried out due to the
energy position in the forbidden zone of the semiconductor,
which changes its charge depending on the position of the
Fermi level on the surface.

The geometric model is based on the geometric charac-
teristics of the surface, and the latter is considered as the frac-
tal structure characterized by fractional dimensionality (D)
and repeatability on different scales. For example, if D = 2,
then this is a perfectly smooth surface, and if D = 3, then we
are talking about volumetric porous structures. The fractality
of the surface has a significant effect on its properties, for
example, on sorption and catalytic characteristics, etc. [88].
At a later time, all these models are taken into account more
increasingly when considering the surface phenomena
involving metal oxides [89–95].

The acid-base properties of metal-oxide systems, which
exhibit practically all the fundamental parameters of a solid,
reflect the surface reactivity in the best way. According to
this, two types of acidic and basic centers, the Lewis center
and the Brønsted center, can exist on the surface of the solid.
The presence of acidic and alkaline centers (as well as water)
on the surface will determine the chemical activity of the
solid as an adsorbent, (photo)catalyst, or metal oxide semi-
conductor [96].

O
Sn (IV)

Sn (IV)
O
O

Sn (IV)
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O
O

(a)

Sn (II)

Sn (IV)
O
O

Sn (IV)
O
O
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Figure 6: Structure of the (101) facet of three layers on the SnO2 surface (cross-section) (a) with the existing boundary oxygen layer (110) and
(b) without it.
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The Lewis acid center is the vacant metal atom or the
localized surface state capable of accepting an electron pair
or an electron donating a molecular fragment. The alkaline

Lewis centers are formed from the orbital of an oxygen atom
on the surface and interact with the electron transfer to the
energy level of the adsorbed molecule. Thus, any cation

Zr
Zr

Zr
Zr

Zr
Zr

Zr
Zr

(a)

Zr
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Zr Zr
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Zr Zr Zr

(b)
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O(4)
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O(3) O(3)
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Figure 7: Bulk ZrO2 crystals of various polymorphic modifications: cubic (a), tetragonal (b), and monoclinic (c). The most stable faces (101)
(d) and (001) (e) on the t-ZrO2 surface. White balls—oxygen; gray—zirconium [77].
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having unfilled electronic orbitals is an acid by the Lewis def-
inition, and each of the surface anions having an undivided
electron pair is an alkaline center [97].

Along with the aprotic centers (or the Lewis centers),
there are proton acids and the Brønsted bases on the sur-
face of the solid, which are the result of the interaction of
water molecules and their fragments with aprotic centers.
In the case of the adsorption of water molecules on one-
electron surface levels formed by the homolytic dissocia-
tion mechanism, the Brønsted acids and bases of different
acidic strengths can be formed, depending on which type
of surface state participated in this process—the Shockley
state (see Figure 11(a)) or the Tamm state (see
Figure 11(b)). In the case of the interaction of water mole-
cules with acids and bases of the Lewis centers, two types
of mechanisms are possible: dissociative (see Figure 11(c))
and molecular (see Figure 11(d)). The molecular mecha-
nism is also realized in the hydration process of the solid
due to the water adsorption at the Brønsted acid and base cen-
ters by alkaline (see Figure 11(e)) and acid (see Figure 11(f))
types [97].

In the literature, the interaction of the surfaces of ampho-
teric metal oxides, which also include TiO2, ZnO, SnO2,
ZrO2, and Fe3O4, with water in aqueous medium, is
described by a simplified mechanism [98–101]:

MeOH +H+ ↔MeOH+
2 , if pH of solution < pHpzc,

MeOH +OH− ↔MeO− +H2O, if pH of solution > pHpzc,

1

where рНpzc is the point of zero charge.
Figure 12 shows the scheme of the interaction of the

metal oxide surface with oxygen in the air.
In this case, according to studies of electron paramag-

netic resonance, the adsorbed oxygen may be present on
the surface of metal oxides in various chemical forms,
the formation of which occurs according to the following
scheme [102]:

O2 g →O2 ad →O2
−

ad →O−
ad →O2−

ad →O2−
lat

2

The temperature dependence of the existence of this
or that oxygen form was established in [103], where it is indi-
cated that the transition from adsorbed oxygen to chemo-
sorbed oxygen (O2 ad →O2

−
ad ) occurs approximately at

423K. The significant reduction in the conductivity of metal
oxide systems at temperatures higher than 423K was con-
nected with this.

2.4. Properties of Metal Oxides in the Different States of
Dispersion and Morphology. Metal oxides form the basis of
modern diverse intellectual materials and devices due to the
possibility of controlling their physical and chemical proper-
ties. Their properties dependonmany chemical and structural
characteristics: chemical composition, various defects, mor-
phology, particle size, specific surface area, etc. By changing
any of these characteristics, the electrical, optical, magnetic,
(photo)catalytic, and sorption properties can be controlled.
The unique characteristics of metal oxides make them the
most diverse class of materials covering almost all aspects of
material science and physics in the fields of semiconductivity,
superconductivity, ferroelectricity, and magnetism [102].

The nanostructured titanium (IV) oxide has high chemi-
cal and thermal stability, and with special doping by impurity
levels in an electronic structure, it is uniquely capable of the
creating new functional materials on itself, especially for
(photo)catalysis, sensors, adsorption, and photovoltaics.
The highly dispersed doped TiO2 for the creation of a photo-
catalyst that would work efficiently in the visible spectrum, as
well as the components of devices for the efficient conversion
of solar energy into electricity (solar cells), is of particular
interest [104–109].

In the process of using nanodispersed, submicron and
micron ZnO for bleaching methylene orange in aqueous
solutions, the following order was revealed: nanodispersed
powder 50 nm > submicron powder 200 nm >micron
powder (1000 nm) [110]. The authors explain the fact as fol-
lows: the number of dispersed nanoparticles per volume in
the reaction solution increases, and consequently, the photon
absorption ability is improved; the large surface area of the
nanodispersed powder contributes to the large adsorption
of dye molecules on the catalyst surface; and the recombina-
tion process is reduced due to the smaller path of electrons
and holes on the surface of the particles.

Tin (IV) oxide is one of the classical sensory materials
that belong to the class of substances that combines high elec-
trical conductivity and optical transparency in the visible
spectral region, has chemical stability at high temperatures,
etc. [111]. Therefore, materials based on SnO2 are widely
used as organic oxidation catalysts, lithium ion batteries,
transparent electrodes of solar cells, various electronic and
optical coatings, and as sensitive materials for metal oxide
chemoresistive gas sensors.

Modifications of nanodispersed ZrO2-based nanomater-
ials determine the ways of application, since each of its mod-
ifications has a number of properties inherent only for that
particular modification. The monoclinic modification of
ZrO2 nanopowders is used mostly in the production of sub-
strates for luminescent, photosensitive materials [112]; in
catalysis [113, 114]; and in the production of nanomaterials

Feoct

Fetet
3+

Figure 8: The structure of magnetite (green balls—oxygen, yellow
balls—iron in octahedral gaps, and red balls—iron in tetrahedral
gaps).
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based on tetragonal and cubic ZrO2 modifications, for exam-
ple, in ceramic materials, including new materials with
improved performance [115]. The tetragonal modification
of zirconium (IV) oxide has become widely used for biocera-
mics in restorative dentistry [116, 117] and in catalysis [118,
119], and its cubic modification has become widely used for
chemically resistant and thermostable high-strength nano-
ceramics [120] and for solid electrolytes in solid oxide fuel
cells [121, 122].

The constantly growing interest in the properties of
nanomagnetism is due to its powerful potential for solving
a wide range of tasks in material science, mineralogy, biology,

and medicine [123]. At present, the application of magnetic
nanoparticles is the most widely developed in biology and
medicine, storage and recording of information, and in other
areas of science and technology. At sizes from several to tens
of nanometers, magnetic particles, especially nanomagnetic
particles, reveal the special characteristic of their magnetic
behavior—superparamagnetism. Recent studies have shown
that the prospective application of magnetite is in sorption
technology, since it has been found that it has a high sorption
activity for some organic compounds, and the modification
of existing sorption materials allows removing them quickly
by magnetic separation [124, 125].
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(111)
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Figure 9: Magnetite particles in the form of the cube (a) and octahedron (b) [23].
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Figure 10: The structure of Fe3O4 surfaces: (a) the top view of the facet (100), where Fetet is red, Feoct is yellow, and oxygen is green; (b) side
view of the facet [23].
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Consequently, the considered multifaceted properties of
these nanostructured and nanodispersed metal oxides make
these materials very promising not only for optical and elec-
tronic applications, but also for their use in environmental
applications, which is the cause for the significant scientific
interest in them by environmental engineering specialists.

