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Abstract

This article provides the review of the medical use of pH- and temperature-sensitive polymer hydrogels. Such polymers are
characterised by their thermal and pH sensitivity in aqueous solutions at the functioning temperature of living organisms
and canreact to the slightest changes in environmental conditions. Due to these properties, they are called stimuli-sensitive
polymers. This response to an external stimulus occurs due to the amphiphilicity (diphilicity) of these (co)polymers. The
term hydrogels includes several concepts of macrogels and microgels. Microgels, unlike macrogels, are polymer particles
dispersed in a liquid and are nano- or micro-objects. The review presents studies reflecting the main methods of obtaining
such polymeric materials, including precipitation polymerisation, as the main, simplest, and most accessible method for
mini-emulsion polymerisation, microfluidics, and layer-by-layer adsorption of polyelectrolytes. Such systems will undoubtedly
be promising for use in biotechnology and medicine due to the fact that they are liquid-swollen particles capable of binding
and carrying various low to high molecular weight substances. It is also important that slight heating and cooling or a slight
change in the pH of the medium shifts the system from a homogeneous to a heterogeneous state and vice versa. This provides
the opportunity to use these polymers as a means of targeted drug delivery, thereby reducing the negative effect of toxic
substances used for treatment on the entire body and directing the action to a specific point. In addition, such polymers can
be used to create smart coatings of implanted materials, as well as an artificial matrix for cell and tissue regeneration,
contributing to a significant increase in the survival rate and regeneration rate of cells and tissues.

Keywords: hydrogel, microgel, N-isopropylacrylamide, thermal sensitivity, pH sensitivity, heterophase polymerisation.
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1. Introduction

Inrecent decades,a new scientific direction has
emerged at the intersection of polymer chemistry,
nanotechnology, biology, pharmaceuticals,
biotechnology, medicine, and it is constantly
attracting increased attention, associated with the
so-called «smart» or «intelligent» materials [1].
Smart materials based on water-soluble polymers
attract significant scientific and practical interest.
This is due to the fact that they have a number of
unique properties: temperature-, pH-sensitivity,
structure diphilicity, etc. In this regard, they are
called stimuli-sensitive polymers, since they can
respond to external environmental influences
[2-5]. The reaction to external influence occurs
due to the amphiphilicity (diphilicity) of the (co)
polymers. Usually, monomers with a structure
containing both hydrophilic and hydrophobic
segments are used. Such substances are now
being actively used as dispersants, emulsifiers,
solubilisers, in cosmetology, for the isolation of
drugs, etc. [6, 7].

Among smart polymers there are represen-
tatives that can respond to changes in tempe-
rature, pH, ionic strength, the content of
inorganic, organic substances and high molecular
weight compounds of various natures, light
intensity, electric field strength, etc. Methods
for the synthesis of such hydrogels (precipitation
polymerisation, emulsion polymerisation) are
often simple and extremely easy to scale up to
pilot production, and the synthesized particles
obtained by these methods will have a rather
narrow size distribution.

These systems will undoubtedly be promising
for their use in biotechnology and medicine. They
are a very simple tools for managing systems.
Slight heating and cooling or a slight change
in the pH of the medium leads to a transition
from a homogeneous system to a heterogeneous
one and vice versa, significantly changing the
swelling capacity of the hydrogels. Such polymers
are already used for the concentration and
purification of biologically active substances or
for the fixation of biocatalysts.

Recently, methods have been developed
for the preparation of such hydrogels from
biodegradable and non-toxic polymers [8]. The
term hydrogels includes both macro- and
microgels. The latter differ in that the polymer
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particles are dispersed in a liquid and are nano-
or micro-objects. Due to the fact that the microgel
is a liquid-swollen particle, they can bind and
transport inside various substances of low to
high molecular weight. This fact suggests that
such systems are ideal for the delivery of drugs.
It is possible to create a system with precisely
specified parameters at which it will operate
effectively, achieving accurate drug delivery to
the affected cells and tissues by adjusting the size
of particles during synthesis or by the external
action of the environment (temperature, pH),
and by introducing various monomers, regulating
the sensitivity and decomposition rate into
the composition of the microgel. Additionally,
hydrogels also offer great opportunities for
regenerative medicine: surfaces coated with
such polymers can be used for the growth of cells
with the formation of tissues, which can be used
either as external coatings for biomaterials for
implantation, or for use in the regeneration of
various parts of the body.

2. Drug delivery systems

Due to the cross-linked structure of hydrogels
containing up to 90% liquid in their pores, they
represent a new class of delivery systems for a
wide range of different drugs [9]. The indisputable
advantages of microgels include the ability to
control their composition and properties during
synthesis by using various approaches. Microgels
with similar chemical compositions can often be
obtained in a wide range of sizes from several tens
of nanometres up to hundreds of micrometers
(depending on the preparation method or the
composition of the reaction mixture). By varying
the degree of cross-linking of microgels, it is
possible to change the pore size inside them,
which can be used for the controlled release of
the drug loaded into the microgel.

The use of numerous bioconjugation reactions
allows the functionalisation of microgels, which
is necessary for the transition from “passive” to
“active” delivery [10].

