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Abstract. Approaches to the synthesis of functional nanocompo-
sites based on zero-, one- and two-dimensional solid-state nano-
reactors formed by zeolite cages, pores of mesoporous matrices, or
interlayer cavities in layered compounds are considered. It is
demonstrated that the use of solid-state nanoreactors opens up
extensive opportunities for designing nanocomposites with speci-
fied physicochemical properties and makes it possible to avoid the
aggregation of nanoparticles and to protect them from exposure
to external factors, thus essentially facilitating the practical utility
of these materials. The bibliography includes 304 references.

1. Introduction

The upsurge of interest in nanomaterials and nanotechnologies
observed in the past decade manifests itself as a yearly growth (in
geometrical progression) in the number of publications on this
topic.! The unique properties of compounds in the nanocrystalline
state 2 made it possible not only to create totally new generations
of materials and devices but also to change the fundamental views
about the world around us.>4

The reduction of particles to nanometre sizes changes consid-
erably the properties of materials obtained on this basis, such as
the melting point, heat capacity, electric conductance, etc.>¢
Furthermore, such materials acquire new optical, magnetic and
electronic properties.”-® In general, these changes are more
prominent the smaller the particle sizes.®

The term ‘nanoparticle’ or ‘nanosized particle’ has appeared
in scientific literature over ten years ago; however, there is no
common opinion as to the size below which particles should be
considered as nanosized. Quite different definitions of nanosizes
can be found in the literature, namely, from a few nanometres to
several hundred nanometres.!? Sometimes, the definition of nano-
particles is related to the emergence of new properties other than
the properties of the bulk phase rather than to the particle size.!! It
is believed that the size of nanoparticles is comparable to the
correlation radius of some physical phenomenon (e.g., the free-
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path length of electrons or phonons, the coherence length in a
superconductor or the size of a magnetic domain or a solid-phase
nucleus).!? In such case, particles are characterised by quantum-
size effects that depend both on the nature of the substance and on
its properties. The majority of scientists believe that the maximum
size of nanoparticles is 100 nm; however, they do admit that this is
a purely arbitrary value, which is only necessary to provide a
formal classification.? 3

Two types of nanoparticles are usually distinguished: i,
clusters or nanocrystals; and ii, nanoparticles as such. The first
type comprises particles with well-defined structures and with
sizes of 1—5 nm containing up to 1000 atoms, while the second
type comprises nanoparticles with sizes of 5— 100 nm consisting of
103-10% atoms.'* However, the latter definition is valid only for
isotropic (spherical) nanoparticles, whereas nanowires and lay-
ered particles containing many more atoms and having one or two
linear dimensions do not satisfy this definition, though they are
typical nanoparticles as regards their properties. Owing to such
differences in the linear sizes of nanoparticles, it is expedient to
subdivide them into one-, two-, and three-dimensional nano-
particles (1D, 2D and 3D, respectively).'! Lately, a distinction of
geometrical and physical dimensionality of nanoparticles
appeared.!> It should be noted that if a nanoparticle has complex
shape and structure, it is the size of its structural element rather
than the linear size (which can often be much larger than 100 nm)
that serves as the characteristic size. Such particles are called
nanostructures. They are also subdivided into one-, two- and
three-dimensional (zero-dimensional) particles (Fig. 1), depend-
ing on the anisotropy of the geometrical elements.

Owing to their unique physicochemical properties, nanopar-
ticles are widely used in the creation of functional nanomaterials;
among these, a special role belongs to magnetic and semiconduct-
ing nanomaterials due to the exceptional role of the latter in the
progress of information technology. For example, superparamag-
netic materials based on nanocrystalline transition metals (e.g.,
Fe, Co and Ni) are used in memory devices with ultra-high data
storage density;'® nanomaterials based on semiconductors (e.g.,
AUBY! and A'VBVY') have unique optical properties and show
promise as active elements in lasers with adjustable wavelength,
elements of nonlinear optics, and nanoelectronic devices.!”

I1. Methods for the synthesis of nanomaterials

Numerous methods have been developed by now for the synthesis
of nanomaterials, both in the form of powders and as inclusions in
porous or solid matrices. In this case, ferro- and ferrimagnetics,
metals, semiconductors, dielectrics etc. can serve as nanophases.
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Figure 1. Classification of nanostructures.
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According to Fendler,!® the following conditions are of primary
importance in the synthesis of nanomaterials:

1. The systems should be non-equilibrium. Virtually all nano-
systems are thermodynamically unstable; they are obtained under
conditions that are far from equilibrium, which allows one to
achieve spontaneous nucleation and avoid the growth and aggre-
gation of the nanoparticles formed.

2. Uniformity of nanoparticles. The high chemical uniformity
of a nanomaterial is ensured if separation of components does not
occur during the synthesis, either within a single nanoparticle or
between the nanoparticles.

3. Monodispersity of nanoparticles. The properties of nano-
particles depend very strongly on their sizes; therefore, the syn-
thesis of materials with good functional characteristics requires
that particles with a sufficiently narrow size distribution be used.

It will be shown below that these conditions are not always
mandatory. For example, solutions of surface-active compounds
(micellar structures, Langmuir—Blodgett films, liquid—crystal
phases) are thermodynamically stable but still give rise to various
nanostructures.

All methods for the synthesis of nanomaterials can be tenta-
tively separated into several large groups. The first group includes
the so-called high-energy methods based on the rapid condensa-
tion of vapours under conditions precluding the aggregation and
growth of the particles formed. The methods of this group mostly

differ in the techniques of evaporation and stabilisation of the
nanoparticles formed. Evaporation can be carried out by means of
plasma excitation (plasma-arc), laser radiation (laser ablation),
electric arc (carbon arc), or thermal exposure.!?-2° Condensation
was carried out either in the presence of a surfactant that slows
down the growth of particles upon adsorption on their surfaces
(vapour trapping); or on a cold matrix where the growth of
particles is limited by the diffusion rate;?! or in the presence of
an inert component, which allows directed syntheses of nano-
composite materials with various microstructures.?? If the com-
ponents are mutually insoluble, the nanoparticle size can be
controlled by thermal treatment.'®

The second group includes mechanochemical methods (ball-
milling), which make it possible to obtain nanocomposites by
milling together mutually insoluble components in planetary mills
or by decomposition of solid solutions to give new phases under
exposure to mechanical stress.??

The third group of methods is based on the formation of
spatially confined systems, that is, nanoreactors (micelles, drop-
lets, films, erc.).?*~26 They also include synthesis in reverse
micelles,?” in Langmuir—Blodgett films?® and in adsorbed
layers.?® Obviously, the size of the particles formed in this case
cannot exceed the size of the corresponding nanoreactor,® hence
these methods make it possible to obtain monodisperse systems.
The biomimetic 3! and biological methods for nanoparticle syn-
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thesis, where biomolecules (proteins, DNA, efc.) serve as nano-
reactors, can also be attributed to this group.

The fourth group includes the methods based on the forma-
tion of ultramicrodisperse colloidal particles in solutions by
polycondensation in the presence of surfactants that prevent
aggregation.??

The fifth group comprises chemical methods for the synthesis
of highly-porous and finely-dispersed structures (Rieke metals,
Raney nickel) based on the removal of one component from a
microheterogeneous system as a result of a chemical reaction or
anodic dissolution. The traditional synthesis of nanocomposites
by quenching a glass or salt matrix with a dissolved compound,
which results in crystallisation of this compound in the matrix
(glasses modified by semiconducting or metallic nanoparticles) 33
can also be classified as such a method. In this case, a compound
can be introduced in a matrix in two ways: by adding it to a melt
(solution) followed by quenching or by direct introduction into a
solid matrix using ion implantation.3*

Sol—gel synthesis is among the most widespread chemical
methods for the synthesis of nanomaterials. It is used to obtain
homogeneous oxide systems; chemical modifications of the latter
(reduction, sulfidising, ezc.) gives nanoparticles of the correspond-
ing material in a matrix.3>~3° It should be noted that the sol —gel
method makes it possible to obtain nanomaterials with improved
functional properties by monitoring the composition and struc-
ture of the intermediate products.*°—42 It is also attractive because
it can be implemented under laboratory conditions.?* However,
this method suffers considerable drawbacks. First, it does not
ensure the formation of monodisperse particles. Second, it does
not allow one to obtain anisotropic systems that can be synthes-
ised in nanoreactors, such as two- and one-dimensional nano-
structures as well as spatially ordered structures consisting of
nanoparticles arranged at equal distances from each other or of
parallel nanoplates interlaid with an inert matrix. Finally, in
certain cases the required nanocomposite cannot be obtained
due to the chemical reaction of particles with a gel-forming agent.

It should be noted that the use of free nanoparticles and
nanostructures as materials is quite difficult due to the metastabil-
ity of compounds in the nanocrystalline state. As noted above, this
is caused by an increase in the specific surface of particles with a
decrease in their linear dimensions to nanometres resulting in an
increase in the chemical reactivity of a compound and in the
enhancement of aggregation processes. In order to prevent the
aggregation of nanoparticles and to protect them from external
factors (e.g., oxidation by atmospheric oxygen), nanoparticles are
enclosed in a chemically inert matrix.4?

Analysis of literature data shows that dozens of methods for
matrix isolation of nanostructures have already been developed;
these can be arbitrarily separated into two groups: i, synthesis of
free nanoparticles followed by incorporation into an inert matrix
and ii, direct formation of nanostructures in the bulk of a matrix in
the course of its chemical modification.! 44

The first group of methods is easy to implement but the choice
of the matrices is limited considerably. As a rule, polymeric
organic compounds that do not have very high thermal stability
and do not always have the required physical properties (e.g., high
optical transparency) are used as the matrices.*> Furthermore,
aggregation of nanoparticles during the incorporation cannot be
prevented.*0

The second group of methods makes it possible not only to
avoid these drawbacks but also to directly monitor the parameters
of nanoparticles in a matrix during the stage of their formation
and even to change these parameters during the exploitation of a
material. Matrices used for these purposes should contain struc-
tural cavities that can be occupied by compounds, subsequent
modification of which would result in the formation of nano-
particles in these cavities.#” In other words, these cavities should
confine the zone of a reaction involving the compounds incorpo-
rated in them, i.e., serve as specific nanoreactors. Obviously, it is
possible to synthesise nanostructures with different morphology

and anisotropy by choosing compounds with different shapes of
their structural cavities.

The syntheses of nanomaterials with the use of porous oxide
matrices (usually SiO, or Al,O3)*%4% can serve as examples.
However, due to the disordering of the porous structure of such
matrices and the rather wide pore size distribution, it is almost
impossible to obtain satisfactorily formed nanosystems by this
method. Nanocomposites obtained in porous oxide matrices are
usually employed in catalysis where the requirements for the
monodispersity of particles are not too high.>® Moreover, the
rigid porous structures of such matrices do not allow the size and
morphology of particles to be changed during the synthesis; as a
rule, the latter parameters depend very strictly on the pore size and
morphology,’! that is, a very limited range of nanostructures can
be obtained in a single type of matrix.

Sometimes, fast directed formation of nanoparticles in a
matrix is achieved using additional physical effects, such as ultra-
sonic treatment as well as microwave and laser irradiation.>? >4

II1. Synthesis of nanoparticles in amorphous
matrices

The first practical experience in obtaining nanoparticles in amor-
phous matrices, viz., the preparation of coloured glass, dates back
to the age of ancient Egypt.* However, the mechanism of colour-
ing in such amorphous matrices was established only 100 years
ago.> At present, crystallisation of glass is the main method for
the synthesis of nanoparticles in amorphous matrices. It is known
that the nucleation and growth of crystals in an amorphous matrix
depend both on the heat treatment conditions of a glass and on its
composition. The crystal size can be controlled by creating a
certain concentration of nuclei, which is achieved by heat treat-
ment of a glass at a relatively low temperature. The subsequent
growth of crystals occurs at the higher temperature of annealing.
It should be noted that the matrix composition changes during the
crystallisation and hence the diffusion mobility of ions that
constitute the crystalline phase also changes (decrease in the
diffusion coefficient slows down the growth of particles and
favours the formation of smaller particles of the disperse phase,
whereas an increase in the diffusion coefficient favours the
formation of larger particles).