2.5. Features of Chemical and Physical Characteristics in the
Nanodispersed Range. Materials obtained from nanosized
particles exhibit unusual chemical and physical properties
that differ significantly from the properties of the respective
bulk materials. Their study is important in modern science,
because such studies are fundamental, since they allow inves-
tigating the changes in the properties of substances in the
gradual transition from atomic or molecular level to con-
densed systems.

The peculiarities of the chemical and physical character-
istics of nanoparticles related to their size are determined by
the following phenomena. With a decrease of the particle
size, the percentage of atoms on the surface increases. This
leads to the increase in reactivity due to coordination nonsa-
turation. Proceeding from this and taking into account the
fact that with the transition to nanoparticles the surface-to-
volume ratio increases, the origin of these “unusual” proper-
ties, called “dimensional effects,” becomes clear.

The influence of the particle size on the physical and
chemical properties of the substance is also due to the pres-
ence of surface pressure acting on the substance. This addi-
tional pressure, which is inversely proportional to the
particle size, leads to the increase in the Gibbs energy and,

consequently, increases the pressure of the saturated vapor
above the nanoparticles and decreases the boiling point of
the liquid and the melting point of the solid phase. Other
thermodynamic characteristics also change, especially the
equilibrium constant and the standard electrode potentials
[126]. Also, when the size of the particles decreases, the influ-
ence of the structure on the stoichiometry of the material is
noticeably manifested [127]. A variation of stoichiometry
leads to a significant change in the chemical and (photo)cat-
alytic activities of the material.

For example, when the size of the titanium (IV) oxide par-
ticle diminishes, its anatasemodification becomesmore stable
and, according to the results of studies [128–130], the anatase
structure has a greater number of oxygen vacancies on the
surface than the rutile structure. This results in its greater
chemical and photocatalytic activities compared to rutile.

When reducing the size of ZnO particles to nanometer
size, some of its physical properties undergo changes that
are known today as “quantum size effects.” For example,
quantum confinement increases the energy gap of quasi-
one-dimensional (Q1D) ZnO, which is confirmed by photo-
luminescence. The band gap of ZnO nanoparticles also
demonstrates the same dependence [131]. In this case, ZnO
can be used to create unique nanostructures that are in
demand in a wide variety of applications, such as in optoelec-
tronics, sensors, transducers, and photocatalytic and biomed-
ical materials. From this, it follows that ZnO unambiguously
has the richest family of nanostructures among all materials,
which differ in both structure and properties [132].

As already mentioned, materials based on zirconium (IV)
oxide have different applications depending on the phase
composition. In particular, monoclinic ZrO2 is used as a cat-
alyst [113, 114], tetragonal ZrO2 is used as a carrier of cata-
lysts [118, 119], and cubic ZrO2 is used as a solid electrolyte
in fuel cells of solid oxide batteries [121, 122]. The degree
of tetragonality or cubicity at normal temperatures depends
on the size of the crystallites: the metastable tetragonal mod-
ification of ZrO2 can be obtained under normal conditions if
the size of the crystallites is less than 25-30 nm, and the meta-
stable cubic ZrO2 modification can be obtained if the crystal-
lite size is less than 5-10 nm [133].
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Figure 11: Mechanisms of the interaction of water with different centers on the surface of metal oxides.
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The change in the physical and chemical properties of
SnO2 and Fe3O4 in the transition to the nanoscale is achieved
by varying the morphology of these nanoparticles, which
determines the presence of certain facets on the surface,
which differ in their surface energies [23, 76].

2.6. Sorption, (Photo)catalytic, and Sensory Properties of
Metal Oxides. One of the most important properties of
metal oxide nanoparticles, which has a large potential for
application in various chemical and technological processes,
is their high adsorption capacity in relation to pollutants in
water systems, especially organic matter, which indicates
the prospect of using metal oxide nanomaterials to improve
the ecological state of the environment. A similar impres-
sive adsorption capacity of metal oxide nanoparticles and
other compounds to various organic compounds has been
documented by many researchers [133–138]. A significant
increase in catalytic activity was found in some metal oxides
in the transition to the nanoparticles [138–140].

The dimensional effect is already widely used in hetero-
geneous catalysis. In many cases, the nanoparticles exhibit
catalytic activity where the same larger particles are inactive.
The explanation for these phenomena is based on the acid-
alkaline properties of metal oxides, which change in the
transition to the nanoscale, namely, a large number of active
centers are exposed, which is connected, first of all, to the
sharp increase in the specific surface area. When obtaining
these metal oxides in the form of nanostructures, the per-
centage of coordinated-unsaturated ions, especially at the
edges and angles of microcrystallites, is predicted to be large.
Consequently, the physical and chemical properties of the
surface in such nanoscale systems will play a decisive role
in determining the scale of their application and in assessing
the catalytic activity.

Controlled regulation of the functional properties of
metal-oxide nanomaterials and the implementation of the
dependencies of composition-structure-properties can also
be accomplished by changing the phase composition, which
in many respects also determines their physical and chem-
ical characteristics.

2.6.1. TiO2. The most important of all applications of dif-
ferent crystalline modifications of TiO2 is the ecological
direction, namely, in the sorption-photocatalytic processes.
Along with crystalline modifications, the amorphous TiO2
modification is also actively synthesized and studied. How-
ever, the latter has no photoactivity but has high sorption
properties. At the same time, the sorption-photocatalytic
properties are influenced by such parameters as the degree
of crystallinity, the correlation between modifications, the
distribution of particles in size and shape, the specific sur-
face area, and the average pore size.

Among the three polymorphic modifications of titanium
(IV) oxide, only rutile and anatase have an applied value.
Rutile is a more thermodynamically stable structure; how-
ever, anatase is considered to be more promising as a nano-
material of the ecological direction due to the greater
photochemical activity. However, there are data in the liter-
ature on the increase of the photocatalytic activity of TiO2-

based nanomaterials when they consist of mixed phases,
such as anatase and brookite or anatase and rutile [141].
Due to the denser packing of ions in crystals, rutile exceeds
anatase in terms of stability, density, hardness, refractive
index, and dielectric permittivity, but it is believed that it
has insufficient photochemical activity [142–144]. In recent
scientific publications [145, 146], there is evidence that
brookite, an unstable modification of TiO2, is characterized
with the highest photocatalytic activity. Unfortunately, it is
difficult to obtain this modification in pure form even in lab-
oratory conditions.

Despite that the band gap in rutile (3.0 eV) is lower than
that in anatase (3.2 eV), the latter crystalline modification still
has the higher photocatalytic activity. This is explained by the
fact that anatase is a semiconductor with an indirect forbid-
den zone, and rutile, in turn, is a semiconductor with a direct
width of the forbidden zone. As a result, in anatase, electrons
and holes can migrate from volume to the surface at a high
rate, which leads to a low recombination rate [147]. Typi-
cally, the mixture of these modifications gives higher photo-
catalytic activities compared to individual modifications due
to the synergistic effects that are manifested in the interfacial
interaction and electron transfer [148–150]. For example,
when using the mixture of anatase and rutile, the recombina-
tion of photogenerated electrons and holes decreases due to
the anatase modification, and light absorption increases due
to rutile.

2.6.2. ZnO.Due to the unique electrical, optical, and mechan-
ical properties and the remarkable characteristics in electron-
ics, optics, and photonics, ZnO can be effectively used in
environmental applications, namely, as a photocatalyst and
a sensor material.