The cross-linked structure of microgels
provides opportunities for the creation of
hybrid nanobiomaterials capable of combining
such important biomedical applications as
targeted delivery and visualization (the very
popular «theranostics» principle [11], derived
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from the combination of the words therapy
and diagnostics) or targeted delivery and the
possibility of local warming up (which is used for
hyperthermia therapy with tumours).

In contrast to liposomes, which have been
well studied over the past decades and are now
widely used in targeted drug delivery therapy,
microgels are a less studied and broader class
of delivery containers. The most popular
are microgels based on polysaccharides:
chitosan, dextran, cellulose, and others. [12,
13]. The use of protein-based microgels for
targeted delivery is less preferable, since they
are more immunogenic; in turn, the use of
microgels based on human (albumin) or non-
immunogenic proteins (collagen, gelatin) opens
up possibilities for the simple synthesis of
biodegradable drug carriers [14]. Microgels based
on natural polymers have high biocompatibility
and extremely low toxicity, but they can be
recognised by the components of the immune
system and excreted from the body. In turn,
synthetic polymers, especially those containing
hydrophilic polyethylene glycol or polyglycerol
macromonomers have extremely high stability in
solution and reduced sorption of proteins, which
makes them analogues of «stealth’-liposomes.
Among synthetic polymers, the overwhelming
majority of studies were devoted to microgels
based on poly(N-isopropylacrylamide) PNIPAAm
[15]. The reasons for this are the ease of
preparation and monodispersity of microgels
synthesized by the precipitation polymerisation
mechanism in an aqueous solution. Among other
polymers of targeted delivery using microgels,
polymers based on 2- hydroxyethyl methacrylate
(HEMA) and oligoethylene glycol methacrylate
(OEGMA) are widely used [14].

The possibility to load significant amounts
of drug into a microgel and the efficient and
controlled release of the loaded drug is important
for drug delivery. This requires the binding of the
drug to the microgel. This is usually achieved
due to hydrophobic interactions (low solubility
of the drug in water), but it has been shown that
hydrophobic interactions are not enough for
the achievement of high (20% or more) degrees
of loading with the drug and other types of
interactions, hydrogen bonds or electrostatic
attraction are required [16].

Condensed Matter and Interphases, 2020, 22(4),417-429
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In most studies, microgels are used to
deliver cytostatics: doxorubicin, daunorubicin,
cisplatin, and methotrexate [9]. In these studies,
microgels are analogues of the liposomal
formulations of the mentioned drugs, and
the effects observed during their use is often
similar. However, the use of microgels open up
a wider range of possibilities for the delivery
of hydrophilic drugs with a significant number
of charged groups. In this case, the binding
between the drug and the microgel is carried out
due to numerous ionic interactions between the
opposite charges of the drug and the hydrogel.
This approach was successfully applied in studies
based on the delivery of nucleotide triphosphate
analogues [17].

The use of ionic interactions for the production
of drug-microgel complex is extremely important
for biomolecules: nucleic acids and proteins.
Microgels can very effectively act as containers
for the delivery of biomolecules such as proteins
and peptides [18], which makes their use a very
promising direction for the delivery vector of
drugs.

The use of microgels allows avoiding the
side effects of cytostatics, reducing their general
toxicity and nephrotoxicity, and contributing to
the improvement of the condition of animals in
in vivo models. Now, the study of targeted drug
delivery is one of the most rapidly developing
directions and obviously, other drugs will be used
for introduction via microgels.

The release of the drug is also crucial for the
effective action of the microgel. In many cases,
the release of the drug occurs spontaneously,
due to diffusion or ion exchange. The use of
temperature-sensitive, photosensitive, pH-
sensitive polymers allows the controlled release
of the drug, providing the selectivity of action on
tumours [19].

The environment of a tumour often has
a more acidic pH, due to its high metabolic
activity and poor development of its lymphatic
vessels. pH-dependent swelling of microgels is
a universal mechanism of drug release from a
microgel, which has been widely investigated
in numerous studies. An interesting approach
is also pH-dependent swelling leading to the
release of functional groups on the microgel
surface, which are hidden at a normal pH of 7.4.
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In this case, functional groups can be both ligands
to receptors on the surface of cancer cells and
viral peptides (TAT peptide, etc.), providing an
effective pH-dependent penetration of microgels
into cells [20].

There are several methods used for the
production of biodegradable microgels (8). First,
degradable polymers can be used. One example
is certain natural biopolymers: polysaccharides
and their derivatives, collagen cross-linked with
glutaric dialdehyde and many others, as well
as widely used polymers based on a copolymer
of lactic and glycolic acid (PLGA) or their
derivatives. On the other hand, the degradation
of the microgel into monomers in the body
is not necessary. The polymer itself may be
indestructible, but contain crosslinks that can
decompose in the body spontaneously (often
contain bonds unstable in the acidic pH range,
observed in cell lysosomes): B-thiopropionate
bonds, methacrylic esters of PLGA, orthoesters,
or under the action of certain enzymes. The
latter can be based on derivatives of peptides
specifically recognised by metalloproteinases.