Glass crystallisation has been used to obtain diverse nano-
particles of semiconducting, magnetic and catalytically active
materials.>® 3% In particular, glasses doped with nanoparticles of
semiconductors are widely used as optical filters. In the first place,
they are attractive owing to their nonlinear optical properties,
such as a considerable resonance effect, a dependence of the
position of the absorption edge on the particle size, the doubling
of the incident radiation frequency (generation of the second
harmonic), etc.%% The possibility of utilising glasses containing
nanoparticles of high-coercivity magnetic phases (barium and
strontium hexaferrites) as a medium for data recording and
storage was considered.! ~ 8

However, the glass crystallisation method does not provide
nanoparticles with a sufficiently narrow size distribution, which is
necessary for the manifestation of the quantum confinement
effects or for the utilisation of such nanoparticles in technology.%¢
This problem is solved by using porous materials with ordered
pore structures, such as mesoporous silica and zeolites having one-
dimensional channels or two-dimensional cavities.®” = It these
cases, nanoparticles of filiform, layered or spherical shapes
(depending on the type of the porous structure) with narrow size
distributions were obtained.®”-70-71

IV. Synthesis of nanoparticles in ordered matrices

Ordered matrices (or nanoreactors) are usually classified in
accordance with the dimensionality of the pores they contain.
Let us successively consider the synthesis of nanoparticles in zero-,
one- and two-dimensional nanoreactors.
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1. Synthesis of nanoparticles in zero-dimensional
nanoreactors

Zero-dimensional nanoreactors are materials characterised by
open porosity with an ordered arrangement of spherical pores.
Such materials primarily include zeolites, i.e., natural and
synthetic aluminosilicates with the composition
MM (Al +2,8i-02y +4y+2:) -1 H>0.7> More than 150 types of
zeolites, including about 30 natural ones, are known to date.
Zeolite structures are built of [SiO4]*~ and [AlO4]°~ tetrahedra
connected by common vertices into a three-dimensional frame-
work penetrated by cavities and channels where water molecules
and cations of alkaline (M’) and alkaline-earth metals (M%) are
located.

Unlike the framework atoms bound by covalent bonds, the
cations located in the channels are bound with a matrix only
electrostatically and can easily be exchanged for other cations in
aqueous solutions.

Isomorphous replacement of aluminium atoms belonging to
the framework by atoms of other elements, such as B, Ga, Fe, Co,
Ti, or V, and exchange of cations incorporated in the pores allow
one to modify the properties of zeolites in a desired direction.
There are several factors that determine the possibility of iso-
structural replacement:”3

— the similarity of the radii of the replaced and replacing
atoms (the larger the difference in the radii the less energetically
favourable the replacement);

— the replacement of a smaller atom by a larger one is
possible provided that the coordination of the latter is smaller,
and vice versa,

— the similarity of the electronegativities and ionisation
potentials of the replaced and replacing atoms;

— the achievement of the minimum free energy during
isomorphous replacement with retention of the coordination
number.

The structures of zeolites are more open than those of other
tectosilicates. The TOy tetrahedra (primary assembly units) form
rings of various sizes and the rings are connected to give more
complex structures (secondary assembly units). Each type of
zeolites is characterised by a definite set of secondary assembly
units. [It should be noted that the Si—O —Si angle can vary in
rather a wide range (135-165°); as a result, the existence of
silicon —oxygen rings with different numbers of atoms becomes
possible.] Rings with five oxygen atoms, in which the Si—O —Si
angle is about 145°, are more typical of zeolites with a high silicon
content. Zeolites with a high aluminium content, which incorpo-
rate many Si— O — Al bonds, are mostly built of rings containing
three or six oxygen atoms. The structures of natural zeolites most
often contain rings with four or six oxygen atoms.

The classification of zeolites is rather a complex task. Each
individual structure is described by the structural code comprising
three Latin letters, viz., the so-called IZA-code accepted by the
International Zeolite Association Structure Commission
(http://www.iza-structure.org/databases/). This code is applicable
both to aluminosilicates and to some other compounds with
similar structures containing atoms of elements (Si, Al, P, Ga,
Ge, B, Be, etc.) in a tetrahedral environment.

The most general approach to the synthesis of zeolites is based
on the joint hydrolysis of silicon compounds and compounds of a
three-charged metal (most commonly aluminium) in the presence
of an alkali and a quaternary amine (template). Organosilicon
compounds that readily undergo hydrolysis, sodium silicate and
silica gel with large surface area (>200 m? g—!) are the most
common sources of silicon atoms, whereas metal salts (sulfates,
nitrates or chlorides) or alkoxides (isopropoxides, butoxides) are
most commonly used as the sources of M3 ions.

The schemes for the synthesis of zeolites with different
compositions and structures are almost the same. The gels con-
taining silicon and aluminium compounds are aged for prolonged
periods of time below the crystallisation temperature (often under
hydrothermal conditions) in the presence of templates. This time

is necessary for a zeolite with a required structure to be formed in a
high yield. The aging conditions and the nature of the templates
play a decisive role in the structures of the zeolites formed.” The
presence of template molecules increases the crystallinity of the
aluminosilicate framework and affects its structure. Zeolites of
some structural types can also be formed without a template. The
structural type of the resulting zeolite also depends on the nature
and concentration of the source of the three-charged metal.

The negative charge of the matrix in a zeolite is compensated
by ions of alkaline metals, ammonium and/or alkylammonium
(depending on the reagents used in the synthesis). Metal cations
are generally removed by washing or by ion exchange for NHJ,
since the presence of metal cations decreases the thermal stability
of the matrices obtained. In order to remove the template, the
ready zeolites are burnt off in a stream of oxygen at 500—550 °C,
which converts them into the so-called H-form. The Si: Al ratio in
zeolites is determined by standard methods of quantitative anal-
ysis.

Zeolites and similar porous materials are used as ion exchang-
ers, selective adsorbents, catalysts and catalyst supports. The
preparation of nanocomposite materials for catalytic purposes
(isomerisation of aromatic hydrocarbons, treatment of NO and
NO; gases) based on zeolites is a promising field of application of
zeolites, hence it is not surprising that the majority of works in this
field deal with the synthesis of nanoparticles of metals belonging
to the 8 — 11th groups of the Periodic system. Zeolites of the FAU,
LTA, SOD and MFI types are most commonly used as the
matrices due to their accessibility and the facility of synthesis.”> 82
It should be noted that these matrices have a number of unique
properties that are important for the directed synthesis of nano-
materials. Their structures are stable over a broad temperature
range. The number of cations in the pores determined by the Al : Si
ratio can be easily controlled during the synthesis, which allows
one to vary the concentration of the reaction centres in the matrix.

Due to the open porosity of zeolites and the high diffusion rate
of gases in the pores, chemical reactions involving intercalated
cations can be carried out at elevated temperatures (e.g., reduction
with hydrogen required for the preparation of magnetic nano-
composites) almost without destruction of the matrix that con-
fines the reaction zone. These properties open up rich possibilities
for the chemical design of nanocomposite materials based on
zeolites.

Nanomaterials based on zeolite Y (FAU type) are the most
popular.76:77-79-85 The structure of a Y-zeolite consists of the
following secondary assembly units: 6-6 (hexagonal prism), 6-2
(hexagon and square with a common edge), 6 (hexagon) and 4
(square) (Fig. 2). The main structural motif of FAU zeolites
consists of an octahedron truncated by a cube, i.e., a sodalite cell
or a small B-cage with an internal diameter of 0.66 nm comprising
four-membered (the free diameter is less than 0.1 nm) and six-
membered rings (the diameter is ~0.22 nm) from T-atoms. The
vertices of the polyhedron contain 24 T-atoms, whereas the
oxygen atoms are located between them. Connection of such
polyhedrons through hexagonal prisms (cage diameter 0.36 nm)
consisting of T- atoms gives the structures of zeolites (X and Y).
They are charactised by a cubic symmetry (Fm3m) with lattice
parameters of a = 24.345 A (Fig. 3). The structure contains
different types of cages: the a-cage (supercage) is the largest (its
diameter is 1.2 nm) and is surrounded by eight truncated octahe-
drons; the P-cage (sodalite cage) is limited by a truncated
octahedron; and the y-cage is a hexagonal prism (see Fig. 2).

The main method for the preparation of nanocomposite
materials based on zeolites involves the exchange of Na*, H*
and NHj cations contained in zeolites for cations of other metals
in aqueous solutions followed by the reduction of the metal with
hydrogen. For example, the preparation of a copper-containing
zeolite by ion exchange of copper nitrate with a NaY-zeolite or by
annealing a mixture of a NaY-zeolite with copper chloride at
420 °C was reported.®® In the case of solid-phase annealing, the
starting zeolite NaY was first stabilised by adding NaBr in order
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Figure 2.  Structure of zeolite Y.

Figure 3. A photomicrograph of a NaY crystal along the [110] direction
obtained by transmission electron microscopy (TEM).7¢

to fill the B-cages. This made it possible to introduce copper into
a-cages and to increase the thermal stability of matrices. The
reduction was carried out in a hydrogen atmosphere at temper-
atures of 300—600 °C. In both cases, the resulting copper particles
(3—7 nm) were larger than the a-cages and the porous structure of
the zeolite was damaged.

Au/NaY and Au-Fe/NaY nanocomposites were obtained in a
similar way.”®-82 Again, the nanoparticles resulting from the
reduction of the metals were much larger than the size of the
zeolite’s a-cage.

Lanthanide-containing zeolites of the FAU structural type are
formed upon ionic exchange of cations within zeolites with
chlorides or nitrates of rare-earth metals.®* Annealing at 500 °C
of zeolites modified by this method gives oxides of rare-earth
metals and results in a partial replacement of aluminium atoms in
the zeolite structure by rare-earth atoms, which improves the
thermal stability of the zeolite. At sufficiently high concentrations
of lanthanides, their oxides are also formed outside the zeolite.

Aside from metal salts, complex cations can also be used. For
example, the Pd(NH;3)4Cl, complex was used®’ to obtain a
palladium-containing zeolite. A Y-zeolite was soaked with a
solution of the complex, annealed at 500 °C in a stream of oxygen
and reduced with hydrogen at 400 °C. Samples with an overall
palladium content from 1% to 10% were obtained using this
method; at high palladium concentrations, the size of the nano-
particles that formed exceeded the size of the Y-zeolite cavity,
which resulted in the destruction of the porous structure. In
contrast, the sample containing 1% of palladium retained the

structure of the original zeolite and its pores contained palladium
particles with sizes about 1 nm.

Guillemot et al.8° described the synthesis of gold nanoparticles
with diameters of ~2 nm in a Y-zeolite matrix by soaking the
zeolite with the Au(en),Clz complex (en is ethylenediamine)
followed by decomposing the complex at 250 °C in a stream of
helium. According to X-ray photoelectron spectroscopy (XPS),
the particles of gold occupied the a-cages of the zeolite.

Publications on the synthesis of nanoparticles of intermetal-
lides T using zeolites have recently appeared. This method was
used to obtain (Pt, Pd)-substituted zeolites.®® Ammonia com-
plexes of palladium and platinum were incorporated in a Y-zeolite
by ion exchange. Thermolysis of metal complexes in a stream of
oxygen at 300 °C followed by reduction in a stream of hydrogen at
300 °C produced nanoparticles of an alloy containing ~40% of
platinum; however, data about the arrangement of the nano-
particles in the zeolite matrix are not available.

An Au-Pd intermetallide was obtained in a Y-zeolite using
the [Au(en);]* ™ complex as the source of gold and Pd(NH3)ﬁ+ as
the source of palladium.® Ton exchange was carried out in two
stages. In the first stage, the palladium complex was introduced in
the zeolite matrix; thermolysis of this complex in oxygen was
accompanied by the formation of Pd atoms and their transfer to
B-cages that are more favourable in terms of coordination. After
that, ion exchange with the gold complex and reduction of the
composite were carried out. The alloy was formed in the a-cage of
the zeolite. Depending on the Au: Pd ratio and the composition of
the starting zeolite, particles with sizes from 1 to 3 nm were
obtained. Prolonged annealing resulted in the melting of the
nanoparticles and their simultaneous growth (to 3.5—-4 nm) as
well as in a partial destruction of the porous structure of the
zeolite.