As a photocatalyst, zinc oxide is already competing with
the most popular catalyst based on TiO2, which holds leading
positions not without a base. Recently, however, in-depth
research in the scientific literature on the ZnO-based photo-
catalyst for the destruction of various pollutants in aqueous
solutions shows the significant promise of this oxide for use
along this direction [111]. It is noted that the creation of a
“suitable” ZnO architecture during synthesis will allow min-
imizing the loss of the electron during excitation and maxi-
mizing the absorption of photons [151–153]. Among other
things, its nontoxicity and ecological purity are noted, which
are very important for such materials that are used for envi-
ronmental purposes [111]. Thus, by varying the morphology
and particle size, it is possible to create effective photocata-
lysts for wastewater treatment.

Zinc oxide has proved itself as a promising sensitive
material for gas sensors because of its high surface conduc-
tivity in various environments. At the same time, this
parameter strongly depends on the morphology and size
of ZnO particles. It is established that the use of ZnO nano-
whiskers, nanowires, nanorods, and nanobelts as well as the
nanoflower architecture significantly increases the surface
conductivity [154, 155].

2.6.3. SnO2. The sensitivity of sensors based on metal oxides
strongly depends on the morphology of their particles [156].
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In this sense, one-dimensional nanostructures such as nano-
wires and nanobelts are of greatest interest [157–161]. Sensors
based on them are promising because of the possibility of cre-
ating sensors of ultrahigh sensitivity ppb-level sensors. The
authors [162] theoretically proved and experimentally con-
firmed that the sensitivity of one-dimensional nanostructures
is much larger than that of nanoparticles with a round shape
and depends on two important parameters: (1) the particle
surface-to-volume ratio and (2) the Debye radius. It has been
shown that the characteristics of metal-oxide sensors strongly
depend on the size and morphology of nanostructures.

2.6.4. ZrO2. Zirconium (IV) oxide is used as the catalyst (due
to the greater number of acidic centers on the surface) in the
monoclinic modification [163], as the carrier for catalysts
(due to the high thermal stability) in the tetragonal modifica-
tion [164], and as the sorbent in the amorphous phase or at a
low degree of crystallinity [165, 166].

When zirconium (IV) oxide is used as a catalyst, the acid-
alkaline nature of its properties and the presence of several
types of defect in the crystalline lattice and on the surface,
which is one of the main factors of the reactive-catalytic
activity of the surface of any oxide, play an important role.
When using ZrO2 as the carrier for catalysts, it must have suf-
ficiently developed outer and inner surfaces. These require-
ments are provided to obtain zirconium (IV) oxide
crystallites with a size as little as possible. One of the most
unusual and promising properties of zirconium (IV) oxide
particles is their sorption capacity both to anions and cations,
which allows considering nanosized ZrO2 and materials
based on them as instruments for improving the ecological
state of the environment. In this case, the hydrated zirconium
(IV) oxide that is in the amorphous state has the highest
sorption capacity [165, 166]. The specificity of ZrO2 usage
as the sorbent is that it has high selectivity to polyvalent
anions (chromates, borates, sulfates, phosphates, arsenates,
etc.) and can be used at high temperatures without losing
its effectiveness.

The ZrO2 cubic modification is used as an oxygen sensor.
The high thermal stability of the zirconium (IV) oxide cubic
modification and the ability of the sensors based on it to
operate in hot, contaminated, and wet gases without any
additional preparation makes ZrO2 a promising material
for the creation of sensors operating in difficult conditions.
In this case, the use of ZrO2 and materials based on it in
the nanoband allows increasing the surface area of the sensor
material (solid electrolyte), resulting in the receipt of high-
sensitivity sensors to oxygen [167].

2.6.5. Fe2O3.Magnetite is considered as a promising nanoma-
terial for use in water purification due to its high surface-to-
volume ratio, magnetic properties, and the possibility of easy
surface modification and reuse [168]. Because of the listed
advantages, it has enormous potential for application in the
ecological direction as a sorbent, photocatalyst, and modifier.
Particularly noteworthy is its magnetic properties, which
contribute to the creation of more effective water purification
schemes by combining adsorption with magnetic separation,
which is becoming widespread in the field of water treatment

[169, 170]. In addition, magnetite has a relatively lower cost,
high sorption capacity, and stability [171–173]. Current
applications of nanomagnetite, which are predicted in water
purification, can be divided into two groups: technologies
that use magnetite as the nanosorbent or the modifier for
faster removal of the used sorbent (adsorption technologies)
and technologies that use magnetite as the photocatalyst to
destroy contaminants or convert them into less toxic forms
(photocatalytic technologies) [171]. However, it can be
assumed that technology based on the usage of nanomagne-
tite will soon be used employing both approaches at the
same time.

2.7. Optical, Electrical, and Magnetic Properties. As has been
shown in numerous studies [174–179], the optical, electri-
cal, and magnetic properties of metal oxides depend on their
dispersion and morphology. Thus, there is an increase in
electrical resistance and permittivity observed in nanophase
metal oxide systems compared to metal oxide macrosystems
[180], and TiO2 nanoparticles absorb ultraviolet light much
more efficiently than micrometer-sized particles [181]. The
invented phenomena are undoubtedly related to the dimen-
sional effects.

The dimensional effects depend on the nanoparticle size:
it can either be classical (the changes in properties can be
explained only by the influence of the surface) or quantum
(changes in the properties of the substance cannot be inter-
preted as ordinary surface phenomena, most often such
effects are observed for very small particles, the size of which
does not exceed 10 nm) dimensional effects. It is the latter
that directly affects the change in the optical, electrical,
and magnetic properties of substances in the transition to
the nanoscale.

Quantum dimensional effects are manifested in materials
that have dimensions that are comparable to one of the char-
acteristic lengths—the free path of charge carriers, the De
Broglie wavelength, the size of the magnetic domains and
the exciton, etc. [182, 183].

The change in optical properties occurs in nanoparticles
with a size that ismuch smaller than theDeBrogliewavelength
and does not exceed 10-15 nm. The differences in absorption
spectra in these nanoparticles and in massive objects are due
to the difference in their dielectric constant [184].

The increase in the electrical resistance is due to the
increasing role of defects in nanoparticles and the features
of the phonon spectrum. A noticeable change in the electrical
resistance is observed at particle sizes of less than 100nm
[185]. In semiconductors, the approaching of particle size
to 10nm or less leads to the decrease in the band gap (Eg)
to the dielectric level [186].

The magnetic properties of particles in the nanorange
change significantly. In this case the ferro- and superpara-
magnetic properties are manifested. Superparamagnets are
magnetic only when the field is applied, while ferromagnets
have a constant mean magnetic moment and stronger mag-
netic properties [187].

The morphology also has a significant effect on the
physical and chemical properties of nanoparticles. It is gen-
erally accepted that 1D nanostructures are ideal objects for
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studying the phenomenon of nanosized materials and inves-
tigating the dependence of structural properties on their size
and dimension for practical use [188]. It is also expected
that 1D nanomaterials, with their large specific surface area
and quantum retention effects, exhibiting unique properties
in contrast to their bulk analogues, will play an important
role in the development of optical, electrical, electrochemi-
cal, and electromechanical devices of nanoscale dimensions
[189, 190]. Management of the determined size, crystallin-
ity, and composition of 1D nanostructures can lead to the
acquisition of new properties that are impossible in the case
of macromaterials [190, 191].

2.8. Optical Properties. Zinc oxide and tin (IV) oxide have
unique optical characteristics. ZnO and SnO2 belong to
the group of materials that are called transparent conduc-
tive oxides. These oxides are characterized by a wide band
gap Eg > 3 eV and are highly transparent in the visible
spectrum. In this regard, they are used in the manufacture
of a wide range of photovoltaic devices, such as semicon-
ductor LEDs and solar and electrochromic cells [192].
The optical properties of pure zinc oxide and tin (IV) oxide
are influenced by the degree of crystallinity of the material,
the presence of point defects, and tensions in the crystal
structure. These parameters affect the absorption and trans-
mittance in the visible region of the spectrum, which are
important for using them as transparent conductive oxides,
especially for creating transparent electrodes. The optical
properties of materials based on ZnO and SnO2 are regu-
lated by their doping.