One of the simplest and most well-studied
methods for achieving the degradability of a
polymer is the introduction of a crosslinking
agent containing a disulphide bond. Often, the
synthesis reaction is a radical polymerisation —
RAFT polymerisation (Reversible Addition-
Fragmentation chain Transfer) [21]. The use
of RAFT allows more precise control over the
composition and properties of synthesised
microgels. Disulphide bonds can be easily reduced
in a cell’s cytoplasm due to the presence of a
reduction system, using the glutathione reductase
enzyme and the tripeptide glutathione substrate
that is present in cells at a concentration of about
5 mM. This system effectively reduces -S-S- bonds
due to the disulphide exchange.

Microgels in a swollen state in aqueous
solutions are of particular interest. This group of
microgels is also often referred to as hydrogels.
Hydrogels attract great interest due to their
unique physicochemical properties and the huge
number of practical applications from photonic
crystals and microlenses to containers for drug
delivery [22]. Thus, microgels represent an
extremely wide class of materials with various
compositions, sizes, and morphologies.
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According to their method of preparation
and the nature of the crosslinking, microgels
are often subdivided into physically and
chemically crosslinked types [23]. The physical
microgels include gels, represented by polymer
networks interconnected due to the interlacing
of individual macromolecules and/or numerous
non-covalent interactions existing between
polymer chains. The attractive forces, holding
the chains together are hydrogen bonds, van der
Waals, electrostatic, or hydrophobic interactions.
Thus, such microgels can be reversibly dissolved
under certain conditions that weaken these
interactions (changes of pH, ionic strength, or
the addition of chaotropic reagents).

Another class of hydrogels are chemically
crosslinked gels. These microgels are highly stable
due to the presence of covalent bonds connecting
polymer chains in the microgel network. The
main method for obtaining such microgels is
polymerisation using polyfunctional crosslinking
monomers. At the moment, microgels include a
huge variety of polymer particles with different
properties. The differences in properties lead to
the possibility of classifying certain microgels by
their type of sensitivity. Sensitivity is the ability
to change physical and chemical properties under
the influence of various external parameters.

The most common of these parameters are
temperature, pH, ionic strength, light intensity,
electromagnetic radiation, and even some simple
organic molecules [24]. Most often, microgels
undergo a change in their volume, which can
be used in many fields of science, such as
biotechnology and biomedicine [25].

In addition to the classification according
to the sensitivity type, there is a classification
according to the method of production. At the
moment, there are many different methods with
their own advantages and disadvantages. Mini-
emulsion copolymerisation of water-soluble
monomers in immiscible organic solvents in the
presence of surfactants allowing strictly control
the composition of the obtained microgels. Using
this method it is easy to synthesize microgels with
water-soluble macromolecules (proteins, etc.)
included in them, as well as nanoparticles (Fe,O,,
Pd, Ag, CdSe). The disadvantages of the mini-
emulsion polymerisation method [26] include the
need to use an external dispersing action, which

Condensed Matter and Interphases, 2020, 22(4),417-429



often leads to the destruction of biomolecules
included in the microgel network.

Microfluidics is a unique method for the
synthesis of microgels, which allows the synthesis
of polymer particles from 1 to 200 um, with the
narrowest possible size distribution. This is
achieved due to the controlled disintegration of
the jet of one phase in the medium of the other
phase. The special geometry of the channel and
the ability to generate different types of drops
allow obtaining particles of various shapes,
and the channel cross-section diameter strictly
determines the range of admissible particle sizes
[27]. The particle size of such microgels also
depends on the flow rate of the dispersion phase.
The advantages of this method include control
over the morphology and structure of the resulting
particles. Microfluidics allows synthesizing Janus
particles (a type of multifunctional micro- or
nanosized particles consisting of two or more
parts of different chemical composition and/
or shape, with different properties) under very
mild conditions [28], microgels with particles of
various shapes, as well as layered structures by
polymerisation of drop-in-drop structures [29],
which, in turn, makes it possible to obtain hybrid
particles, including those containing living cells
inside [30]. The disadvantages of this method
include very low productivity, high cost, and the
size range of synthesized microgels from few to
hundreds of micrometres.

A fundamentally different approach, similar
to microfluidics, was developed by De Simone.
This method is unique, since it allows obtaining
polymer particles ranging in size from several
tens of nanometres to several microns. This
method [31], named “PRINT” (Particle Replication
In Non-wetting Templates), is a variant of imprint
lithography using elastomeric moulds coated
with a hydrophobic perfluoropolymer. A solution
of monomers or macromonomers in water is
placed between two hydrophobic surfaces, a
polymerisation or polycondensation process is
carried out, after which the surfaces can be easily
separated from each other, and the particles can
be removed from the mould. This method has
undeniable advantages such as strict control of
particle size, shape, and composition, and surface
functionality. The mild synthesis conditions allow
the introduction of unstable compounds and
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biomolecules into the microgel system without
losing their functionality.