Lazaro et al.’® suggested a very interesting approach to the
synthesis of clusters in zeolite cages based on the incorporation of
hydrophobic compounds. Iron pentacarbonyl was used as the
starting hydrophobic compound due to its ability to form iron
clusters upon decomposition in vacuo; a dehydrated FAU-zeolite
was used as the zeolite. Homogeneous incorporation of the
carbonyl into the structure of the dehydrated zeolite could be
expected, since the absence of internal OH groups on the cage
walls makes their surfaces close to hydrophobic. In order to
synthesise nanoparticles, a dehydrated NaY-zeolite was first
soaked with iron pentacarbonyl at 77 °C and the pentacarbonyl
was then thermally decomposed in a high vacuum. This resulted in
superparamagnetic iron clusters with particle sizes from 1.5 to
2.0 nm (according to data from Mdssbauer spectroscopy, more
than 90% of the iron in the zeolite existed in the metallic state).
Clusters were formed in pores, and the zeolite structure was not
destroyed.

Carlsson et al.’® studied the arrangement of iron oxide clusters
in a Y-zeolite. The clusters were obtained by oxidation of iron
pentacarbonyl in the matrix at low temperatures.”® According to
chemical analysis and electron diffraction data, the composition
of iron oxide clusters is FecO,,. The clusters are arranged in the
B-cavities of the zeolite (Fig. 4); they are octahedra of iron atoms
with a distance of 3.6+0.15 A between the latter. There are
76 FeO, s units per unit cell of the zeolite.

It should be noted that the synthesis of nanocomposites in
zeolites is not limited to matrices of the FAU structural type.
There are a fair number of works dealing with the synthesis of
nanocomposites in zeolites of the MFI structural type (as well as
of the ZSM, MAS and other types) that correspond to one-
dimensional nanoreactors.

An unconventional physical approach to the intercalation of
chemical compounds into a zeolite matrix is described in a series of

+ Nanoparticles of intermetallides are usually obtained by the substitution
of ions in solutions containing either both cations or cationic complexes in
the required ratio.
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Figure 4. Schematic representation of a cluster in the P-cage of a
Y-zeolite.”®

works.”>%1:92. Au,Clg was incorporated in dehydrated NaY
through the gas phase in a high vacuum and then the gold was
reduced to the 1 + oxidation state. As a result, AuCl clusters were
formed in the zeolite pores.

It was also found to be rather promising to obtain functional
optical materials based on nanoparticles of binary compounds in
zeolite matrices. In such materials, it was possible to combine the
properties of free nanoparticles with the solid-phase properties of
the matrix. It should be noted that the open porosity of the zeolite
matrix usually simplifies the reactions of compounds intercalated
in it with gaseous reagents. For example, Garcia et al.” described
a procedure for the preparation of a CdS/mordenite (MOR)
composite. To do so, the starting zeolite Nag[AlsSis0Oos] - 24 H>O
(mordenite with a two-dimensional system of channels
0.65x0.70 nm and 0.26 x 0.57 nm) was treated with a cadmium
nitrate solution, and sulfidised in a stream of hydrogen sulfide.
The resulting nanocomposite contained cadmium sulfide particles
with a diameter of ~60 nm that were much larger than the pore
size. Although the zeolite lost crystallinity, the resulting nano-
composite partially retained the structural elements correspond-
ing to the original mordenite structure. A NiS/Y nanocomposite
was obtained in a similar way.®3> An NaY zeolite was placed in a
NiCl, solution, dried (He, 400 °C, 2 h) and sulfidised (10%
H,S/Haz, 2 h) at different temperatures (7= 25—400 °C). In this
case, the formation of large sulfide particles was observed as well.

A more successful example of using zeolites as nanoreactors is
described in Ref. 84. Mixed sulfides of cobalt and molybdenum in
a Y-zeolite were obtained by successive replacement of Na™ ions
by cobalt ions followed by incorporation of molybdenum
hexacarbonyl into the zeolite in a stream of CO. According to
chemical analysis, there are about two Mo(CO)e molecules per
a-cage of the zeolite. The overall composition of the sample
obtained at this stage is described by the formula
Co(4 mass %)Mo(10 mass %)NaY. After that, the sample was
sulfidised in a stream of H,S at different temperatures
(25—-400 °C). The sizes of the resulting particles of mixed sulfides
were 1 -2 nm.

Zeolites are also widely employed as matrices for the synthesis
of luminescent nanoparticles.*

At present, the complexity of studying the distribution of
nanoparticles in a matrix by direct observation methods, such as
transmission electron microscopy (TEM), is the main problem in
the preparation of nanocomposites based on zeolites. Therefore,
syntheses of nanocomposites isolated in matrices are most com-
monly based on matrices with ordered porous structures and with
pore sizes of 2— 50 nm. Such matrices include mesoporous molec-
ular sieves and porous alumina.

2. Synthesis of nanoparticles in one-dimensional
nanoreactors

The scope of materials that can be used as one-dimensional solid-
state nanoreactors is not vast. It includes MFI-type zeolites,
mesoporous molecular sieves and mesoporous structures based
on alumina.

a. Zeolites of the MFI structural type

MFI type zeolites have an ordered system of channels with
diameters ranging within 0.54—0.56 nm and with hexagonal
packing (Fig. 5).74-95-100 Metal nanoparticles in channels of
MPFI-zeolites are usually obtained by ion exchange of protons
(zeolite in the H " -form) for metal cations or complexes followed
by mild reduction in a stream of hydrogen.

It should be expected that the reduction of metal cations in the
matrices of such zeolites would produce anisotropic nanoparticles
(unfortunately, the size distribution of particles and their aniso-
tropy were not studied due to the difficulties resulting from the
small sizes of the channels).

Figure 5.

Structure of a zeolite with the MFI structural type.

b. Mesoporous molecular sieves

Mesoporous molecular sieves have been discovered by researchers
of the Mobile Research and Development Corporation (USA) in
1992.101 They synthesised a family of SiO»-based molecular sieves
(MCM-41) with a uniform and highly ordered distribution of
pores, the size of which could be strictly controlled in the range
from 2 to 10 nm, and with an extremely large specific surface area
(~1000 m? g—1).

The template method is the most popular method for synthe-
sising mesoporous SiO,. A template is a centre around which the
main structural units of a matrix are arranged and its framework is
formed. Removal of a template produces a cavity with the same
size and shape as those of the template. The accuracy of the
‘printout’ after the removal of the template depends on several
factors: the nature of the template —matrix interaction, the ability
of the matrix to assume the outlines of the template, the relative
size of the template and the structural units of the matrix. The
scheme of template synthesis is shown in Fig. 6.

Although the discovery of molecular sieves dates back to 1992,
a ‘template synthesis” was first described in 1949 in a study of gel
formation by tetraethoxysilane (TEOS) in the presence of the
methyl orange indicator (template). The silica gel formed upon
condensation of TEOS selectively adsorbed methyl orange. Since
that time, this rather simple and elegant method has become
popular for the synthesis of numerous organic and inorganic
materials.3°

Let us consider the synthesis of molecular sieves for mesopo-
rous SiO, (MCM) as an example. Samples of MCM are obtained
by the polycondensation of silicon compounds [Si(OMe)s or
Si(OEt)4] in the presence of a template. Various molecules can
serve as the template,'°1-1% ¢ o noncovalently bound organic
surfactants [as a rule, cetyltrimethylammonium bromide
(C16H33NMe;Br) is used].

Bifunctional molecules of cetyltrimethylammonium bromide
are amphiphilic, i.e., they contain a hydrophilic head group and a
hydrophobic ‘tail’. In aqueous solution, such molecules combine



Synthesis of functional nanocomposites based on solid-phase nanoreactors

905

] +

Monomer )
Organic
template

Organic template in
an inorganic matrix

Figure 6. Scheme of template synthesis.
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into micelles, in which the hydrophilic head groups form the
external surface, whereas the hydrophobic ‘tails’ are oriented
towards the centre. The extent of micellisation and the shape of
micelles depend on the surfactant concentration. At high surfac-
tant concentrations, micelles are aggregated into liquid-crystal
phases the structure of which depends on the solution temperature
and concentration. Figure 7 shows the phase diagram of the
H,0 - CsH33NMe;Br system.3°
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Figure 7. Schematic phase diagram of the C;¢H33NMe;Br—H>O system

(LC phase designates the liquid-crystal phase).3°

A reaction mixture containing an aqueous solution of the
surfactant, a tetraalkoxysilane and an acid (or alkali) is kept for a
few hours at a constant temperature (80 °C). Hydrolysis of the
tetraalkoxysilane produces mesoporous silica around the surfac-
tant micelles.

Parameters affecting the gel formation include the pH of the
solution, the nature and concentrations of the template and the

Table 1. Types of mesoporous SiO, phases obtained by the template method.

organosilicon compound, the temperature, the type of the cata-
lyst, etc.'03 Particular importance is attributed to the pH of the
medium, more exactly, the (-potential that characterises the
electrostatic interaction between the colloid particles and deter-
mines the structure of the polycondensation products. In the case
of acid catalysis, the hydrolysis of a tetraalkoxysilane is probably
the limiting step, whereas the condensation is relatively fast. As a
result, weakly branched sol particles are formed.

Different types of template —matrix binding are possible. In
our case, the template—matrix interaction occurs due to electro-
static forces, hydrogen bonds or van der Waals bonds.

Sodium silicate is sometimes used as the source of sili-
con.!0%:107 The types of mesoporous phases obtained by the
method described are presented in Table 1 and in Fig. 8.

SiO; layers

Figure 8. Possible structures of MCM-phases.!!?
(a) hexagonal, (b) cubic, (¢) lamellar.

Hydrothermal synthesis is an alternative method for the
synthesis of mesoporous silica. A reaction mixture containing an
aqueous solution of a surfactant and amorphous silica is subjected
to prolonged hydrothermal treatment at about 150 °C. Such
treatment results in the dissolution of silica accompanied by the
rearrangement of its structure. Hydrolysed silicon oxide forms
mesophases around the surfactant micelles.!'!3

In the syntheses of MCM-41, the surfactant concentration in
the starting solution is nearly always maintained below the critical
micelle concentration (CMC1) (see Fig. 7), i.e., the liquid-crystal
phase is absent in the solution before the addition of a silicon
source. This means that SiO, and a surfactant are mutually
assembled into an organic—inorganic liquid-crystal phase during
the reaction. It is assumed that ion exchange of the surfactant with
multiply charged oligomeric silicate ions is the first step of the

Type of mesoporous Template Pore structure Pore diameter Ref.
SiO; phase /nm

MCM-41 C,Hz,+ IN"MesX~ (n = 6-22, X = Hal, OH) hexagonal (Fig. 8a) 2-10 101

MCM-48 the same cubic (Fig. 8b) 2-5 108

MCM-50 " lamellar (Fig. 8 ¢) 4 109

BSA-15 triblock-copolymers hexagonal 5-30 104

MSU-V H>N(CH»),NH> (n = 12-22) hierarchic lamellar 1.3-2.7 110

MAS-5 Ci6H33N " Me3Br— hexagonal 3 111
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formation of mesoporous materials if charged surfactants are
used. Silicate ions are polydentate and can bind several surfactant
molecules by shielding the repulsion forces between the head
groups of the surfactant molecules, thus allowing micelles to
increase in size. This effect is well known for simple surfactant —
water systems. For example, the addition of electrolytes to
Ci6sH33NMesBr solutions results in a transition from spherical to
cylindrical micelles.!'* Hence, the interaction of surfactant
micelles with silicate polyanions produces micellar rods encapsu-
lated in silicate, which then spontaneously build a hexagonal
structure.

It should be noted that this mechanism does not operate if
neutral surfactants are used as templates. They have a much
stronger tendency to form aggregates in water than charged
surfactants (the CMC values for charged surfactants are about
two orders higher than those of neutral surfactants with the same
number of carbon atoms in the alkyl chain). The tendency of
neutral surfactants towards aggregation combined with their
tendency towards interaction with SiO» particles with the for-
mation of hydrogen bonds is sufficient to create mesophases.!!?