2.9. Electrical Properties. Among the metal oxides under
consideration, TiO2, ZnO, and SnO2 are characterized by
electronic conductivity, which has the applied value. These
electrical properties are of great importance when using these
oxides as photocatalysts, sensitive layers of gas sensors, solar
cells, and electrochromic devices. The conductivity of these
materials is carried out both on its own (internal defects)
and by impurity (doped atoms) carriers. The global growth
in the demand for energy-efficient and compact devices stim-
ulates the deep interest of researchers in this class of mate-
rials. The uniqueness of materials based on TiO2, ZnO, and
SnO2 is that they are n-type wide-gap semiconductors that
can be doped to high concentrations, turning them into
degenerate semiconductors, that is, metal like. The transport
in these polycrystalline materials is more complicated than in
corresponding single-crystal materials. However, they are
preferentially used because of their special characteristics,
for example, the fact that TiO2 is characterized by a high
refractive index in the visible part of the spectrum and a high
chemical and thermal stability and the fact that tin (IV) oxide
has the highest chemical stability, which is a prerequisite for
several applications, for example, in electrochemical ele-
ments [193].

Thus, titanium (IV) oxide has the greatest practical
importance in photocatalytic processes, zinc oxide is widely
used both as a photocatalyst and as sensitive layers of gas
sensors, and tin (IV) oxide holds the greatest potential as a
sensitive layer for miniature gas sensors. It should be added

that all of them are used in the listed areas, and the creation
of nanocomposites based on them is considered as the most
promising direction in obtaining photocatalysts and sensory
layers [194].

The authors in [195] have shown that when using TiO2
particles in the form of nanotubes for photoelectric applica-
tions, the vector charge transfer (Figure 13) is facilitated in
comparison with round-shaped nanoparticles, which leads
to faster kinetics and more efficient photoelectrocatalytic
degradation for three different models of disperse azo dyes
in aqueous solutions [196, 197].

In addition, TiO2 nanotubes are characterized by high
sorption-photocatalytic properties (see Figure 14) [198].
According to the data given in [198], the sorption properties
of TiO2 nanotubes considerably exceed the sorption proper-
ties of the commercial nanodispersed TiO2 sample.

Due to the fact that the hexagonal structure of ZnO does
not have symmetry with respect to inversion, this leads to
additional piezoelectric properties in the oxide. Like most
II-VI materials, ZnO predominantly has ionic bonds, which
explains its strong piezoelectric properties [14].

SnO2 is the material that combines high electrical con-
ductivity with such functional properties as high optical
transparency in the visible spectral region and chemical sta-
bility at high temperatures [199, 200]. A high sensitivity is
predicted when using 1D type SnO2 nanostructures in sen-
sory elements due to the higher values of the specific surface
area compared to the round-shaped particles. As a result of
the high values of the specific surface area, a large part of
the adsorbed molecules from a gas medium will be concen-
trated on the surface. Thus, a reaction between the target
gas and the chemically active chemisorbed molecules (O-,
O2-, H+, and OH-) on the surface of 1D structures may occur
at low temperatures [201].

Among the three zirconium (IV) oxide modifications,
only the cubic modification has ionic conductivity, which
determines its use in such a promising direction as the pro-
duction of solid oxide fuel cells [202, 203]. The versatility of
the materials based on the cubic zirconia (IV) oxide is that
when introducing additional atoms (Mg, La, and Y) during
the ZrO2 synthesis the latter obtained a large number of point
defects in the crystalline lattice which are associated with
oxygen vacancies. This fact contributes to the growth of the
ionic conductivity of cubic ZrO2 and leads to the leveling of
its dielectric properties. It should be added that doping not
only changes the crystalline structure of ZrO2 but also
changes its electronic structure, which also increases ionic
conductivity and, besides its application in fuel cells, finds a
demand for the creation of oxygen sensors [204, 205].

2.10. Magnetic Properties. The magnetic properties of
nanosized magnetite depend on many factors, including
the type and defects of the crystal lattice, the size and
shape of the particles, the presence of impurities, and the
nature of the interaction of the nanoparticle with the sur-
rounding matrix or other nanoparticles [206]. It has been
proven that reducing the size of magnetite particles leads
to qualitative changes in its magnetic properties to a one-
domain state and superparamagnetism [207]. The behavior
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of superparamagnetic substances (the size of magnetite up
to 5nm) in the external magnetic field is significantly dif-
ferent from ordinary paramagnets and ferromagnets.
Under the influence of the external field, each separate
magnetic domain takes the same direction as the external
field [208]. In such systems, the losses at absorption and
release of the energy of the external magnetic field are min-
imized, which makes them the ideal basis for magnetic res-
onance contrast mean in MRI studies and the magnetic
modifiers of sorption materials.

Consequently, based on the considered physical, chemi-
cal, optical, electrical, sorption, photocatalytic, and magnetic
properties of metal-oxide nanomaterials at various states of
dispersion and morphology, the prospects and relevance of
the further development of the newest effective nanomater-
ials based on TiO2, ZnO, SnO2, ZrO2, and Fe3O4 for environ-
mental applications in order to develop new environmental
technologies of their use can be argued.

3. Synthesis Methods of Metal Oxide
Nanomaterials and Nanocomposites
Based on Them

3.1. Synthesis of Metal Oxide Nanomaterials. A synthesis
method is crucial for the development of new nanomaterials,
especially for the purpose of their specific applications. It
affects not only the shape and size of the obtained particles
but also the nanostructure, morphology, degree of crystal-
linity, etc., which leads to the different finite physical and
chemical properties (sorption, (photo)catalytic, magnetic,
and optical) of nanomaterials.

Chemical deposition, hydrothermal synthesis, sol-gel
technology, gas-phase synthesis (vapor transport or CVD),
template method, electrochemical synthesis, electrospinning,
“green” technology, combined techniques, and others [138,
209–212] are used for obtaining metal oxide nanomaterials.

The widespread use of chemical deposition, hydrother-
mal synthesis, sol-gel technology, or the so-called soft chem-
istry methods [213] in scientific research is associated with
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Figure 13: Nanostructured (a) and nanotube (b) photocatalytic films and the vector transport of electrons in them.
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Figure 14: The TiO2 nanotube structure and the scheme of the
adsorption-photocatalytic process based on it.
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the relative ease of their implementation and the wide range
of control parameters, such as process duration, concentra-
tion of reactants, and low temperature and pressure. In addi-
tion, to produce metal oxide products with more diverse
properties, these methods can be easily combined with each
other or various additional treatments can be used. For
example, ultrasound or ultra-high-frequency radiation is
used with the main methods of synthesis to exert influence
on such properties of metal oxide nanoparticles such as size,
morphology, specific surface area, and sorption capacity.
Ultrasonic processing makes it possible to avoid the consoli-
dation of formed particles and to achieve a high level of
homogeneity [214, 215].

Synthesis of metal oxides from the gas phase provides a
means for obtaining monocrystalline metal oxide nanoparti-
cles of controlled and diverse morphologies with a high
degree of crystallinity [216–220] with relatively high produc-
tivity, simplicity, and accessibility.

Synthesis methods of metal oxide nanoparticles, such as
the electrochemical method, electrospinning method, envi-
ronmental methods, or the so-called “green” technologies,
are used for purely specific applications or are still in the ini-
tial stage of laboratory studies [209–212].

3.1.1. Chemical Deposition Method. The chemical deposition
method is the simplest method for obtaining various sub-
stances and is based on the interaction of water-soluble or
other solvents of metal compounds (usually chlorides, oxy-
chlorides, or nitrates) with precipitators (alkali metal hydrox-
ides, ammonia, or their oxalates). As a result, the insoluble
compounds (precursors for the synthesis of nanodispersed
metal oxide particles) are formed, which are subsequently
washed, separated, and calcined under certain conditions to
obtain the product with given properties. Even though chem-
ical deposition is considered to be the simplest, in reality, it is
a complex physicochemical process that has several stages,
each of which has a significant effect on the properties of
the final product [221]. By this method, it is possible to vary
the properties and morphology of the resulting particles in a
wide range, but the disadvantage of this method is the com-
plexity of controlling the particle size distribution.