Layer-by-layer adsorption of a polyelectrolyte
is one of the most common methods for producing
capsules and microgels. Decher created the
generation of multilayer films on the surface by
successive adsorption of cationic and anionic
polyelectrolytes [32]. This approach can be
used to coat microgels or nanoparticles with
polyelectrolytes. For instance, Sauzedde [33,
34] described an interesting procedure in
which anionic iron oxide nanoparticles (about
10 nm) were adsorbed by cationic microgels.
Furthermore, the polymer containing carboxyl
groups formed a coating on the surface of the
initial microgels, surrounding them with its
shell. The approach combining two processes:
controlled self-assembly of polymer micelles
with the subsequent covalent crosslinking, which
provides tremendous opportunities for large-
scale production of microgels with a controlled
structure. This method allows obtaining a wide
range of microgels with various structures by
simple selection of solvents and counterions.
Using this method spheres, ellipses, and even
toroids were obtained [19]. The disadvantages of
this method include the need to use monodisperse
polymers with a strictly controlled structure and
molecular weight, as well as the multi-stage
synthesis from monomers to final products.

One of the most attractive approaches to the
synthesis of microgels is the use of precipitation
polymerisation [35]. The indisputable advantages
of this method include the single-stage operation,
ease of scaling, high productivity, and the use
of water as a solvent («green chemistry»). The
composition can be controlled by introducing
various monomers capable of providing the
desired properties to the microgels. A feature of
this process is that during the polymerisation,
using a monomer forming a temperature-
sensitive polymer, nucleus particles are formed
almost simultaneously throughout the volume.

This, in turn, leads to an unusually high
monodispersity of microgels for free radical
polymerisation. The disadvantages of this
reaction include the need to carry out the
reaction under heat (usually about 70 °C) and in
the presence of free radicals, which excludes the
possibility of the direct introduction of sensitive
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reagents and biomolecules into the reaction;
however, this can be effectively carried out after
the synthesis and purification of microgels.

3. Functional biomaterials

The most obvious application of temperature-
sensitive hydrogels is culture dishes with layers
of PNIPAAm of various thickness and density
on the bottom [36], allowing to the adhesion
and detachment of cells to be controlled by
changing the temperature, forming a cell
monolayer detachable from the substrate. One
of advantages is that the temperature-sensitive
hydrogel remaining on its basal surface [37]
acts as a cell glue at body temperature, and the
cell layers can be easily transplanted by simply
placing the cell layer on the affected area without
sutures or other methods of fixation. In addition,
cell layers remain in place after transplantation,
while cells transplanted as part of an injectable
cell suspension have a tendency to migrate [38].

Various types of culture dishes were
investigated for the efficient production of
cell layers, which led to the emergence of new
biomedical technologies (Table 1).

In addition, the cellular activity of monolayers
separated from the substrate by simply lowering
the temperature can exceed that of cells mobilised
by digestive enzymes (trypsin) and emulsifiers
(EDTA/EGTA). Thus, the secretion of certain
cytokines by the cells of the cell layer may be
higher than that of the cell suspension, which
can have therapeutic effects.

While exploring the potential use of microgels
as coatings for biomaterials, Gan and Lyon
investigated temperature-sensitive PNIPAAm
nanoparticles grafted with polyethylene glycol
(PEG), obtained by free radical precipitation
copolymerisation with PEG monomethyl ether
monomethacrylate (M, = 1 kDa) [48]. The
solution to the problems of a wide particle size
distribution, expansion of the volumetric phase
transition of microgels, and a shift in the phase
transition temperature to a higher temperature
range due to the presence of PEG, was determined
to be a two-stage method of precipitation
polymerisation. As a result, PEG chains were
localised at the outer boundary of the particles.
Consistent with numerous previous studies
on PEG grafting on both macroscopic surfaces
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and particles/macromolecules [49, 50], it was
found that protein adsorption on the microgel is
suppressed by the incorporation of PEG into the
particles, especially when these chains are located
in the microgel shell.

Both protein adsorption studies and 'H NMR
showed that the PEG side chains stretch outward
from the surface of the particles and that the
particles break down at temperatures above the
phase transition temperature. Interestingly,
similar effects were observed for particles where
PEG chains are localised in the particle core.
This suggests that PEG grafts could penetrate
through the PNIPAAm shell when it is in its
phase-separated state.

Similarly, Nolan et al. investigated the
phase transition and protein adsorption for
PNIPAAm microgel particles cross-linked with
PEG diacrylates with different ratios and different
chain lengths [51]. Based on the method of light
scattering, an increase in the temperature and
the magnitude of the phase transition with
an increase in the concentration of the PEG
crosslinking agent included in the microgels
was found. Qualitative differences in particle
density using centrifugation showed that the
obtained microgel networks are denser with a
higher PEG concentration. Based on the studies
of NMR spectroscopy, it was concluded that the
longer cross-links of PEG protrude from the
dense globular network, leading to a decrease in
non-specific protein adsorption with increasing
chain length and PEG content. Similarly, surface-
bound microgels containing longer PEG chains
showed the absence of fouling and resistance to
cell adhesion in serum-containing media.

A similar suppression of protein adsorption
and cell adhesion was observed by Scott et al. for
microgel aggregates formed by octavinyl sulfone,
modified by PEG and bovine serum albumin
[52]. Considering the geometry-independent
surface modification, PEGylated microgels are
of potential interest in areas of science requiring
antifouling coatings.