The process for the preparation of porous amorphous silica
usually includes three stages: synthesis of a gel, drying, and
removal of the template. The diameter of pores in MCM-41 can
be controlled during the synthesis by varying the type of the
reagents used and the conditions of the synthesis. Drying of gels
results in only a small shrinkage of pores and has only a small
effect on their size, but considerably affects the gel structure. The
method and conditions for template removal affect the final size of
the pores but not their mutual arrangement. There is still no clear
understanding about how the porosity can be controlled at each
stage of the preparation of mesoporous SiO, (synthesis —
drying — template removal) but certain factors determining the
porosity have been studied quite thoroughly. For example, the
pore size in the SiO, —surfactant system can be roughly controlled
by changing the surfactant ‘tail’ length. It was found that in the
series of surfactants C,H,,+ NMesBr, n = 8, 10, 12, 14, 16, 18,
the pore size in the resulting product increased by ~0.45 nm
(Fig. 9 a,b) with each increase in n (An = 2). Yet another way to
change the pore size is to introduce in the system a non-polar
organic solvent [e.g., mesitylene (Fig. 9¢,d)],'°116 which is
incorporated in the hydrophobic part of micelles during the
synthesis, thus increasing their diameter.

The type of the template — matrix interaction affects the thick-
ness of the SiO, walls. The silicate mesophases prepared using
neutral surfactants have thicker pore walls (>1.7 nm) than the
mesophases synthesised on the basis of ionic surfactants

¥ 4 A i i A e i
Figure 9. Photomicrographs of MCM-41 samples obtained by TEM.!0!
(a) CsHi7NMesBr template, d =2 nm; (b) CisH33NMesBr template,
d=4nm; (¢) CisH33NMesBr + MesCgHj3 template (CisH33NMesBr:
MesCeHs = 2), d=6.5nm; (d) same as above (C;sH33NMesBr:
MesCgHs > 3),d = 10 nm.

&

(0.8—1.3 nm).'"> There is no strong electrostatic interaction in
the case of neutral surfactants; probably, this fact favours the
further ordering and provides a product with thicker walls.

The capillary adsorption of gases at their liquid—gas tran-
sition temperatures is one of the main methods for the study of
mesoporous phases. The results obtained by this method show
that the specific surface areas of mesoporous phases are large
(~1000 m? g—') and the pore size distribution is narrow
(Fig. 10). A detailed study of the gas adsorption in mesoporous
matrices ''7 showed that the pore size distribution can be calcu-
lated from data on the gas partial pressure above a sample (p/po)
using a modified Kelvin equation:

2V,
RTn(p/po)

where r(p/po) is the pore size (nm); V. is the molar volume of the
gas used; y is the surface tension factor of its liquid phase
[y(N2) = 8.88 x 1073 N m— 1,117 d(p/py) is the thickness of the
liquid film adsorbed on the sample (calculated using the Har-
kins—Jura equation),''” and 0.3 is the correction for the non-
ideality of the system.

Studies of MCM-41 phases by electron microscopy and small-
angle X-ray scattering (SAXS) showed that the samples have
strictly ordered structures of pores uniformly distributed by size
(Figs 9, 11).118

r(p/po) = +d(p/po) + 0.3,

Q /cm3 gfl a
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Figure 10. Standard adsorption curve («) and pore size distribution (b)
typical of MCM-41 molecular sieve.

Notation: o, is standard adsorption, Q is amount of adsorbed gas, ris pore
size, P, is pore size distribution.
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Figure 11. Small-angle X-ray scattering of an MCM-41 matrix.

All these facts make it possible to use materials based on
mesoporous silica as catalyst supports, membranes, selective
adsorbents, sensor materials and matrices for the preparation of
various functional composite materials.

Films of mesoporous silica are of considerable interest since
they can be used as media with low dielectric constants in the
deposition of multiple-layer integrated circuits. Magnetic nano-
composites based on such films can be used for development of
high-density information carriers.

There are various methods for the preparation of mesoporous
SiO,, many of which involve the chemical deposition of films from
solutions. Obviously, the formation of mesophases in the syn-
thesis of films occurs similarly to the synthesis of the correspond-
ing bulk samples.

The orientation of films with respect to the plane of the
substrate is one of the most important characteristics of films. In
the case of mesoporous silica, special attention is paid to the
mutual arrangement of the mesopores. As a rule, they are oriented
parallel to a substrate, since the film —substrate interaction energy
is a maximum for this orientation of micelles. For example,
MCM-41 films have the (100)-orientation almost in all cases.*
Syntheses of oriented films of mesoporous silica on glass, poly-
meric, graphite, mica and silicon substrates have been
described.!19-121

The ordering of pores in the substrate plane (i.e., the for-
mation of the rolling texture) is much more rare and is only
possible if the substrate has a particular direction. The synthesis of
epitaxial films of mesoporous SiO; on a Si(110) substrate can be

4 (100)

Intensity

(200)

1 2 3 4 5 20 /deg

Figure 12. X-Ray diffraction pattern of a mesoporous silica film obtained
on a Si(110) matrix.''®

1 It should be noted that the films formed at the liquid — gas interface also
have the (100)-orientation.

Figure 13. Photomicrograph of the cross section of a mesoporous silica
film on a Si (110) matrix (the inset shows electron diffraction data).!!®

mentioned as an example.!'® Figure 12 shows the X-ray diffrac-
tion data for such films. The presence of the (100) and (200)
diffraction maxima at 260 values of 2.3° and 4.5° and the absence of
the (110) peak suggest that the mesopores are oriented parallel to
the substrate. Texture measurements showed that the pores in the
substrate plane are oriented parallel to the [100] direction. These
results are also confirmed by transmission electron microscopy
data for a chip from a sample and by electron diffraction data
(Fig. 13). At the same time, the SiO films obtained on Si (100) and
Si(111) substrates are not oriented in the substrate plane.

c¢. The use of mesoporous SiO; for the synthesis of nanocomposites
The application range of mesoporous phases and materials based
on them is very broad due to their unique properties, such as the
large specific surface area, the ordered system of mesopores, the
uniform pore size distribution, the high diffusion rate of gases into
the material bulk, ezc. Mesoporous phases find use as catalysts 122
and catalyst supports;!?3 matrices for conductive polyaniline 1?4
and carbon fibres;'?’ tiny reactors for redox reactions;!2° selective
membranes;!?” adsorbents with large surface area;'°! and porosity
standards.!0!

In terms of structural parameters, the nanostructures synthes-
ised inside cylindrical pores are subdivided into bulk nanopar-
ticles, nanowires and nanotubes.!'?® The methods for the synthesis
of SiO,-based nanocomposites can be classified into two groups.
The first group includes the methods based on the impregnation of
a porous material with metal salts followed by the chemical
modification of the composite. For example, the synthesis of Ag
and Cu nanoparticles in the mesoporous MCM-48 phase grade
(mesoporous SiO, with cubic structure) was described.’* MCM-
48 samples were impregnated with solutions of AgNOs; and
CuNOs in ethanol and then dried to remove the solvent. During
the evaporation of the solvent, the Ag*, Cu* and NO3 ions were
adsorbed on the silica surface. Reduction of the resulting compo-
sites resulted in Ag and Cu nanoparticles (Fig. 14) with sizes
(~10 nm) exceeding the pore diameter of mesoporous silica
(~3 nm). Presumably, in this case nanoparticles formed outside

Figure 14. A TEM photomicrograph of mesoporous SiO, with incorpo-
rated Cu and Ag particles (Ag: Cu = 1:3).%
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the pores. This probably resulted from low hydrophilicity of the
inner surfaces of the mesopores '°! that complicated their impreg-
nation with aqueous solutions.'?® As a result, the method for the
synthesis of nanocomposites based on the impregnation of meso-
porous silica with solutions of metal salts resulted in the formation
of large particles.

The second group of methods is based on modifying meso-
porous silica with metal complexes (in particular, complexes that
form chemical bonds with silicon or oxygen atoms). The com-
plexes can be incorporated in SiO, through the gas phase, by
impregnation or by electrochemical treatment.

Jinwoo et al.'3° described the preparation of filiform Pd
particles in the pores of mesoporous silica by incorporation of
palladium hexafluoroacetylacetonate through the gas phase into
the pores of an MCM-48 or MCM-41 matrix. Before the process,
the matrices were annealed for 8 h at 400 °C. The precursor was
incorporated into the pores in vacuo at 55 °C (as a result, the
colour of the sample changed from white to yellow). The subse-
quent reduction of the palladium complex at 150 °Cina 10% Ha/
N> mixture gave palladium nanowires (Fig. 15).

Incorporation of siloferrocenophane [Fe(CsH4)2SiMe;] into
the channels of mesoporous silica followed by polymerisation
gave iron-containing particles.'?® 1t should be noted that the
polymerisation of siloferrocenophane is accompanied by the
formation of a chemical bond between the silicon atom of the
complex and the oxygen atoms of mesoporous silica (Fig. 16 a),
which allows one to decrease the mobility of the complex within
the porous structure. Subsequent pyrolysis of the resulting com-
posites in a stream of nitrogen at 900 °C results in the formation of
iron monowires in a silica matrix (Fig. 16 b,c). Unfortunately, the
nanoparticles obtained had nonuniform lengths (they filled the
pores only partially) and thicknesses (the thickness nonuniformity
can be explained by the partial melting of nanocrystalline iron
during the annealing).

Figure 15. A TEM photomicrograph of Pd nanowires in an MCM-41
matrix.!30

In the context of the synthesis of uniform particles, the study
by Leon et al.'?° is of considerable interest. It reports the synthesis
of germanium nanoparticles in a mesoporous silica matrix; these
particles reproduce the shape and size of the pores. The nano-
particles were obtained by incorporation of Ge,Hg into the matrix
through the gas phase at a high pressure (5—40 atm) at room
temperature followed by thermal decomposition.

The synthesis of nanocomposites by incorporation of a metal
complex into a mesoporous matrix in a liquid phase was described
by Parala et al.'3' The nanoparticles of CdSe were obtained by
impregnation of an MCM-41 mesoporous matrix with a solution
of Me»Cd and (BusP),Se in tributylphosphine followed by heating
to 325 °C in trioctylphosphine oxide. As a result, CdSe nano-
particles with sizes of 3—5 nm formed inside the porous structure
of MCM-41.

An alternative method for the synthesis of filiform iron nano-
particles was reported by Napolskii e al.'3> A nonpolar iron
complex capable of decomposing at low temperatures with weak
aggregation of nanoparticles was incorporated into the hydro-
phobic part of a liquid-crystalline micelle (C;¢H33NMesBr) in a
mesoporous silica matrix (Fig. 17). Fe(CO)s was chosen as such a
complex. The carbonyl complex was decomposed in vacuo under
UV irradiation. The particles of metallic iron resulting from the
decomposition (Fig. 18 a) were shown !33-134 to contain a consid-
erable fraction of amorphous iron; therefore, it was suggested to
additionally crystallise iron particles in the channels of mesopo-
rous silica by annealing in hydrogen flow at moderate temper-
atures.

The particles obtained after the annealing were characterised
by a high anisotropy parameter, which was assessed using two
independent methods: the temperature dependence of magnetic
susceptibility and the small-angle polarised neutron scatter-
ing.!35- 137 It was found that decomposition of Fe(CO)s at high
temperatures resulted in a more complete crystallisation of iron,
hence the nanocrystals grew lengthwise. Since the diameter of the
nanoparticles does not change, this increases the geometrical
anisotropy factor. For an iron-containing sample reduced at
375 °C, the anisotropy parameter equals 40, the coercive force is
~450 (E, and the saturation magnetisation is ~3 emu g—'.
Thus, not only nanoparticles were obtained in the pores of
mesoporous silica but also their distribution was made homoge-
neous.