3.1.2. Homogeneous Deposition Method. To overcome this
shortcoming, the so-called homogeneous deposition method
has recently been proposed, where the precipitant and the
deposited substance are in the same phase (solution) and
do not interact chemically. The interaction process occurs
only due to the additional chemical reaction, for example,
the reaction of the carbamide hydrolysis as the mixture is
heated. As a result, ammonium hydroxide is formed, which
enters the deposition reaction. In this case, unlike heteroge-
neous deposition, the entire amount of the precipitant
appears simultaneously, which prevents local supersatura-
tion in the reaction mixture. The degree of supersaturation
depends on the concentration of reagents and the heating
temperature, which affects the size of the obtained particles
[222]. The sediments obtained by this method are character-
ized by less polydispersity and greater homogeneity than in
the case of the heterogeneous deposition.

3.1.3. Hydrothermal (Solvothermal) Method. The essence of
the hydrothermal (solvothermal) method is to heat the aque-
ous (or nonaqueous) solutions of the initial reagents at a
temperature above the solvent boiling point (but usually up
to 573K) in special reactors—autoclaves lined with Teflon.
Processing time varies from 10 minutes to 48 hours. During
the heating process, there is an increase in the pressure of
saturated vapor above the solution to values greater than
0.1MPa. Since the process is carried out in a closed system,
the hydrothermal (solvothermal) method using aqueous
(or nonaqueous) solutions as the reaction medium is envi-
ronmentally friendly. As precursors in hydrothermal syn-
thesis, both inorganic and organic metal salts can be used
[223, 224]. At high pressure, the dissolved metal salt in
water or in another solvent is converted into metal oxide,
bypassing the step of converting salt into hydroxide:

2Me NO3 2 + 2H2O = 2MeO + 4HNO3 3

A necessary condition for the course of this reaction is to
carry out the process at a temperature higher than that of
the area of the hydroxide existing on the P-T diagram. In
addition, the properties of the reagents (solubility, diffusion
rate, and reactivity) also change at elevated temperatures.

The hydrothermal (solvothermal) method allows obtain-
ing metal oxide nanoparticles with a round shape and a size
of 10 nm with a high degree of monodispersity. It was found
that there was an increase of nanoparticle size with an
increase of the hydrothermal process duration. The same
applies to the temperature: the larger particles of the solid
phase are obtained at higher temperatures [225]. Also,
according to this method, particles of other morphologies
can also be obtained: nanowires, nanoneedles, and nanorods
with diameters of 20–150 nm and lengths of 10–300
microns [226, 227]. Thus, hydrothermal (solvothermal) syn-
thesis is a simple, efficient, and ecological method for the
chemical synthesis of metal oxides, as well as complex
oxides, solid solutions, and composites [228]. In addition,
the control of the main process parameters (pressure, tem-
perature, and duration) of this method provides wide
opportunities for obtaining high-quality nanoparticles of
metal oxides. However, it should be noted that the method
is complex in hardware design and is quite energy-
consuming. Moreover, the materials used for the creation
of autoclaves are subject to rigid requirements: they must
be chemically inert in acid and alkaline environments at ele-
vated temperatures and pressures.

3.1.4. Sol-Gel (Hydrolytic) Method. The sol-gel (hydrolytic)
method is a universal process, which is very widely used for
obtaining simple and complex metal oxides of high purity.
In the typical sol-gel process, the colloidal suspension, that
is, the sol, is formed by the reactions of hydrolysis and partial
polymerization of precursors, which are usually inorganic
metal salts or metal organic compounds, such as alcoholic
metals. Full polymerization and solvent removal lead to
the transition from the liquid sol to the solid gel phase.
The development of nanoparticles depends on such factors
as the solvent nature, pH value, solution viscosity, and
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temperature. With relative simplicity and versatility of the
sol-gel method, the properties of the finite material are
sensitive to each stage of this process. The systematic study
of the reactive parameters such as the reaction duration,
temperature, concentration, and chemical composition of
reagents allows controlling the size, shape, and quality of
nanocrystals. Thin films of nanoparticles can be obtained
by this method on the substrate area by spin-coating or
dip-coating techniques [229–232]. As a result of the use of
inorganic metal salts, powders with a larger particle size
in comparison with the organic precursors are produced.
Particles of another morphology, for example, nanofibers
with an average diameter in the range of 100–300 nm and
a length of more than 10μm, can also be received by sol-
gel technology.

A significant advantage of the sol-gel technology is the
ability to achieve a high homogeneity of materials in the case
of the synthesis of complex compounds. All precursors are in
the liquid phase; their mixing is realized at the molecular
level, which results in a high degree of homogeneity. Thus,
it is possible to provide high-quality materials in terms of
the purity, composition, and uniformity of the structure.
Under certain conditions, this method can produce powders,
monoliths, coatings, films, fibers, aerogels, glass, ceramics,
and hybrid materials. It is also possible to synthesize both
crystalline and amorphous nanopowders [233].

3.1.5. Gas Phase Synthesis Method. The gas phase synthesis
method, which is based on the processes of evaporation and
condensation with the passage of a chemical reaction, has
recently become popular for the synthesis of metal oxide
nanostructures. It is usually realized in an inert atmosphere
at elevated temperatures (up to 1573K) [234–237]. The
appropriate metals and their oxides or mixtures based on
them are used as precursors. This method allows receiving
monocrystalline particles of various forms, such as prismatic
plates, tapes, and nanowires, in diameters of 40–200nm and
in lengths from several tens to several hundreds of micro-
meters. In addition, this method allows obtaining mono-
crystals of controlled and diverse morphologies with a
high degree of crystallinity [238, 239]. A feature of the
CVD method is its numerous varieties, among the most
popular of which is MOCVD, which is used for obtaining
metal oxide powders [240].

3.1.6. Template Synthesis. Template synthesis is a process
occurring under the influence of certain factors of spatial
constraints—with the help of a peculiar pattern—a template
that allows controlling the structure of the generated phase.
Template synthesis can also be combined with methods of
electrodeposition, sol-gel technology (most often), and
chemical vapor deposition [241]. The method of template
synthesis allows the preparation of nanoparticles of various
shapes and sizes, as well as structures, for example, meso-
porous structures. The disadvantages of the template
method include the soft processing conditions characterized
by a weak motive force of material deposition, so the pro-
cess of obtaining particles by this method is quite a long-
term process.

3.1.7. Electrospinning. Electrospinning is a relatively cheap
and easy-to-use technology that allows synthesizing mate-
rials in the form of fibers of a certain strength and flexibility
on a large scale. The method consists in the injection of
precursors through stainless steel needles with the applica-
tion of high voltage to produce fibrous mesh material on
the collector. This technology makes it possible to obtain
one-dimensional (1D) nanoscale metal oxide materials
(nanofibers, nanotubes, and nanoclusters) with a required
composition with the given morphology, depending on the
type of the selected solvent and its viscosity, vapor pressure,
and applied voltage [230, 242, 243].

3.1.8. Ecological methods. Ecological methods involve the
synthesis of chemical compounds without the use of sub-
stances toxic to the environment and human health. Another
advantage of such methods is their cheapness [244].

3.1.9. Green Synthesis. Green synthesis of metal oxide nano-
particles is carried out using various extracts [244, 245].

3.1.10. Combined Methods. The combination of different
synthesis methods of nanoparticles allows the use of the
advantages of individual methods, for example, to obtain
nanocomposites with known and controlled chemical and
phase composition, as well as with different and varied parti-
cle sizes [246]. Due to this, in modern practice, combined
methods are gaining popularity [247]. A significant advan-
tage of the combined methods is the possibility of obtaining
both amorphous and crystalline powders with a sufficiently
developed specific surface area (up to 600m2/g and above).

Thus, the considered methods have a high potential for
obtaining nanostructured and nanodispersed metal oxides
with a certain morphology and dispersion. But nowadays,
the problem of the correct choice of the synthesis method
of metal-oxide nanomaterials, which would allow the pro-
duction of metalloxide nanomaterials with certain sorption,
catalytic, surface, and structural properties, arises. In addi-
tion, it also necessary to aim to create materials with new
and unique properties. This will lead to the acquisition of
the newest, most effective metal-oxide nanomaterials with
an ecological direction.