South et al. investigated the use of centrifugal
aggregation of microgel films for further
improvement of the performance of microgel-
based coatings by increasing their surface density
[53]. In this case, films formed from microgel
particles were obtained either by centrifugation
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Table 1. Typical threads of cell sheets in restorative therapy implementation

Review

Therapeutic Uses Cells Method for creating cell layers Sources
Corneal plastic Oral mucosa Using temperature-sensitive well plate inserts [39]
epithelium for culture plates and 3T3 feeder cells treated

with mitomycin C.
Elimination of Dermal fibroblasts Using temperature-sensitive culture dishes, [40]
intraoperative air leak transplantation of bilayer cell layers.
syndrome
Periodontal Periodontal ligament |Using temperature-sensitive culture dishes, [41]
regeneration derived cells three-layer cell layers with the addition of

woven polyglycolic material; bone defects are

filled with porous B-tricalcium phosphate.
Treatment of dilated |Myoblasts of striped | Using temperature-sensitive culture dishes, [42]
cardiomyopathy muscles transplantation of cell multilayers
Prevention of stricture |Epithelial cells of the |Using temperature-sensitive well plate inserts [43]
formation after oral mucosa for culture plates and endoscopic applications.
endoscopic excision of
the esophageal
submucosa
Cartilage restoration |Chondrocytes from Using temperature-sensitive culture dishes,| [44,45]

knee joints transplantation of cell multilayers.

Prevention of Epithelial cells of the |Using temperature-sensitive well plate inserts [46]
intrauterine adhesions | oral mucosa for culture plates and NIH-3T?3 feeder cells.
Postoperative Epithelial cells of the |Using temperature-sensitive well plate inserts [47]
reconstruction of the |nasal mucosa for culture plates.
middle ear mucosa

(“active” method) or by submerged adsorption
(“passive” method). It was found that microgels
actively deposited on the surface have smaller
imprints and are more densely packed, compared
to the reduced surface spread of globular proteins
at strong deposition from the flow. Using this
advantage, “active” deposition was demonstrated
for the production of polyelectrolyte multilayer
materials containing anionic microgels and
a cationic linear polymer. Such multilayer
microgels have been shown to effectively block
the underlying substrate for the adhesion of
macrophages, which is interesting, for example,
for the modulation of the inflammatory response
to implanted biomaterials.

Additionally, Wang et al. studied the use of
self-assembling microgels for the suppression
of bacterial colonisation of synthetic surfaces
[54]. In this case, two antimicrobial mechanisms
were investigated, namely: 1) modulation of
cell surface adhesion; and 2) local storage/
release of antimicrobial substances. For this,
PEG-based microgels and a copolymer of PEG
with acrylic acid (PEG-AA) were synthesized by
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the suspension photopolymerisation method,
and the obtained microgels were deposited on
silicon coated with poly-L-lysine, forming a
submonolayer coating. After deposition, a cationic
antimicrobial peptide (L5) was introduced into
the microgel, and the peptide content was
significantly higher in PEG-AA microgels than
in pure PEG microgels due to the electrostatic
factor. Coating a peptide-free silicon substrate
with a PEG-AA microgel significantly reduced
surface colonisation by S. epidermidis and the
degree of inhibition increased with the decrease
in the average distance between microgels and
surface bonds. The introduction of an L5 peptide
into microgels after deposition further reduced
coating colonisation with S. epidermidis to the
low value observed for the control macroscopic
PEG gel.

Wang and Libera investigated the surface
deposition of microgels formed by the suspension
polymerisation of AA and PEG on silicon surfaces
modified with polylysine and the effect of their
granular nature on protein adsorption [55].
Surface-bound PEG-AA microgels effectively
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prevented the adsorption of fibronectin. In
contrast, unprotected polylysine between
adhered microgel particles (subconfluent coating)
readily adsorbed this protein, thereby creating
a disordered array of submicron-sized non-
adhesive regions on the adherent cell surface.
It has been found that compared to completely
adhered surfaces, microgel coatings lead to
rapid distribution and proliferation of cells,
while the direction of differentiation does not
change. Scanning electron microscopy (SEM)
studies demonstrated that osteoblasts grow
above the surface of the microgel, adhering to
the surface areas exposed to polylysine, while
optical microscopy with temporalsm resolution
demonstrates higher cell mobility on the surface
covered with microgel. These findings correspond
with numerous studies of biomaterial surfaces
structured in different ways and are consistent
with the concept of intercellular interactions on
the surface, regulated by the spatial distribution of
cell adhesion sites. In addition, they suggest that
microgel adsorption may represent an interesting
way to control cellular processes involved in
healing after biomaterial implantation.

Similar Tsai et al. investigated PNIPAAm
microgels deposited on polystyrene substrates
by immersion [56]. As the substrate removal rates
were changed, surface structures were formed.
Stripes of densely packed PNIPAAm microgels
separated by intervals containing sparsely
distributed microgels were clearly visible on these
surface structures. It was found that NIH-3T3
cells plated on such micropatterned substrates,
are fixed predominantly in the spaces, forming
cell agglomerates. The cells formed confluent cell
layers three days after plating. The extraction of
fibroblast cell layers from substrates was carried
out by lowering the temperature due to the
temperature-sensitivity of the underlying layer
of PNIPAAm microgel, similar to other modified
PNIPAAm layers or differently reacting surfaces
for collecting cell layers.