A different approach to the synthesis of nanoparticles in the
pores of mesoporous SiO; based on the hydrophilisation of the
internal surfaces of a silica matrix by ethylenediamine was
implemented by Zhang et al.'3® The nanoparticles of ZnO (a
wide-gap semiconductor) ¥ were obtained by adsorption of Zn2*

§ The interest in ZnO nanoparticles is primarily due to the possibility of
employing the latter in elements of short-wave electrooptical devices.

a
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Figure 16. Scheme of the synthesis of iron nanowires in an MCM-41 matrix (a) and photomicrographs (b, ¢) of the resulting composites (b is cross section,
¢ is longitudinal section).!?3
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Figure 18. TEM image and electron diffraction (shown in the insets) of
iron nanowires in a mesoporous silica matrix obtained by UV irradiation
in vacuo (a) and additional crystallisation at 375 °C (b).!33

cations on a porous silica surface modified with N-[3-(trimethoxy-
silyl)propyljethylenediamine followed by annealing in air at
600 °C. In principle, functional groups can be attached to both
the internal and external surface of silica. In the latter case, this
results in larger ZnO particles on the matrix surface. However,
since the major part of the surface of mesoporous silica consists of
the internal surfaces of the pores, the reaction of Zn?* cations
with ethylenediamine mostly occurs inside the porous structure.
TEM data confirm the presence of zinc oxide nanoparticles in the
pores of the mesoporous matrix and the absence of large particles
on the external surface (Fig. 19). The content of zinc oxide in the
samples reaches 9 mass %.

The absorption spectra suggest that the absorption edge of
ZnO nanoparticles is shifted to the short-wave region (290 nm),
whereas that of macrocrystalline ZnO is at 370 nm (3.1 eV). The
considerable blue shift in the absorption spectra is caused by an

Figure 19. TEM image of ZnO particles in a mesoporous silica matrix;!3°
(a) cross section, (b) longitudinal section.

increase in the band gap, which in turn is a manifestation of the
quantum confinement effect. Studies of the photoluminescent
properties of zinc oxide nanoparticles show the presence of a
rather intense light emission in the blue part of the spectrum
(~460 nm). The suggested method was tried for syntheses of
other compounds, but it succeeded only in the case of cobalt oxide.
Particles of precious metals such as silver, gold and palladium, as
well as particles of nickel and copper oxides, could not be obtained
using the method described above.

Particular interest is attracted by the synthesis of one-dimen-
sional nanoparticles utilising films of mesoporous silica, including
magnetic nanocomposites for data storage devices with ultra-high
density of recording.

The rapid development of information technologies in the
past years has necessitated the storage and processing of huge
amounts of information, which has required that new devices with
ultra-high areal density be created. Principally new magnetic
materials with high-precision properties and nonlinear magnetic
characteristics have been developed for these purposes.

According to literature data, ferromagnetic nanosized struc-
tures are the most promising magnetic materials for storage
devices. However, materials based on spherical nanoparticles
have low blocking temperatures and a near-zero coercive force at
room temperature; therefore, it was suggested to use anisotropic
nanoparticles.!3°

Yet another important requirement for magnetic materials
based on nanoparticles is that magnetised nanoparticles must be
firmly ‘fixed’ in a matrix to prevent their movement, aggregation
and chemical interactions. This can be achieved by synthesising
magnetic nanoparticles in nanoreactors. Utilisation of such par-
ticles instead of metallic alloys makes it possible to avoid the use of
a protective layer on the magnetic data medium and thus to
increase the resolution capability of the reading head.

Napolskii et al.'3?> and Eliseev er al.'*® considered the
prospects of magnetic nanocomposites obtained on the basis of
epitaxial mesoporous SiO; films in storage devices with ultrahigh
data density. It is known that mesoporous SiO» forms epitaxial
films on certain supports [e.g., on Si(110)]. It was found that the
incorporation of a magnetic material (e.g., iron) into the pores
results in an ordered system of magnetic nanoparticles a few
nanometres in diameter and several hundred nanometres long
(Fig. 20).

Such particles are isolated from each other by silica walls;
therefore, exchange interactions between them are sufficiently
low.'#! Their geometrical anisotropy is yet another advantage that
allows one to stabilise the magnetic moment of a separate particle
and increase the coercive force. One more advantage should also
be mentioned: the system of magnetic particles in a mesoporous
silica reproduces the dimensions, shape and arrangement of pores,
hence it is also ordered. This allows a reading head (for example,
the tip of a magnetic force microscope) to be positioned with high
precision when reading or writing data.!3?
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Figure 20. Scheme of growing of epitaxial films of Fe/SiO, nanocompo-
sites for devices with ultra-high recording density.

d. Mesoporous aluminosilicates

Mesoporous materials based on silica with an ordered pore
arrangement, in which a fraction of silicon atoms are replaced by
aluminium atoms, are promising matrices for the synthesis of
nanocomposites. Partial replacement of Si atoms by Al atoms in
the silica structure creates a negative charge on the matrix, which
is proportional to the amount of incorporated aluminium. Cati-
ons of transition metals can play the role of positively charged
counterions located inside the pores; the number of such ions can
be controlled by changing the content of aluminium in the matrix.
Reduction of transition metal cations allows one to obtain nano-
composites with a predefined content of a metal phase in the
aluminosilicate matrix.

Sasaki et al.'4143 gynthesised platinum nano wires using
mesoporous aluminosilicate FSM-16 with a hexagonal arrange-
ment of pores ~3 nm in diameter. The matrix was annealed in an
oxygen flow at 500 °C, impregnated with an H>PtClg solution and
reduced under UV irradiation in the presence of a propan-2-ol
vapour. This gave platinum nanowires 150—500 nm long
(Fig. 21).

Subsequent utilisation of aluminosilicates for synthesising
filiform nanoparticles of transition metals showed 4! that the
morphology of nanoparticles in the samples depends on the Si: Al
ratio in the aluminosilicate matrices. Nanocomposites containing

Figure 21. HRTEM photomicrograph of Pt nanowires in an FSM-16
matrix.!43

filiform particles were obtained using aluminosilicate matrices
with a small content of aluminium (<10 mol.%). At higher
aluminium concentrations in the matrix, not only nanofibres but
also spherical particles with sizes of 3— 10 nm formed; in this case,
the total amount of the transition metal in the nanocomposite
decreased. This is presumably explained by the formation of
aluminium polyhydroxocomplexes that close the pores and pre-
vent the incorporation of metal ions.

Kolesnik er al.'** and Eliseev et al.'*> compared the ion-
exchanging properties of mesoporous aluminosilicates containing
from 5 mol.% to 33 mol.% of aluminium obtained by cohydrol-
ysis of silicon and aluminium compounds or by the hydrothermal
method. It was shown that the parameters of ordering of the
aluminosilicate structures depend on the hydrolysis rates of silicon
and aluminium compounds.'#® It was found that ~90% of the
overall number of aluminium atoms present in the reaction
mixture are incorporated into the aluminosilicate structure,
whereas the remaining 10% form polyhydroxocomplexes and
block the pores.

e. Porous alumina
Films of porous alumina obtained by anodic oxidation are
intensely studied in the context of their possible utilisation as
templates in order to form nanostructured composites. The
structures of such films contain an ordered pore system with the
closest hexagonal packing, where the pores are arranged at right
angles to the substrate surface. Their diameters and distance
between the neighbouring pores can be varied in a broad range.
The technology for the synthesis of porous alumina and its
utilisation as a protective oxide coating has a long history.
However, fundamental studies on the processes of self-organisa-
tion of nanostructures in a porous alumina matrix started only ten
years ago. The latest achievements in the assembly of nano-
structures using porous alumina were reviewed by Shingubara.!'4’
He also considered the utilisation of the resulting nanomaterials as
high-density data storage media, functional nanosystems demon-
strating quantum confinement effects, high-sensitivity chemical
sensors, electronic devices with nanometre sizes and biochemical
membranes. The main attention in our review will be given to
synthetic approaches to the formation of nanocomposites with
ordered structures of active sites in the porous alumina matrix.
The anodic oxidation of aluminium and its alloys in acidic
electrolytes have been intensively studied for a long time due to
their wide industrial utilisation. An early work '#® describes the
structure of the porous alumina cell and the dependence of the
lattice cell size on the voltage. A number of publications 4%~ 151
report the assumed mechanism of the formation of mesopores
during the electrolytic dissolution of aluminium. (Unfortunately,
the nature of the nanopore self-organising process has not so far
been established unambiguously.) Thompson et al.'3! studied the
effect of several processes on the formation of nanoporous
alumina, including the growth of alumina at the aluminium/
alumina interface due to the transfer of AI’*, OH~ and O?~
ions from the internal side of the oxide film to the external side, as
well as the dissolution and deposition of alumina at the oxide
film —solution interface. It is stated '32 that the morphology and
conditions for the formation of a hexagonal ordered pore struc-
ture in alumina obtained by the anodic oxidation of aluminium in
oxalic and sulfuric acids '3? are determined by the dependence of
the coefficient of volume expansion of alumina on the anodising
voltage and by the oxide formation rate. Nielsch ez al.}>* assumed
that the self-organisation of a structure requires a 10% porosity of
the material, irrespective of other anodisation conditions. In other
words, it is possible to obtain ordered porous alumina with any
size of the lattice cell, provided that the applied voltage and the pH
of the electrolyte satisfy the ‘10% porosity’ rule. At present, the
difference between the densities of alumina and metallic alumi-
nium is also considered as an important factor for the formation
of an ordered porous structure. Since the density of the oxide
(~3900 kg m—3) exceeds considerably the density of pure alumi-
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nium (2698 kg m—3) and electrochemical oxidation occurs only in
a thin layer at the oxide film/metal interface, the increase in the
density leads to the formation of an ordered porous structure.

The recent outburst of interest in the study of porous alumina
was caused by the work by Masuda and Fukuda '5> who described
the synthesis of a highly ordered porous alumina structure by two-
stage oxidation. Initially, alumina with a highly ordered porous
structure at the lower film boundary was obtained by the anodic
oxidation of high-purity aluminium for 160 h at 0 °C in 0.3 M
oxalic acid at a constant voltage of 40 V. The subsequent selective
dissolution of the film in a mixture of 85% H3PO4 (35 ml litre 1)
and CrO3 (20 g litre— 1) 56 at 80 °C gave aluminium with highly
ordered relief of the surface. The second anodic oxidation of
aluminium with such a roughened surface gave an oxide with a
highly ordered nanopore structure. Such alumina can be used as a
nanoreactor.

Figure 22 shows a typical structure of porous alumina
obtained by two-stage anodic oxidation. Scanning electron micro-
scopy data show the hexagonal packing of the nanopores. The
mean pore diameter is 36 nm and the distance between the pore
centres is ~90 nm. A cross-section of the porous structure (see the
inset in Fig. 22) demonstrates the formation of the so-called
‘barrier layer’ ~30 nm thick with periodic roughness of the
aluminium support. The neighbouring pores are separated by
side walls ~ 50 nm thick.

.

Figure 22. Typical structure of porous alumina obtained by two-stage
anodic oxidation. The inset demonstrates the cross section of the film.

The choice of the acid in which the aluminium surface is
subjected to anodic oxidation determines the size and geometric
arrangement of the nanopores. The anodising voltage (V,) which
provides the formation of a porous alumina with highly ordered
pore structure also depends on the acid.

Acid ValV Dyore /nm Deenn /nm
H,SO4 25-27 >13 ~55
(COOH), 40 >25 ~90
H3POy4 195 >200 ~ 500

The dependence of the mean cell size and the diameter of the
pores on the voltage of anodic oxidation is shown in Fig. 23 for
oxalic acid as the electrolyte.!>” The maximum ordering of the
pores is achieved at a voltage of 40 V. The ordering increases with
an increase in the duration of the first oxidation and the acid
concentration. Masuda et al.13% 15 also studied the conditions of
the self-organisation of the porous structure of alumina obtained
by the anodic oxidation of aluminium in sulfuric and phosphoric
acids.
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Figure 23. Dependence of the mean cell size (/) and pore diameter (2) on
the anodic oxidation voltage in oxalic acid solution.!?

Additional etching of the resulting porous material in appro-
priate acids makes it possible to widen the pores. The cell size of
porous alumina differ slightly depending on the electrolyte used
(at equal voltages). For example, the cell size in alumina obtained
by anodic oxidation at 30—40 V in sulfuric acid is slightly smaller
than in that obtained in oxalic acid.

Japanese researchers 190161 controlled the formation of mes-
opores by pretreatment of the starting aluminium surface. To do
so, periodic mechanical defects were applied on an aluminium
surface (by pressing aluminium with a silicon carbide having a
preset surface periodicity at the mesolevel). The press-form was
prepared using lithography and dry etching. This approach made
it possible to obtain a well-ordered (by depth) pore structure (the
ordering zone was 1 mm).