3.2. Creation of Nanocomposites with Metal Oxides. Certain
successes have already been achieved in the synthesis of indi-
vidual nanosized metal oxides, but the possibilities of synthe-
sizing methods for the creation of nanomaterials based on
the individual metal oxides, even with a certain morphology
and dispersion, are limited; therefore, recently the attention
of researches was focused on the creation of nanocomposites
based on them. This is especially promising for nanomater-
ials for environmental purposes.

For example, for sorption materials a number of require-
ments are proposed, namely, cheapness, ease of obtaining,
the possibility of reapplication, and high sorption efficiency
and selectivity. It is known that one of the disadvantages
of ZrO2 as the sorbent is its high cost. To reduce the cost
of such sorption materials, nanocomposites based on ZrO2
can be created in combination with different carriers
[248]. The choice of the carrier must be conditioned by
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its properties, such as a developed surface, chemical inert-
ness, and high sorption properties. The most popular car-
riers used today in the literature are Al2O3, Fe2O3, SiO2,
activated carbon, layered graphite, multilayer carbon nano-
tubes, and graphene.

The main characteristic of sorption-catalytic materials is
their catalytic activity with respect to a certain list of pollut-
ants. They should also have a large adsorption capacity in
relation to the various pollutants of nature, a short time to
establish the sorption equilibrium, and an ability to effec-
tively separate from purified water to prevent a secondary
contamination of the aqueous medium [3, 249, 250]. For
example, TiO2 with a particle size of about 20-30 nm will
have a specific surface area of 60m2/g; however, after the
aggregation of its particles, it can be reduced by two times
or more. Obtaining nanocomposites with it and with differ-
ent carriers may be one of the ways for solving this problem.
As a result, the size of TiO2 nanoparticles is stabilized on the
matrix of the carrier, and the total specific surface area
increases. Also, the creation and application of nanocom-
posites can prevent secondary contamination, and the mod-
ification of, for example, nanosized magnetite can facilitate
the rapid removal of waste materials. This points to the
prospect of the creation and use of nanocomposite material
metal oxides.

A study on the inactivation of Escherichia coli shows
that ZnO-TiO2 composites exhibit high inactivation com-
pared with ZnO and titanium (IV) oxide. The increase
in the inactivation of Escherichia coli by ZnO-TiO2 is
explained by the separation of charge carriers in hybrid
structures [251].

The analysis of literature data shows that magnetic com-
posites based on such matrices as silica gel, activated carbon,
carbon nanotubes, graphene, and clay minerals, are effective
sorption materials for the extraction of heavy metals [252]
and organic pollutants of a different nature [253–255]. Thus,
the modification of activated carbon with a specific surface
area of 430m2/g by nanosized magnetite results in a mesopo-
rous composite with a specific surface area of 742m2/g [256],
while the sorption capacities of polyethyleneimine-magnetite
composites [257], silica gel-magnetite composites [258], and
carbon nanotube-magnetite composites [259] containing
Fe3O4 particles with a diameter of about 10 nm were 2-3
times higher than that of the matrix of the composites. It
should be noted that the specific surface area of nanosized
Fe3O4 is only 13m

2/g [260].
Consequently, the advantages of creating metal oxide

nanocomposites with an environmental direction can be
attributed to the following factors: the ability to fix the nano-
disperse state of metal oxide particles; the ability to obtain
nanocomposites with certain structural-sorption characteris-
tics and a high specific surface area; and the presence of syn-
ergistic effects in such nanocomposite materials, that is, their
sorption-catalytic properties may be much better than their
individual phases.

The creation of nanocomposites can be realized in differ-
ent ways. In the literature, the most promising ways of crea-
tion are considered to be [3] the intercalation of nanosized
particles in the porous system, deposition of nanosized

particles on the inner pore surface of various rigid matrices
(polymers, zeolites, and carbon materials), obtaining hybrid
materials by sol-gel methods, etc.

The structures of some nanocomposites with metal
oxides obtained in laboratory conditions are shown in
Figure 15. As can be seen from Figure 15, the structure of
composite materials can vary considerably: it is possible to
obtain the numerical number of nanocomposites that will
have various physical and chemical properties by varying
the ratio of components, the nature of the matrix, and the
synthesis method.

Proceeding from this, it can be argued that the nanocom-
posite era has only begun. Also, there is no information in
modern literature regarding the influence of certain parame-
ters on the final properties of composites for environmental
purposes, but only a few studies with some of their types
are available. Thus, carrying out systematic and comprehen-
sive research on the synthesis and detection of the physico-
chemical properties of nanocomposite materials with metal
oxides is the urgent and relevant issue that will allow the
development of the scientific basis for the creation and use
of the newest nanocomposites based on metal oxides for
environmental purposes in order to improve their sorption
and (photo)catalytic characteristics in comparison with the
metal oxide counterparts.

4. Features of the Use of Metal Oxides and
Nanocomposites Based on Them for
Ecological Purposes

4.1. Nanomaterials Based on Pure Metal Oxides. As shown
above, nanomaterials based on nanostructured and nanodis-
persed metal oxides are characterized by valuable electrical,
optical, and magnetic properties. In view of this, they are
used more and more in applied ecology, especially as adsor-
bents and photocatalysts, as well as materials used for the
manufacture of environmental monitoring devices.

Adsorption materials based on nanosized metal oxides
should have a large specific surface area, high capacity, fast
kinetics, and specific affinity for various contaminants [3,
249, 250]. The use of nanostructured metal oxides in photo-
catalytic processes can permit the oxidation of organic com-
pounds that are not decomposed biochemically, and the
treatment of aqueous solutions by their use is considered to
be the most promising [250]. Metalloxide nanostructures
used in environmental monitoring as sensitive layers of che-
moresistive gas sensors are characterized by high values of
the sensory signal due to the significant specific surface area;
hence, the higher adsorption capacity [8]. Consequently,
nanosized metal oxide materials are of considerable interest
because of their significant advantages over bulk analogues
and because of the great prospects for obtaining new types
of adsorbents, photocatalysts, and sensitive layers of gas sen-
sors based on them.

Nowadays materials based on nanodispersed TiO2 have
the greatest demand as photocatalysts and disinfectants.
Titanium (IV) oxide-based sorbents and photocatalysts are
particularly effective in extracting a wide range of pollutants
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from water systems [262, 263]. This is evidenced by the
growing number of researches devoted to this topic in the
world. The mechanisms of photocatalysis involving metal
oxides are presented in many studies [264–273]. At the
same time, the prospects of using 1D nanostructures for
photocatalytic processes, which have better transport char-
acteristics than traditional nanoparticles, have recently been
noted [274, 275].

However, unfortunately, these nanomaterials still do not
have a commercial application because of their tendency to
agglomerate due to the Van der Waal forces or other inter-
actions [276], which results in a significant reduction or
even the loss of the high adsorption capacity and selectivity
with prolonged use. In addition, the disadvantages that limit
the practical use of titanium (IV) oxide as a photocatalyst
also include the high band gap, high recombination rate of
electron-hole pairs, and low efficiency of the photocarrier
separation [277]. It is known that the absorption of photons
by particles of titanium (IV) oxide occurs only if the photon
energy is greater than the energy of the forbidden band. In
the case of the TiO2 anatase modification, its surface photo-
activation can be carried out exclusively under the influence
of ultraviolet radiation (≤390 nm). However, only by 5% of
sunlight consists of ultraviolet light (300-400 nm); therefore,
the use of sunlight for the photoactivation of the pure ana-
tase phase is not promising. The high recombination rate
of the electron-hole pairs leads to the decrease in the photo-
catalytic efficiency of TiO2 and, as a consequence, to the low
quantum yield rate and limited photooxidation rate. The
low efficiency of the photocarrier separation leads to the

recombination, and therefore, to the low photocatalytic
activity of photocatalysts.

One of the ways to improve the photocatalytic properties
of TiO2 is by doping or by modifying [277, 278]. This is
achieved by self-doping, doping with nonmetals, doping with
transition and rare-earth metals, or modifying with noble
metals. As a result, the adsorption capacity and photocata-
lytic activity are improved. Using doping, additional energy
levels are created in the structure of the zones that can be
used to trap electrons or holes. As a result, the carriers are
separated, which allows them to diffuse to the surface suc-
cessfully. Also, as a result of doping, the desired redshift of
the absorption edge can be achieved. Thus, doping can
change both the electronic structure and the band gap, which
ultimately leads to the optimization of the optical properties
and the reduction of the massive recombination of photogen-
erated carriers in TiO2. In addition, as was shown previously,
the photocatalytic activity strongly depends on the set of
open crystal facets, which have different levels of surface
energy for the conduction band (CB) and valence band
(VB), which can affect the carrier transport. The facet struc-
ture of TiO2 particles can also be effectively modified by
doping [264].