Considering the problem of interaction of
cells with various surface features of granular
microgel films, Lynch et al. studied the production
of polymer coatings with controlled surface
topography on a micrometre scale using microgel
particles [57]. By changing the interaction
between the microgel particles, the particles
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were phase-separated into dense and particle-
depleted domains, which remained on the
surface after evaporation of the solvent. When
the particle size changes, the size of the formed
pores and their distribution in the film also
change. It was shown that such systems can be
formed into various structures, even obtained
from microgel particles of the same size and
the same composition. For HeLa cells grown on
the surfaces of microgel based on 200 nm tert-
butylacrylamide/isopropylacrylamide, cells could
either grow in the pores of the microgel, where
their distribution was limited by the pore size, or
they could grow along dense domains between
the pores, in this case, the cells had an elongated
shape.

Li et al. focused on controlled surface
heterogeneity, combining the assembly with
control of surface wettability by microdroplets
using embossing with polydimethyldisiloxane
and subsequent fixation for the assemblage of
thousands of heterogeneous three-dimensional
microenvironments for cells with precise control of
individual shapes, sizes, chemical concentrations,
cell density, and three-dimensional spatial
distribution of many components [58].

The biological reactions on surfaces coated
with a microgel have been most fully described in
the studies of Bridges et al. devoted to the biological
response of thin films formed by PNIPAAm
microgels crosslinked with polyethylene glycol
diacrylate [59]. These particles were grafted
onto a conformally coated PET substrate, which
was found to significantly reduce fibrinogen
adsorption as well as adhesion and proliferation
of primary human monocytes/macrophages. It
was also found that microgel coatings lead to a
decrease in the adhesion of leukocytes, as well as
anti-inflammatory cytokines (TNFa, IL-1b, MCP-
1) after intraperitoneal implantation.

Evaluating the biological response of a
microgel-coated surface in vivo, Bridges et al.
investigated chronic inflammatory reactions
to microgel coatings consisting of PNIPAAm
microparticles crosslinked with polyethylene
glycol diacrylate applied on PET [60]. At the
same time, unmodified and microgel-coated PET
discs were implanted subcutaneously in rats for
4 weeks, and the explants were analysed using
histology and immunohistochemistry. Microgel
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coatings have been found to reduce chronic
inflammation and result in thinner fibrous
capsules that contain 40% less cells compared to
unmodified PET discs. In addition, the microgel
coated samples contained significantly higher
levels of macrophages (80%) than unmodified
PET. These results demonstrate that microgel
coatings reduce chronic inflammation caused by
implanted biomaterials.

However, there are also reports that microgel
coatings do not provide improved performance
and biological response to biomaterials. Thus,
considering that the effectiveness of neural
electrodes implanted in the brain is often
limited by host responses in the surrounding
brain tissue, including astrocytic scar formation,
neuronal cell death, and inflammation. Gutowski
et al. investigated the host response to silicon
neural electrodes with surface coatings formed
by PNIPAAm-co-acrylic acid-PEG microgels and
without them [61]. The adhesion of astrocytes
and microglia for microgel-coated electrodes
compared to uncoated controls was significantly
reduced in vitro. In addition, the microgel
coatings reduced the array of astrocytes around
the implant for electrodes implanted in a
rat’s cerebral cortex. However, the microglia
response indicated persistent inflammation, and
the density of neurons around the implanted
electrodes was lower for both groups of implants
in comparison with the intact sample. Thus, it
was concluded that microgel coatings did not
significantly improve host response to implanted
neural electrodes.

Although the main focus in the context
of biomaterials has been on implant-related
issues, the use of microgel coatings offers great
opportunities, for example, for cell differentiation
and growth, which can be used either as coatings
for the surface of biomaterials or for applications
in regenerative medicine.

Similarly with surfaces modified by grafting
or adsorption of PNIPAAm or other temperature-
sensitive polymers [62], cell adhesion improves
at elevated temperatures (e.g. when bonds
are broken due to deterioration of dissolution
conditions), while cell detachment occurs when
the temperature decreases or the solubility of
PNIPAAm chains increases, causing the swelling
of chains. By examining these effects, Schmidt

Condensed Matter and Interphases, 2020, 22(4),417-429

Review

and co-authors demonstrated that PNIPAAm
microgel films can be used for the controlled
separation of adsorbed cells using temperature-
sensitivity [63]. In this case, the properties of the
microgel in the adsorbed state, as well as their
changes with a change in temperature, were
studied using the atomic force microscopy (AFM)
method. Analysis shows that water content,
surface adhesion, and nanomechanical properties
change dramatically when the polymer film
reaches a critical temperature, thus creating the
basis for the rapid response of cells to temperature
changes, both in terms of the number of fixed cells
and their morphology. Similar results were also
presented by Uhlig et al. [64].