Yet another surface pretreatment method utilises the tip of an
atomic force microscope (AFM) to apply defects on aluminium
surface.'%? Using a diamond tip, it was found possible to create
periodic depressions with a preset depth and geometric arrange-
ment on aluminium surface. This method makes it possible to vary
the structure of mesopores in a broad range. In particular, it was
used to obtain a thin layer of alumina with a tetragonal pore
packing. (As the thickness of the oxide coating increases, the
porous structure tends to organise a hexagonal pore packing with
a distance of ~90 nm between the pores.) The effect of the
distance between the neighbouring defects on the organisation of
the porous structure was studied. It was shown that the distance
between the neighbouring pores could be varied from 65 to
~ 100 nm at a constant anodisation voltage of 40 V and that
even a small mechanical strain (~ 5 x 10~> N) was sufficient for a
controlled formation of mesopores by this method.

Alumina with an ordered mesopore structure was used for the
synthesis of various nanomaterials. Porous alumina films are used
as masks for etching certain materials, as templates for making
polymer ‘imprints’ and as porous matrices for incorporating
functional materials by electrochemical, sol—gel and CVD depo-
sition.

Ton or plasma etching of semiconducting materials can serve
as examples of the first process. In this case, the porous oxide
structure of alumina is copied onto a substrate with a sufficiently
high reproducibility.!63~ 165 Making an ‘imprint’ of a porous
structure on a metal substrate by polymerisation of poly(methyl
methacrylate) in the pores of alumina followed by dissolving
alumina and sputter-deposition of a metal is a similar process (in
this case, porous alumina plays the role of the template).!>>
Incorporation of functional components into mesopores of an
alumina matrix by electrochemical, sol —gel or CVD deposition is
the most popular method for the synthesis of nanocomposites.

Studies of magnetic materials based on porous alumina were
started a quarter of a century ago.!%¢~ 198 The main purpose of
these studies was to create magnetic materials with ultrahigh data
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density. The data density on modern data recording media reaches
100 Gb inch—2, and the trend of the growth in the data carrier
capacity has been maintained for over four decades. Currently, the
possibility of creating materials with data density exceeding
1 Tb inch—2 is being studied.

Arrays of densely packed magnetic FePt nanoparticles
(Fig. 24) is among the most promising magnetic materials;'% 170
however, such particles with sizes of about 5—10 nm are in a
superparamagnetic state and hence have a zero coercive force at
room temperature. Ordered structures could not be obtained from
these strongly anisotropic nanoparticles. Free FePt nanoparticles
are generally unstable and tend to aggregation, which results in
the necessity of creating a protective surface layer; the latter
certainly decreases the prospects of using such structures as data
media.

Figure 24. Array of densely packed magnetic FePt nanoparticles.!7?

It could be expected that magnetic nanofibres incorporated in
a porous alumina matrix would satisfy the requirements for state-
of-the-art data media. The simplicity of creating structures with
high geometric anisotropy in the direction perpendicular to the
substrate plane makes porous alumina very promising for the
development of magnetic materials. Numerous publications are
known that deal with the synthesis and study of nanoparticles of
nickel,!7! 176 jron, 172175177178 obalt,172.175.179 181 plagi_
nides,!”3 lead '7® and alloys such as CoFe 82 and NiCo.!%3

Pulse deposition and electrodeposition with alternate current
are the most efficient methods to synthesise metals in a porous
alumina (deposition with direct current is accompanied by break-
down of the double electric layer, which results in the formation of
large particles on the alumina surface). The use of electrodeposi-
tion of functional materials into alumina pores encounter a
serious problem due to the existence of an Al,O3 barrier layer
between the aluminium substrate and the lower boundary of a
pore. Therefore, various methods have been developed for the
removal of the barrier layer.!”!- 184 The method for decreasing the
barrier layer thickness by gradually decreasing the anodic poten-
tial 1% is recognised as the most successful. Yet another problem is
that the formation of nanoparticles occurs at the porous struc-
ture—substrate interface and diffusion of solution ions to this
interface is hindered; because of this, an important role in electro-
deposition belongs to the time between successive deposition
pulses.!7!

Magnetic Co nanowires with diameters of 10 to 60 nm and
with distances of 60 to 120 nm between the adjacent wires
(Fig. 25 a) were obtained using a porous alumina matrix synthes-
ised by the anodic oxidation in oxalic or sulfuric acid. An
HRTEM study of the cross-section of an array of nanofibres
showed that the fibres consisted of partially aggregated cobalt
nanoparticles (Fig. 255).7°

An important advantage of the alumina matrix as a nano-
reactor is that it is possible to obtain ferromagnetic fibres of
different lengths by varying the duration of electrodeposition.
Figure 26 shows the magnetic reversal curves for Co nanowires 5,

Figure 25. Cross section of an array of magnetic cobalt particles in a
porous alumina matrix (¢ and b designate different magnifications).”

60 and 220 nm long. There are apparent differences in the
magnetic anisotropy of such nanowires: cobalt nanowires
~5nm long have a preferential anisotropy in the substrate
plane, whereas longer wires (220 nm) are characterised by aniso-
tropy in the direction perpendicular to the substrate. Thus, the
magnetic anisotropy of ferromagnetic wires is mainly determined
by the shape of the particles; this behaviour is typical of all
ferromagnetic compounds. For iron fibres, there is a critical
diameter corresponding to the maximum coercive force
(2640 (E) at room temperature 77 (at 5 K, no maximum on the
‘coercive force —fibre diameter’ plot was found).

In the Fe;_,Co, system (0 < x < 1) obtained by controlled
electrodeposition of the components,'8? a transition from the bcc
crystal structure (Co content ~ 33%) to a mixed /cp — fec structure
(cobalt content ~67%) was observed. However, the coercive
force was found to be almost the same for nanowires of both
compositions and 9 nm in diameter: ~2900 (E (for Fey67C00.33)
and ~2850 (E (for Feo.33C00.67). Thus, the size and anisotropy of
nanoparticles are the main factors determining the magnetic
characteristics of ferromagnetic particles in the nanometre region.

Relative magnetic moment

—10000 — 5000 0 5000 H/E

Figure 26. Magnetisation reversal curves for cobalt nanowires 5 nm (a),
60 nm (b) and 220 nm long (¢) in a porous alumina matrix (solid line: the

field is directed at right angle to the matrix plane; dashed line: the field is
directed parallel to the matrix plane).
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At the same time, decrease in the nanofibre diameter to 9 nm does
not result in superparamagnetism. Calculations show that achiev-
ing a data density of about 1 Tb inch—2 requires that the distance
between the adjacent nanofibres does not exceed 25 nm. This
density has not been achieved to date.

In addition, optical nanostructured materials based on porous
alumina arouse much interest because they possess a high lumi-
nescence intensity. Although the pore sizes in mesoporous alu-
mina exceed the characteristic size required for the quantum
confinement effect, it still has good luminescent properties that
are not typical of bulk materials. First, porous alumina itself has
luminescence in the blue region of the spectrum with a maximum
intensity at 460 nm.!'8> This emission band appears due to the
formation of ionised oxygen vacancies (F*-centres) in the
strongly defective porous structure. The emission intensity can
be further intensified by annealing the film at elevated temper-
atures.

High emission intensities were observed when the structure of
mesoporous alumina was filled with zinc oxide. ZnO nanopar-
ticles were synthesised in the matrix by hydrolysis of Zn(OBu), in
an aqueous medium.'® The maximum luminescence intensity
(485 nm) of zinc oxide nanoparticles approximately coincides
with the maximum of irradiation from pure nanostructured
ZnO, but the emission intensity of ZnO nanoparticles incorpo-
rated in a porous alumina matrix is almost 20 times higher,
probably due to the increase in the number of ionised oxygen
vacancies in ZnO nanoparticles located inside the alumina pores.

Several publications are available on the synthesis of optically
active CdS nanowires prepared by electrodeposition;'¥” and
BiyTes;!88 titania doped with terbium or erbium (the sol—gel
method);!8% 190 GaN nanoparticles (the sol—gel method),!6% 191
as well as dyes such as Rhodamine 6G and aluminium 8-hydr-
oxyquinolinate '°2 in a porous alumina matrix. It was sug-
gested 184 to use anodised alumina for making electroluminescent
materials; the aluminium substrate served as the cathode and a
layer of conductive glass (ITO) served as the anode (the optically
active component was incorporated into the pores). All these
studies show the prospects of utilising nanostructures based on
porous alumina films as electroluminescent materials.

Yet another use of porous alumina is related to the synthesis of
two-dimensional photonic crystals. It is well known that photon
band gap appears only if there is a highly ordered porous structure
in sufficiently large areas. For this reason, the technology of
aluminium pretexturing followed by anodic oxidation was devel-
oping in recent years.!37-160- 161 This approach made it possible to
obtain two-dimensional photonic crystals with a photon band gap
in the visible spectral region.!93-197

Porous alumina can be used to create field emitters based on
carbon nanotubes. To do so, nanoparticles of metallic cobalt are
electrochemically deposited in the pores of alumina (cobalt
particles commonly used as catalysts for growth of carbon and
carbon nitride nanotubes).!?8-205 A photomicrograph of such an
emitter is shown in Fig. 27.

Films of porous alumina are also promising as membrane
materials. The transport of lithium ions?°® and other one-,

Figure 27. A scanning photomicrograph of a field emitter based on
nanotubes synthesised in the pores of alumina.

two-207 and trivalent cations>°% depends on the pore diameter,
the pH of the medium and the ionic strength of the solution, as
well as on the hydraulic permeability 2°° of membranes. It is well
known that the conductance of porous alumina considerably
depends on the humidity. In view of this, an attempt was made
to use a cell consisting of a layer of porous alumina compressed
between metallic electrodes as a humidity sensor.2!? It was found
that in the range from 50 to 100 ppm !, there is an almost linear
dependence of the capacitance of this element on the air humidity,
i.e., such sensors are highly sensitive to humidity.

It follows from the examples considered above that porous
alumina is very a promising material for creating nanomaterials
for magnetic data storage media, electronic devices, sensors and
biomembranes. At present, methods for the synthesis of porous
alumina with a pore diameter of <5 nm are being developed in
order to study quantum confinement effects, along with methods
for the synthesis of porous membranes on solid semiconducting
substrates characterised by high mechanical stability.

3. Synthesis of nanoparticles in two-dimensional
nanoreactors. Layered double hydroxides

For two-dimensional nanoreactors, it is most efficient to use
layered structures with variable dimensions of the structural
cavities. The layers in such compounds are bound by weak van
der Waals forces, hence the interlayer distance can be varied
easily. Moreover, a layered structure allows one to accelerate
considerably the diffusion of gases in the interlayer space and thus
facilitate the chemical modification of layered compounds.?!!-212

Several dozens of studies on the synthesis of nanocomposites
using layered matrices have been published (see, e.g., Refs
213-219). The compounds with negatively charged layers and
cations in the interlayer space, viz., aluminosilicates, are utilised
the most widely. However, such compounds are generally non-
stoichiometric, strongly hydrated and have cross-links between
the layers; this complicates considerably the synthesis of nano-
materials on their basis and adversely affects the reproducibility of
the results.??%-221 This certainly prevents systematic studies on the
mechanisms of nanostructure formation in layered matrices.

Layered double hydroxides (LDHs) with the composition
M7" M} (OH)[X), -m H,0] (X is an anion) are the most wide-
spread two-dimensional nanoreactors.??> To date, compounds
with M2+ = Mg?*, Zn?*, Fe?*, Co?*, Ni*t, Cu?*, Cd?*,
Sn2*, Mn2*, Pd2*, Pt2* and M3+ = A3 *, Fe3 ", Cr3 ", Mn3™*,
Ga’3™, In3*, BT, Y37, La’*, V37, Rh3", Ir3" and Ru3" have
been obtained (see Refs 223 —-230). As a rule, the radii of the M2 "
and M3* cations participating in the formation of a layered
structure should not differ more than 1.5-fold.?3! Virtually any
anion or anionic complex can serve as the X"~ anion.?*? The
structure of an LDH is a system of positively charged hydroxide
layers [M%foi,*(OH)z]-"+ and anions located in the interlayer
space (Fig. 28).233-234 In addition to anions, the interlayer space
commonly contains labile water molecules.?3> The LDH structure
as a whole is stable due to the electrostatic interaction between the
positively charged hydroxide layers and the interlayer anions
bearing negative charges.