In addition to doping, for the change in the electronic
properties of photocatalysts based on titanium (IV) oxide
the method of ionic implantation of metals was proposed in
[279], which resulted in photocatalysts that effectively absorb
and work not only under ultraviolet light, but also under vis-
ible radiation (even longer than 550nm). This, according to
the authors, can be the important breakthrough in the use

(a) (b) (c)

(d) (e)

Figure 15: Nanocomposites based on nanodispersed metal oxides for environmental applications [261]: (a) core-shell structure; (b) with
carbon materials and (c) with polymers; (d) surface modification of clay minerals and (e) nonporous metal oxide particles.
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of safe sunlight energy, which can shift these researches into
the field of sustainable green chemistry.

In order to reduce the rate of recombination or even pre-
vent it, the creation (excluding modifying) of nanocompos-
ites based on titanium (IV) oxide is proposed [278, 280].
The modification of titanium (IV) oxide with noble metals
(Au, Ag, Pt, and Pd) effectively increases the photocatalytic
efficiency of TiO2, but it is a very expensive process. In this
composite, the metal plays a dual role as a catalyst and trap
for electrons. Metal nanoparticles direct flows of photoin-
duced electrons and holes in opposite directions, which
prevents their recombination [277]. Combining two semi-
conductors with the corresponding potentials of the con-
duction band and the valence band are considered to be a
promising direction for increasing photocatalytic activity.

In recent years, a number of studies have been carried out
on the formation of TiO2-based heterostructures in conjunc-
tion with other semiconductors such as SnO2, WO3, Fe2O3,
ZnO, and CdS, among which TiO2 and SnO2 composites
are the most noteworthy. Nanocomposites of the TiO2-
SnO2 anatase-rutile modification are characterized by the
highest levels of photocatalytic activity due to the effects of
the merging of SnO2 nanoparticles and the coexistence of
the phases of anatase and rutile [281, 282]. In addition, tita-
nium (IV) oxide and tin (IV) oxide have similar ion radii
(0.68Å for Ti4+ and 0.71Å for Sn4+) and have similar struc-
tural (tetragonal structure of the rutile type) and electronic
properties. The band gap widths of SnO2, TiO2 (anatase),
and TiO2(rutile) are 3.6 eV, 3.2 eV, and 3.0 eV, respectively,
and the potential of the conduction band of tin (IV) oxide
is approximately 0.5V more positive than that of titanium
(IV) oxide [281].

The use of ZnO-based photocatalysts for photooxidative
degradation of organic pollutants in aqueous solutions looks
promising and may be a good alternative of using TiO2-based
photocatalysts [283]. Its advantages include high potential
efficiency, relative cheapness, high stability, nontoxicity, the
absence of secondary pollution, and the possibility of decom-
posing harmful organic pollutants into less harmful pollut-
ants in a relatively short time [284].

Photocatalysts based on zinc oxide synthesized by the
sol-gel method show a high degree of removal (99.7%) of
anionic dyes (for example, methylene orange) from aqueous
solutions. The resulting photocatalyst efficiently and quickly
decomposes azo dyes by the generated superoxide ions,
which were the main species [285]. ZnO nanoparticles,
which were obtained by the hydrothermal method, had vari-
ous nanostructures, depending on the pH: nanorods, hexag-
onal disks, porous nanorods, and nanoflower structures. The
photocatalytic activity of the obtained ZnO nanoparticles,
estimated by the dye rhodamine B (RhB), was not lower than
94%. The photocatalyst had good stability for five cycles
[286]. Thus, zinc oxide is an economical and environmen-
tally friendly photocatalyst that can be used to clean wastewa-
ter contaminated with synthetic dyes.

It should be noted that photocatalysis with both TiO2 and
ZnO depends on the structural design of their particles,
which are classified according to a known dimensional classi-
fication. In a zero-dimensional structure in the form of

spheres, these materials have a high specific surface area
and a porous structure. One-dimensional structures such as
fibers or tubes may have lower recombination levels. Two-
dimensional structures of titanium (IV) oxide and zinc oxide
are characterized by a flat surface, high compression ratio,
low turbidity, and excellent adhesion to substrates; as a result,
they can be effectively used in self-cleaning glasses. The
three-dimensional architectures of these materials can pro-
vide potential benefits for cleaning, separation, and storage.
In general, the properties of these materials strongly depend
on the dimensions of their structures; therefore, it is very
important that the dimensions are taken into account before
their use [287].

Despite the rather significant advantages, the use of
photocatalysts based on ZnO has some problems: ZnO does
not absorb the visible part of the solar spectrum and requires
costly ultraviolet radiation to excite charge carriers that can
recombine quickly; it is difficult to extract ZnO powder from
the suspension after the photocatalytic process; ZnO has a
tendency to aggregate during photocatalysis; and, most
importantly, ZnO is susceptible to corrosion under the influ-
ence of ultraviolet light [111].

All these suggests that oxidative methods can solve the
problem of the lack of clean water [288]. Directional modifi-
cation or doping, creating the specific morphology and archi-
tecture, and attaining the required degree of crystallinity and
the highest specific surface area are necessary for effective
photocatalyst usage; creating metal oxide nanocomposites
also looks very promising. The synthesis and characterization
of porous ZnO-SnO2 nanosheets obtained by the hydrother-
mal method in [289] showed the well-crystallized, porous,
and well-defined morphology of the nanosheet material.
The synthesized ZnO-SnO2 nanocomposites were used as
an effective photocatalyst and as a material in the manufac-
ture of a chemical sensor. The photocatalytic degradation
of the highly dangerous dye, direct blue 15, was carried
out under irradiation with visible light. The synthesized
nanocomposites were also used for the detection of 4-
nitrophenol in an aqueous medium. The synthesized nano-
composites were highly active and highly sensitive. Accord-
ing to the authors, the obtained result was due to the
formation of a ZnO-SnO2 heterojunction, which effectively
separates the photogenerated electron-hole pairs, and the
high surface area.

The successful use of nanomaterials based on zinc oxide
in electrochemical sensors is due to such properties as high
specific surface area, chemical and photochemical stability,
nontoxicity, electrochemical activity, and ease of synthesis.
Its electrochemical activity and electronic communication
features make it possible to consider ZnO-based nanomater-
ials as excellent candidates for electrochemical sensors [290].
However, the elevated operating temperature is still the bot-
tleneck of widespread ZnO usage in real-time gas monitor-
ing; thus, research to reduce the operating temperature is
currently underway. To overcome this difficulty, surface
modification, doping, and light activation are mainly pro-
posed [291].

SnO2-based nanostructures are already widely used in
the creation of miniature chemoresistive gas sensors with
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minimal energy consumption and high sensitivity [292].
However, the sensitivity and selectivity of SnO2 sensors still
remain as pressing questions. To increase the sensitivity of
SnO2-based nanostructures, a modification with various
activating additives is necessary. Increasing the selectivity
can be achieved by creating appropriate nanocomposites
and obtaining information from several sensitive layers
simultaneously with its subsequent mathematical process-
ing. In this case, SnO2-based nanostructures can be used
to detect the most diverse components in the gas mixture,
such as acetone, NH3, NOx, SO2, H2, CH4, CO, CO2, LPG,
and others [293, 294].

Nanomaterials based on ZrO2 are characterized by suffi-
ciently high catalytic activity and sorption capacity due to the
significant specific surface area of nanodispersed ZrO2. Inor-
ganic ion exchangers and adsorbents with ZrO2 have certain
advantages over known organic resins, since they are chemi-
cally stable even under high temperature [295]. The only
drawback of sorption materials based on nanodispersed
ZrO2 is their relatively high cost.