4. Conclusions

The study of pH- and temperature-sensitive
copolymers for medical use is a very promising
area. This conclusion can be made after the
analysis of a significant number of studies
devoted to the use of such materials both as
containers for delivery of medicinal substances,
and as functional biomaterials, using which it
is possible to create coatings for implants, as
well as an artificial matrix for cell and tissue
regeneration. Such smart polymers allow
the flexible adjustment of the properties required
in each specific case under the conditions in
which they will perform their functions as
efficiently as possible. This can be done by varying
the composition of the copolymer, the degree
of crosslinking of macromolecules, the use of
various stabilising and initiating systems, as well
as different methods of synthesis. Thus, pH- and
temperature-sensitive polymer and copolymer
materials provide researchers with a powerful tool
that can change the approach to the treatment of
many serious diseases.
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Abstract

We demonstrated the possibility of using the mathematical form of Darken's theory, applied to the description of the
Kirkendall effect in binary systems, to the description of reactive interdiffusion in non-stoichiometric polycrystalline film
oxide systems with limited solubility. The aim of the study was the simulation of reactive interdiffusion under vacuum
annealing of a thin film system consisting of two non-stoichiometric polycrystalline titanium and cobalt oxides. The non-
stoichiometric nature of the system assumes the presence of mobile components, free interstitial cobalt and titanium
cations in it. Phase formation occurs as a result of reactive interdiffusion and trapping of mobile components of the system
on inter-grain traps. The proposed mechanism describes the formation of complex oxide phases distributed over the depth
of the system.

A complex empirical research technique was used, involving Rutherford backscattering spectrometry, X-ray phase analysis
and modelling methods. The values of the characteristic parameters of the process were determined by numerical analysis
of the experimentally obtained distributions of the concentrations of the components within the developed model. During
vacuum annealing of a thin film two-layer system of non-stoichiometric TiO, —Co, O oxides in temperature range
T=773 - 1073 K, the values of the individual diffusion coefficients of cobalt D = 5.1-10‘3y-exp(—1.0 eV/(kT) cm?/s and tita-
nium D= 1.38-10"%-exp(-0.31 eV/(kT) cm?/s were determined.

It was shown that for T'= 1073 K, the phase formation of CoTiO, with a rhombohedral structure occurs. The extension of
the phase formation region of complex cobalt and titanium oxides increases with an increase in the vacuum annealing
temperature and at 1073 K it is comparable with the total thickness of the film system.

The model allows predicting the distribution of the concentrations of the components over the depth of multilayer non-
stoichiometric systems in which reactive interdiffusion is possible.
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1. Introduction

Theoretical concepts for the chemical
reactions of the formation of phases of reaction
products (intermetallic compounds, oxides)
inside the diffusion zone separating the phases
of the initial reactants are the most developed
in solid state chemistry [1, 2]. In this case, a
common feature of the mechanisms explaining
the phase formation is the diffusion of atoms to
the interphase boundary between two materials
and the reactions occurring in the boundary layer.

For the polycrystalline state of materials and
limited solubility of components, a mechanism of
phase formation at grain boundaries throughout
the entire thickness of the contacting materials
is possible instead of layer-by-layer growth at
the interface boundary. This approach allowed
describing the interdiffusion and phase formation
in polycrystalline metal-oxide thin film systems:
Fe-TiO,and Co-TiO, [3-5]. In the study [6], it was
extended for the thin film two-layer system of
non-stoichiometric TiOZ_X—Col_yO oxides.

The mechanism of the phase formation
distributed over the depth was implemented
within the framework of numerical models
of reactive interdiffusion [3-6], using the
mathematical formalism of Darken's theory[7]. An
advantage of the theory [7] is that the distribution
of the concentrations of the components over
the depth of a binary system are determined as
a result of solving a boundary value problem for
two differential diffusion equations. They contain
one effective interdiffusion coefficient, which is
a linear combination of the individual diffusion
coefficients of the components.

The theory [7] was first proposed for the
description of interdiffusion in a binary system
with the unlimited solubility of components. In
studies [8, 9], it was applied to the description of
the formation and growth of boundary phases in
the diffusion zone.

The initial assumption of the theory [7], and,
consequently, the condition for the use of its
mathematical formalism, was the position of the
invariability of the molar volume of the system
associated with a change in its composition as a
result of chemical transformations.

In the study [10], the theory [7] was first
developed for the bulk reactions of the formation
of metal silicides during the interaction of a
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film of silicide-forming metal Ni with SiC. The
simulation results [10] differ significantly from
the experimentally determined distribution of the
components inside the extended reaction zone. In
our opinion, this is due to not taking into account
the change in the molar volume of the system in
the process of silicide formation.

In the case of Fe-TiO,, Co-TiO, and
TiOZ_X—Col_yO systems [3-6] the position on the
invariability of the molar volume of the system
is justified by the fact that the formation of
substitutional solid solutions based on cobalt and
titanium oxides occurs at the grain boundaries in
the presence of sufficient free volume. It is also
justified by the fact that only grain boundary
metal atoms, constituting an insignificant
fraction of the total oxygen-bound metal in the
corresponding oxide, are involved in the solid-
phase reaction.

The aim of this study was determination of the
values of the parameters characterizing the process
of reactive interdiffusion and phase formationin a
thin film two-layer system of TiOH—CoHO oxides,
based on the numerical analysis of the distribution
of the concentrations of the metals within the
model of reactive interdiffusion [6].