LDHs with the compositions  Li;_M>"(OH)..
Xy mH0]  (x>052¢  and M7 M;"(OH)..
X5/, - mH0], where M4t =7Zr*", Ti*", Sn** or Se*™, are
also known (see Refs 237, 238). Moreover, cation-substituted
layered hydroxides have been synthesised that contain several

cations in oxidation states 2+ and/for 3+, e.g.,
Mt (M)F M (OH),[XY, -mHL0] or MiE, MIF(M');".

(OH)[X{1,,)/, -mH20]. 237241

The vast majority of LDHs crystallise in the trigonal (rhom-
bohedral) system. Hydrotalcite, a natural mineral with the
composition MgsAl, (OH);6[CO3-4 H,O], has this structure.
Compounds with the general formula
Mg _ Al (OH),[ ’V’jn -m H,0] and with rhombohedral unit cells

are called hydrotalcite-like compounds. Samples with the hydro-
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Hydroxide layer

Interlayer space .

Figure 28. Structure of layered double hydroxides.
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talcite structure and with x from 0.05 to 0.4 and m from 0 to 2 were
obtained under laboratory conditions.

It should be noted that the arrangement of anions in the
interlayer space can vary.?32242.243 For example, the synthesis of
LDHs with intercalated polyoxometallates, which have cylindri-
cal symmetry, can result in two types of structures, viz., those with
parallel and perpendicular arrangement of anions with respect to
the hydroxide layers.>** As a rule, anions are located in the
interlayer space in such a way that its dimensions are minimised.
However, as the M3 : M2 ratio increases, the positive charge of
the hydroxide layers also increases and more anions are required
to compensate for it. If the charge of the anions is small, they can
fail to fit in the interlayer space due to steric hindrance. Therefore,
as the concentration of anions in the interlayer space increases,
they need to be grouped into structures that are packed more
densely. This is achieved either by arrangement of cylindrical
anions at right angles to the hydroxide layers or by arrangement of
anions in the interlayer space in two layers parallel to the
hydroxide layers; in any case, this results in an increase in the
interlayer distance. As a rule, if the unit cell parameter ¢ and the
anion size are known, it is possible to determine exactly which type
of structure will be realised in a specific case.>*

Layered double hydroxides have a number of unique proper-
ties that are important for the directed synthesis of nanomaterials.
The stability of the layered structure of LDHs in a wide range of
cation and anion sizes is among these properties. For example,
samples of Mg-Al-LDHs containing various anions with sizes
from 0.3 to 5 nm in the interlayer distance have been obtained.
Furthermore, the number of anions present in the interlayer space
of an LDH is determined by the M** : M3* ratio, which is easy to
control during the synthesis. This makes it possible to obtain
LDHs with preset stoichiometric compositions and hence to vary
the concentration of reaction centres in a matrix.

The thermal stability of LDHs is yet another important
property (thermal decomposition of LDHs occurs with retention
of their layered structure). As a result, chemical reactions involv-
ing anions located in the interlayer space (e.g., reduction with
hydrogen required for the preparation of magnetic nanocompo-
sites) can be performed at elevated temperatures almost without
destruction of the matrix that confines the reaction zone.

These properties open up rich possibilities for the chemical
design of nanocomposite materials based on LDHs. First, the
wide choice of cations makes it possible to choose a matrix that
would satisfy the entire set of properties required from a material.
For example, a diamagnetic matrix can be chosen for the synthesis
of magnetic nanomaterials, or a matrix that is optically trans-
parent in a specific spectral region can be selected for the
preparation of optical nanocomposites. Second, by varying the
M?2* : M3 cation ratio (i.e., the x value) and selecting a particular

anionic complex and a chemical modification method, it is
possible to vary widely the size and shape of nanoparticles.

Coprecipitation of hydroxides of M2+ and M3* metals with
an alkali from solutions of their salts at a controlled pH is the main
method for synthesising LDHs.?4¢ To obtain an LDH with desired
anions in the interlayer space, the coprecipitation is carried out in
the presence of these anions in the initial solution:

(1—x)M2* + xM3+* + 20H~ + (x/n) X"~ —>
— M MY (OH)[X, 1.

It should be taken into account that if two or more types of
anions are present in the solution, one of them will be incorpo-
rated preferentially.>4” The ability of anions to undergo prefer-
ential incorporation into the interlayer space is often called the
selective intercalation constant of an anion. It depends both on the
nature of the LDHs and on the conditions of the synthesis (pH,
temperature).

A number of techniques are used to obtain LDHs with
different anions in the interlayer space. LDHs in the carbonate
or chloride form are usually utilised as the starting compounds.

Coprecipitation in the presence of an anion (the method
described above). This method is very easy to implement but it
does not allow one to obtain LDHs containing just one type of
anions in the interlayer space. For this reason, it is only used where
the required anion has a high selective intercalation constant.

Direct exchange of anions. This method is based on the anion-
exchange properties of LDH.?*® If hydrotalcite (the carbonate
form of LDH) is placed in a solution containing the required anion
X"—, partial exchange of carbonate ions for X"~ occurs, i.e.,
intercalation of the required anion into the interlayer space:

Mg, _ Al (OH),[(CO3 )] + (x/n) X~ =—=
==Mg, AL(OH)[X},] + (x/2) CO7 .

Since the CO3~ anions have a high selective intercalation
constant, their complete displacement requires that hydrotalcite
be repeatedly treated with a solution of X"~ (see Ref. 249). The
main advantages of the ion-exchange method include its simplicity
and the possibility of obtaining practically pure anion-substituted
LDHs. However, the use of the ion exchange method does not
allow one to obtain LDHs with large anions that generally have
low selective intercalation constants. According to Drezdzon,?>°
anion exchange is practically impossible if the size of X"~ exceeds
0.6-0.7 nm.

Syntheses of LDHs containing large anionic complexes by
anion exchange usually involve sonication. For example, the
synthesis of Mg-Al- and Zn-Al-LDHs containing anionic com-
plexes of heteropolymetallates with sizes up to 1.5 nm by
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exchange of NO3 anions for the corresponding anionic complexes
on ultrasonic treatment of the system was described.?3!-252

Interaction of an X"~ solution with layered double oxides
(LDOs). The method is based on the so-called ‘memory effect’
that is shown by LDOs obtained by thermal decomposition of
LDHs. This effect was found by Chibwe and Jones?3? who
showed that treatment of Mg-Al-LDOs with a dilute solution of
a salt results in their rehydration to give LDHs with solution
anions intercalated into the interlayer space:2>*

o,

150
Mg; - cAl(OH)2[(CO3) o] ——>
—> Mg ALO;+ 2 + H:0 + (x/2)COs,

MgiALO 2 + (x/m) X7~ + (1+x/2) HyO —>
—> Mg Al(OH),[X}),] + xOH™.

Melt technique is based on the intercalation of carboxylate
anions into LDHs. This method was implemented by heating a
mixture of a solid carboxylic acid and hydrotalcite (or the
corresponding LDO) at a rate of no more than 10 deg min—! to
a temperature ~ 10 °C higher than the melting point of the
acid.?>> The mixture was kept for 8 h at this temperature and
then cooled to room temperature at a rate of ~ 10 deg min—'.

Many functional properties of materials based on LDHs are
related to the special properties of anions intercalated into them.
For example, the high reactivity of catalysts based on LDHs is
usually due to the catalytic properties of the intercalated ions or
products of their thermal decomposition. Depending on the
nature of the anion, LDHs can show various magnetic, optical
and electrophysical properties. For example, the presence of
polymeric anions in the interlayer space induces unusual visco-
elastic properties.?48.256

Due to the sufficiently high interlayer distance in LDHs,
diffusion of gases into the interlayer space occurs rather fast.
This property is very important for the creation of catalysts and
sensor materials with short response times. Moreover, the large
interlayer distance makes it possible to perform the chemical
modification of LDHs with various gaseous reagents without
damaging the layered structure.

Layered double hydroxides are widely employed as catalysts
for various organic reactions. Hydrotalcite-like LDHs with inter-
calated ions of polyoxometallates and Ni-containing LDHs
obtained by thermal decomposition or reduction of various
nickelates to metallic nickel by treatment with hydrogen are used
most widely.?37 2%

Tichit et al.>0 describes a hydrogenation catalyst obtained by
reduction of Niz_ngl(OH)7_54[(NO3)()_17(CO3)0_41 -2.46 HzO] with
hydrogen (T = 700 °C). It is a composite consisting of particles of
metallic nickel and Al,Os; the sizes of these particles are several
hundred nanometres. This catalyst is currently among the best
nickel-based hydrogenation catalysts.?6!

There are several reasons that explain the popularity of LDH-
based catalysts. First, owing to the high specific surface area and
the presence of a rather wide interlayer space, they show a high
catalytic activity. Second, a hydroxide matrix is an inert carrier for
polyoxometallates that does not impair their catalytic properties
over the entire lifetime of the catalysts. Third, both hydrotalcite-
like LDH-catalysts in the polyoxometallate form and Ni-contain-
ing LDH-catalysts can operate at temperatures up to 800 °C
without losing their catalytic properties and without a consider-
able decrease in the specific surface. Finally, the bulk distribution
of the catalytic sites (polyoxometallates or metallic nickel) in such
catalysts is very homogeneous, which increases the relative
catalytic activity per unit mass. Moreover, the preparation of
LDH-based catalysts is not too difficult. In fact, LDH-catalysts
with polyoxometallate ions intercalated into them became strong
competitors for classic oxide catalysts (SiO2, Al,O3) impregnated
with salts of various polyoxometallates.?¢>~264

Some LDHs find use as solid electrolytes and electrodes due to
the ionic conductance they possess.?®> =268 The rather high ionic
conductance of LDHs results from the high mobility of anions in
the interlayer space. For example, the conductance of
Zn,Cr(OH)¢[Cl-mH,0] at 17 °C is 103 Q~! cm—!. Replace-
ment of chloride ions by other anions decreases the conductance
of this LDH to 10~4 Q—1 cm~! (see Ref. 269). The authors called
such compounds ‘quasi-two-dimensional’ electrolytes due to their
high ionic conductance and layered structure. The ionic conduc-
tance of LDHs enables their practical application in sen-
sors,270.271

The existence of rigid hydroxide layers that confine the
interlayer space in the LDH structure creates conditions for the
synthesis of nanosystems similar to conditions for their synthesis
in nanoreactors.

The possibility of synthesising nanostructures with the use of
LDHs was studied by a number of scientific groups. For example,
the synthesis of a composite of cadmium sulfide nanoparticles and
a solid solution of cadmium and zinc sulfides in the interlayer
space of LDHs was reported.?’> An Mg-Al-LDH with interca-
lated Cd(edta)>— complex was used as the starting compound.
The latter was obtained by treatment of an Mg-Al-LDO with an
aqueous solution containing the above complex. Unfortunately,
the EDTA-complex of cadmium used in this study was contami-
nated with nitrate ions that were also intercalated into the
interlayer space. As a result, a compound with the composition
Mgo_654A10_345(OH)2[{Cd(edta)}o_o75(NO3)0_195 -1.13 HzO] was
obtained.

The size of the interlayer space in this compound was
0.285 nm (X-ray diffraction data). Since this distance matched
the size of the Cd complex in the planar four-coordinate state
(0.280 nm), it was assumed that the Cd(edta)>~ complex was
arranged in the interlayer space parallel to the hydroxide layers.
The substituted LDH was sulfidised with sodium sulfide. The
formation of cadmium sulfide follows from the change in the
LDH colour from white to yellow and the appearance of cadmium
sulfide reflections in the X-ray diffraction diagram. In fact,
according to X-ray data, the interlayer distance in the LDH
virtually did not change during the sulfidising, while the reflec-
tions of cadmium sulfide broadened considerably. Presumably,
the sulfide was formed in the interlayer space of the LDH as plates
no thicker than the interlayer distance (0.285 nm). However, this
conclusion disagrees with spectrophotometric analysis data,
according to which the absorption band edge for the samples
obtained lies in the region of 460—480 nm; these values corre-
spond to particles larger than 10 nm. This fact probably suggests
that cadmium sulfide is most likely formed not only in the
interlayer space but also on the surfaces of LDH particles. This
conclusion is supported by the fact that sulfidising inevitably
involves the anion exchange of interplanar ions for sulfide ions
from the solution. In this case, sulfidising of the deintercalated
cadmium complex should occur directly on the surfaces of the
LDH particles.