For ecological purposes, all crystalline modifications of
ZrO2, as well as its amphoteric form, are used. Amphoteric
zirconium (IV) oxide behaves as the anion exchange resin
in an acidic and neutral solution and as the cation resin in
an alkaline solution. The value of amphoteric ZrO2 is that it
can be successfully used in the processing of radioactive
waste [296–298].

Crystalline ZrO2 is an important material and is widely
used in ceramic technology and in heterogeneous catalysis.
Due to the nature of the n-type semiconductor, it has recently
been considered as a photocatalyst in photochemical hetero-
geneous reactions. The report in the scientific literature of the
energy values of the forbidden zone in the range from 3.25 to
5.1 eV, depending on the method of sample preparation, also
contributed to this [299]. It is reported that nanoscale ZrO2
of all modifications (monoclinic, tetragonal, and cubic) can
be used as photocatalysts. In [300], ZrO2 was studied as the
catalyst for the photocatalytic degradation of methyl orange
and the effect of all modifications was shown. It was found
that the photocatalytic activity of the pure monoclinic ZrO2
sample is higher than that of the tetragonal and cubic ZrO2
samples under identical conditions. The authors explain the
higher activity of the monoclinic ZrO2 sample with respect
to the photocatalytic degradation of methyl orange by the
presence of a small amount of the oxygen-deficient zirco-
nium oxide phase, high crystallinity, large pores, and the high
density of surface hydroxyl groups.

In recent years, intensive research for the synthesis and
use of nanoparticles based on ferric oxide, especially magne-
tite, which has magnetic properties that can be varied in a
wide range due to the change in size and morphology, has
begun. High surface-to-volume ratio and superparamagnet-
ism make these ferromagnetic nanoparticles particularly
attractive for use in the ecological direction [301]. In addi-
tion, magnetite nanoparticles are nontoxic, chemically inert,
and biocompatible; therefore, they also have a huge potential
for use in water purification.

The applications of nanoparticles based on TiO2, ZnO,
SnO2, ZrO2, and Fe3O4 in the ecological direction listed here

indicate the likely prospect of creating new environmental
technologies with their participation.

4.2. Nanocomposite Metal Oxide Materials. In modern litera-
ture, more and more studies on the creation of metal-oxide
nanocomposites, an extremely promising type of nanomater-
ial, appear. Because of their structure, nanocomposites have
specific, sometimes unique, physical and chemical properties
and can be applied in a wide variety of fields, including engi-
neering, medicine, and ecology as well as in the production of
new materials in the construction industry.

Obtaining nanocomposites with metal oxides for water
purification is considered in terms of stabilizing the latter in
the matrix of the composite and their easy separation after
the completion of the processes of sorption and photocataly-
sis. In addition, the use of individual nanodispersed metal
oxides can lead to environmental contamination with nano-
particles but using them as part of nanocomposites will pre-
vent this [3]. Nanocomposites based on nanodispersed
oxides of titanium and zirconium and a carbon matrix (acti-
vated carbon, carbon nanotubes, and graphene) indeed have
great potential for use in water purification [302]. Mesopo-
rous oxides of titanium and zirconium are characterized by
high values of exchange capacity and chemical and thermal
resistance, and carbon materials have mechanical strength,
resistance to aggressive environments, and a well-developed
porous structure. It is possible to obtain fundamentally new
sorption materials that will have this given set of properties
by combining these phases.

In assessing the promising use of metal oxide nanocom-
posites based on activated carbon for sorption and photocat-
alytic purposes, it was noted that the increase of the sorption
capacity and photocatalytic activity of organic substances is
at least 2.5 times compared with those of pure metal oxides
[303]. The introduction, for example, of TiO2 in a matrix
with a diverse nature increases not only the adsorption
capacity but also the chemical stability of the final composite
material [304].

ZnO-based nanocomposites for environmental applica-
tions are becoming increasingly popular. The most diverse
composites are synthesized based on it, where both natural
substances (clay minerals, chitin, and chitosan) and artificial
ones (graphene, CNT, polymers, and other metal oxides) are
used as a matrix [305, 306].

The creation of composites based on zinc oxide, for
example, ZnO-graphene, allows obtaining photocatalytically
active catalysts with respect to antibiotics in wastewater
[307]. The obtained ZnO-reduced graphene oxide (rGO)
nanocomposites in [308] showed more than doubled photo-
catalytic activity in visible light to dyes of different natures
compared to pure ZnO. The photoactivity of nanocompos-
ites is due to the smaller size of ZnO nanorods and the pres-
ence of rGO, which acts as the photosensitizer, transferring
electrons to the ZnO conduction band inside the nanocom-
posite when illuminated by sunlight.

Obtaining mixed oxide nanocomposites with the partici-
pation of various oxides is considered very promising for the
creation of effective photocatalysts/sorbents to organic pol-
lutants. This fact is confirmed by the authors in [309], who
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showed that the mixed oxide nanocomposite WO3-ZnO is
the most effective photocatalyst for the decomposition of
organic pollutants in water compared to commercial ZnO.

It was established that the creation of nanocomposites
based on tin (IV) oxide with other metal oxides for their
usage as sensitive layers of gas sensors can increase the selec-
tivity of the detection of certain analytes. At the same time,
due to the developed surface of metal oxides and the low sol-
ubility of metal oxide additives in them, there is mainly the
superficial distribution of modifiers. This leads to the pur-
poseful change in the surface state and the creation of addi-
tional active centers, contributing to the separation of the
functions of the metal oxide surface (receptor) and volume
(converter) [310]. SnO2-carbon nanotube nanocomposites
exhibit high sensitivity at low power consumption; there-
fore, effective devices for monitoring the environment at
ambient temperatures can be created based on such compo-
sitions [311–313].

For the “zirconium (IV) oxide-activated carbon nano-
composite,” a synergistic effect in extracting heavy metals
from aqueous solutions was found (the sorption capacity of
the nanocomposite, for example, was 8 times higher than that
of pure ZrO2 and 3.15 times higher than that of activated car-
bon) [227]. Even the ordinary mixing of nanosized titanium
oxide with activated carbon leads to the increase in the sorp-
tion capacity by 1.3 times [314].

In recent years, the development of nanocomposite
magnetic sorbent materials based on minerals is also growing
due to the possibility of the easy removal of clay minerals
after the completion of the sorption process. The synthesis
of magnetite-containing particles and their modification are
considered “green” technologies, and the sorbents themselves
are “green” materials [315–318], while the creation of mag-
netic sorbents is already offered from a variety of wastes
[319]. According to the results of the studies, the modifica-
tion of a clay matrix such as zeolites, bentonites, and mont-
morillonite clays by nanosized magnetite does not reduce
the adsorption capacity [320, 321], and in some cases even
increases it [124, 254].

The analysis of the relevant literary sources leads to the
conclusion that studies devoted to the synthesis and use of
nanocomposite metal oxide materials in the ecological direc-
tion are almost not carried out. Therefore, today this is the
rather topical issue, the solution of which will lead to the
creation of new technologies for obtaining and using com-
posite nanomaterials in the recovery of the environment
and catalysis.

5. Conclusions

The considered features of the properties and the creation of
metal oxide nanomaterials and nanocomposites based on
TiO2, ZnO, SnO2, ZrO2, and Fe3O4 for ecological applica-
tions show the likely prospect of the development of this sci-
entific and practical direction. It is shown that the dispersion
and morphology of nanoparticles have a determining influ-
ence on the finite physical and chemical characteristics of
metal oxide nanomaterials. For TiO2, ZnO, SnO2, ZrO2,
and Fe3O4, the crystallochemical characteristic, the surface

structure, and the features of surface phenomena, which
have a significant effect on their sorption and catalytic prop-
erties, are given. Their use as sorbents, photocatalysts, and
sensitive layers of gas sensors has been substantiated. It is
shown that the creation of metal-oxide composite nanoma-
terials, which will have better sorption and catalytic proper-
ties than their individual metal oxide nanomaterials due to
the synergistic effects and special structural and adsorption
characteristics, is the most promising direction. This will
allow obtaining a fundamentally new class of nanomaterials
for environmental purposes. Based on the analysis of mod-
ern literary sources, it is expected that the use of metal-
oxide nanocomposites for environmental applications will
lead to the development of new effective environmentally
and economically feasible technologies.
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