Sato er al.?13-219-273-275 obtained nanosized cadmium and
zinc sulfides using other layered compounds such as montmor-
illonite {(Na,K,Ca)(Al,Fe,Mg)[(Si,A1)4010](OH) - n H>0},
H4Nb(,017 and H2Ti409.

Isupov et al.?76-281 studied the thermolysis of Li-Al-LDHs
containing EDTA-complexes of certain transition metals. They
showed that the thermal decomposition of
LiAl(OH)g[{M(edta)}os-2H>O] (M = Cu, Co, Ni) in vacuo in
an Li-Al oxide matrix resulted in nanoparticles of the transition
metal M and that the size and morphology of the nanoparticles
depended on the metal selected and on the decomposition
conditions.

Thermolysis of Cu-containing LDHs at 400 °C gives spherical
copper particles with sizes of 2—5 nm (in the interlayer space of
the matrix) and 5—80 nm (on the surface), whereas thermolysis of
Ni-containing LDHs gives spherical nickel particles with a
~5 nm diameter and a very narrow size distribution. An increase
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in the thermolysis temperature to 800 °C results in a growth in the
particle size to 15 nm with a simultaneous broadening of the
distribution. At the same time, thermolysis of Co-containing
LDHs at 400—800 °C results in large (~ 100 nm) metal particles
in the shape of disks, the size and morphology of which is virtually
independent of the thermolysis temperature. It was shown that the
reduction of the metal in the complex starts almost simultaneously
with the end of the dehydration of the layered matrix. The
formation of nanosized particles was explained by the influence
of the matrix on the reduction process. Unfortunately, no con-
clusions were made concerning the reasons for the changes in the
dependence of the size and morphology of the nanoparticles on
the metal chosen and on the thermolysis conditions. It should be
noted that decomposition of LDHs is accompanied by pyrolysis of
the organic ligand to give amorphous carbon; as a result, final
product is considerably contaminated with admixtures of metal
carbides and the material loses its functional properties.

The formation of LDHs and the synthesis of nanocomposites
on their basis were also studied by Tretyakov et al.6¢-282-292

They performed 286-291-292 3 detailed study of the anisotropy
of iron and nickel nanoparticles obtained by reduction of anion-
substituted Mg-Al-LDHs with different compositions in a stream
of hydrogen at different temperatures (300—1000 °C). Based on
electron microscopy data and magnetic measurements, the con-
centration dependences of the transverse and longitudinal aniso-
tropy of metal nanophase reduced at different temperatures (see
Ref. 66) were plotted. It was shown that, depending on the
composition of the starting anion-substituted LDHs, metal nano-
particles with different dimensionality, viz., from one- to three-
dimensional, were formed in this system. An increase in the
content of the metal complex in the LDH matrix resulted in a
decrease in the dimensionality of the nanoparticles that formed
and an increase in the anisotropy factor. It should be noted that
the reduction temperature almost did not affect the morphology
of the nanoparticles formed: an increase in the reduction temper-
ature increased only the mean size of the nanoparticles, whereas
their anisotropy changed insignificantly.

Yet another direction of studies by this group of researchers
involved the synthesis of semiconducting nanostructures in the
MS/Mg—Al—O system (M = Pb, Zn, Cd).28%290.293.294 They
showed that direct sulfidising of Pb, Zn and Cd complexes
intercalated in LDH in a stream of hydrogen sulfide at room
temperature is unsuitable for the synthesis of MS/LDH nano-
composites. Therefore, they suggested using LDH systems where
the formation of sulfides resulted from the decomposition of an
intercalated sulfur-containing metal complex. Thiosulfate, thio-
cyanate and diethyldithiocarbamate compounds of Pb, Zn and Cd
were used as such complexes. Decomposition of the latter
(Tgecomp <200 °C)¥ in the interlayer space occurred without
degradation of the LDH structure. For example, PbS/LDHs
were obtained by thermal (100—200 °C) or photochemical (UV
irradiation at 77 K) decomposition of MgsAl(OH)s.
.[{Pb(5203)2}0'5 m HzO].290

A considerable amount of attention was paid to the optical
properties of the products obtained. High-resolution spectro-
scopy in the visible and UV spectral regions showed that the
absorption edge for the PbS/LDH samples obtained by thermal
treatment was within 500 —750 nm. An increase in the annealing
temperature shifts the absorption edge to the long-wave region,
which indicates an increase in the particle size. Calculations show
that the particle size changes insignificantly and lies within
3—5 nm for all the samples obtained. The spectrum of the sample
obtained by UV irradiation shows additional maxima at ~ 580,

9/ It should be noted that in this case, the layered structure of the LDH
affects the formation of semiconducting nanoparticles much more
strongly than in the case where magnetic nanocomposites are synthesised
by reduction at much higher temperatures than the destruction temper-
ature of the LDH structure.
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Figure 29. Absorption (1, 2) and photoluminescence spectra (1’, 2") of
PbS/LDH nanocomposites obtained by thermal decomposition at 200 °C
(dashed line) and by decomposition under UV irradiation (solid line).2%¢

~400and ~ 300 nm (Fig. 29) [for comparison, Fig. 29 also shows
the spectra for the sample obtained by thermal decomposition
(dashed line)]. These values are in good agreement with the
1Se—1Sh, 1Se—1P, and 1S,—1P. exciton transitions of lead
sulfide.

These transitions are usually not observed in the spectra of
PDbS but they appear in the spectra of the PbS sol synthesised in the
presence of polyvinyl alcohol.?”> Similar spectra were also
obtained for nanoparticles of lead sulfide stabilised by protein
molecules.?*® It is believed that the appearance of forbidden
exciton transitions in PbS spectra is due to the modification of
the nanoparticles’ surfaces.

The photoluminescence spectra of the samples obtained by
annealing at 200 °C and by UV photolysis are shown in the right
part of Fig. 29. Each spectrum is characterised by the presence of
two peaks at 4 = 840 and 910—940 nm: the first one corresponds
to the luminescent transition over the band gap, whereas the
second one corresponds to the transition over the energy levels
formed by surface defects. It should be noted that the integral
intensity of the luminescence peak of the main state (transition
over the band gap) for the sample obtained by UV irradiation is
about four times higher than that for the sample obtained by
annealing at 7= 200 °C, which suggests that the quantum yield of
luminescence increases.

The products of thermal and UV-induced decomposition of
LDHs with intercalated Pb(S,03)}~ ions were studied by
HRTEM.?? A detailed study showed (Fig. 30)2°° that the PbS
nanoparticles in the sample synthesised by UV photolysis have an
amorphous shell, whereas those in the sample obtained by thermal

8 e -

Figure 30. High-resolution electron photomicrographs of PbS particles in
an LDH matrix obtained by thermal decomposition at 200 °C (@) and by
decomposition under UV irradiation (b) (¢, d are detailed photomicro-
graphs of the largest particles).?%°
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decomposition at 200 °C do not have such a shell. It is believed
that the shell consists of amorphous sulfur that results from the
UV-induced decomposition of the thiosulfate complex at low
temperature; the absence of a similar shell in the sample obtained
by thermal treatment is explained by the melting of elementary
sulfur (m.p. = 119 °C). Most probably, the fact that nanopar-
ticles of lead sulfide have an amorphous shell explains the
appearance of exciton transitions in the absorption spectra and
the increase in the photoluminescence intensity.

It should be noted that the optical properties of semiconduct-
ing nanoparticles depend not only on their composition, structure
and size but also on the condition of the surface. It was shown that
many defects on nanoparticle surfaces (e.g., adsorbed atoms or
structural point defects) can serve as potential holes or barriers for
holes and electrons.!> As a result, a change in the band structure
and degradation of the optical properties of the nanosystem occur;
the smaller the particles the more sensitive these changes to
defects. In order to prevent such changes, passivation is used
that makes it possible to bind the surface atoms with some other
compound having a wider band gap.?®’-2% In other words, the
particles are coated with a layer of an inert compound to give the
so-called ‘core—shell’ nanoparticles. This improves considerably
the optical properties of nanoparticles; as a result, these properties
approach those of isolated nanoclusters.

The passivation effect is especially pronounced in luminescent
properties of nanosystems.?*® In fact, the quantum yield of
luminescence for coated nanoparticles of cadmium sulfide or
selenide is considerably increased (almost by an order of magni-
tude) in comparison with free nanoparticles.39%-301 According to
literature data, the synthesis of nanoparticles in a shell is rather a
complex multistage task. However, the authors succeeded in
performing a one-stage synthesis of nanoparticles in a shell using
anion-substituted LDHs. The interest in ‘core—shell” systems is
primarily related to the fact that the presence of a shell of a
semiconductor with a large band gap or a dielectric results in the
‘healing’ of the majority of surface defects and an abrupt increase
in the quantum yield of luminescence. Therefore, nanoparticles in
shells show promise for creating lasers based on quantum points
with adjustable wavelength and high generated power.

Yet another specific feature of LDHs is that destruction of the
layered structure into separate hydroxide layers is possible. In
fact, in the reaction of a dodecylsulfate-substituted Zn-Al-LDH
{ZH0.67A10,33(OH)2[(C12H25SO4)0.33‘2.1 Hzo]} with butanol at
120 °C, the layered structure is destructed in 24 h to give a colloid
solution 392393 in which separate hydroxide layers are surrounded
by surfactant molecules. Shaking this solution with aqueous
solutions of salts results in sedimentation and recovery of the
layered structure of the LDH (restructuring of the layered
structure). In this case, solution anions are incorporated in the

interlayer space. Hibino and Jones 3%4 described the destruction of 13.

the layered structure of an Mg-Al-LDH, which contained glycine
anions in the interlayer space, on treatment with formamide. It
was noted that the process occurred rather quickly even at room
temperature.

A study of the reversible LDH for a pre-destructured sample
of Mg>Al(OH)6[(C12H25S04) - m H>O] showed that total recovery
of the layered structure of the destructured LDH sample occurred
in water and in aqueous solutions.

The reversible destruction of LDH into hydroxide layers may
turn out to be rather promising for synthesising nanocomposite
particles. It can be assumed that restructuring of a colloid solution
of LDH layers in the presence of nanoparticles would result in the
incorporation of the latter into the interlayer space of the LDH. In
fact, the reaction of a colloid solution of a dodecylsulfate-
substituted LDH in chloroform with a PbS sol gave a PbS/LDH
nanocomposite.?%? The PbS particles formed in the matrix of the

layered double hydroxide have sizes of 3—8 nm. The considerable 23.
broadening of the (00/) reflexes of the LDH and the low intensity 24.

of other reflexes suggest a violation of the mutual arrangement of

the hydroxide layers due to intercalation of the PbS nanoparticles 25.

11.

15.
16.

19.
20.

22.

into the interlayer space. The accessibility of the starting reagents,
the simplicity and cheapness of the synthesis, the facility of
controlling the quantitative composition of the intermediates
and final products and the possibility of incorporating various
anions into the LDH structure make this method very promising
for the synthesis of virtually any class of functional nanocompo-
sites.

* * *

It should be noted in conclusion that utilisation of nanoreactors
opens up rich possibilities for designing functional nanomaterials
with predefined physicochemical characteristics that can find use
in various fields of science and technology (e.g., magnetic data
storage devices, electronic devices, sensors, catalysts, membrane
materials, etc.). A solid-state matrix makes it possible to avoid the
aggregation of nanoparticles and protect them from external
exposures, which facilitates considerably the application of such
materials.

This review was financially supported in part by the Russian
Foundation for Basic Research (Project No. 03-03-32182) and the
programme for the State support of the leading scientific schools
of the RF (Project NSh-2033.2003.3).
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