2. Experimental

A two-layer system of non-stoichiometric
oxides was obtained by the method described
in the study [6]. Magnetron-assisted sputtering
of cobalt (UVN-75M unit) was carried out on
single-crystalline silicon KEF 4.5 (100) wafers
at the following modes: discharge voltage 420 V,
current 0.5 A, rate 1.13 nm/s. The thickness of the
Co films was set by the sputtering time and was ~
100 nm. Subsequent thermal oxidation (in order
to obtain cobalt oxide CoO films) was carried out
in a quartz reactor of a resistive heating furnace in
an oxygen flow with a flow rate of 30 I/h at T= 673
K for 30 min. Metallic titanium with the thickness
of ~ 50 nm was deposited onto a layer of formed
cobalt oxide by magnetron sputtering in the
following modes: discharge voltage 380V, current
0.3 A, rate 2.3 nm/s. Vacuum annealing was
carried out at residual pressure of R = 2.7 107
Pa in the temperature range of 773-1073 K for
30 min. The distribution of the concentrations
of the components over the depth of the system
were determined by the Rutherford backscattering
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spectrometry (RBS) method on proton and single-
charged helium ion beams - 4 of electrostatic
generator EG-5 in the Laboratory of Nuclear
Physics of the Joint Institute for Nuclear Research.

The microstructure and thickness were
determined by scanning electron microscopy
(SEM) on cleavages of samples using a JSM-6510
LV scanning electron microscope with a resolution
in a high vacuum of 4 nm. The phase composition
of the two-layer film system was analysed by
X-ray phase analysis (XRD) using a DRON 4-07
diffractometer in an automatic mode with an
interval of 0.1° and a time of exposure at each
point of 1 s (CoK, - radiation, > = 1.79021 A). The
obtained diffraction patterns were interpreted
using the diffraction files of the JCPDS.

3. Simulation results

As a result of vacuum annealing, non-
stoichiometric titanium and cobalt oxides were
formed. In titanium oxide, the main defects are
interstitial titanium ions, in CoO at low oxygen
pressures, the dominant defect is cobalt ions in
interstices [11].

In the model [6], it is assumed that, under
non-stoichiometric conditions, in each of the
oxides of the thin film two-layer TiO, -Co, O
system, metal exists in two states. The first being
partly in a stationary state bound to oxygen in the
corresponding oxide state and the second being
partly in a free state (in the form of interstitial Co*
and Ti* metal cations) [11], capable of diffusion
migration. With vacuum annealing of the system
of TiOH—ColfyO oxides, titanium and cobalt are
formed at the grain boundaries of oxides as a
result of interdiffusion of interstitial cations of
one metal into a film of another metal oxide with
irreversible capture on intergrain traps. Cation-
capture reactions ((1) and (2) in [6]) provide the
replacement of one cation by another, and the
released cation passes into a free state and can
participate in the interdiffusion process. The total
concentration of each of the metals is the sum
of the concentration of free interstitial cations,
metal bound to the oxygen in the composition of
traps at the grain boundaries of its oxide and the
concentration of the oxygen-bound metal in the
traps in the oxide phase of another metal.

The modelling method as a part of the
complex empirical research methodology allows
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determining the values of the characteristic
parameters of the process by numerical analysis
of the experimentally obtained distribution
of concentrations of components within the
model. The parameters of the model for reactive
interdiffusion in a thin film system of TiOz_X—Col_yO
oxides [6], using the mathematical form of Darken’s
theory [7], include:

— individual titanium D, and cobalt D_
diffusion coefficients,

— the proportion of free metal in each phase
of the system: titanium r, (in TiO, ) and cobalt
r, (in Co,_0), which is a quantitative measure of
the non-stoichiometry of the oxide phases of the
system, as well as

— reaction rate constants ((1) and (2) in [6])
k, and k, capture of titanium and cobalt on grain
boundary traps in the Col_yO and TiO,  phases,
respectively.

The level of non-stoichiometry of oxides
depends on the method of their preparation,
temperature and composition of the annealing
medium [11]. Inthe literature, there is a significant
variation in the values of non-stoichiometry
of TiO, and CoO oxides under conditions of
low oxygen pressure and at high annealing
temperatures from 0.001 to 0.5 at% [12].

For the studied oxides in the thin film state,
there are no data on their non-stoichiometry;
therefore, we will assume the same level of non-
stoichiometry for both phases of the TiO, -Co, O
system: for titanium and cobalt r=r =r,=0.01.

The example of calculation of the distributions
of relative concentrations C of titanium (I-5) and
cobalt (1'-5) along the depth of the TiO, -Co, O
system in the absence of chemical transformations,
depending on its non-stoichiometry level r is
shown in Fig. 1. As can be seen from Fig. 1, the
intensity of mass transfer in the studied system
depends significantly on the value r, determining
the concentration level of mobile components. This
dependence affects the values of the individual
diffusion coefficients of titanium and cobalt,
determined by numerical analysis of experimental
distribution of concentrations within the model [6].

The values of the individual diffusion coeffi-
cients of titanium and cobalt in the TiO, - Co, O
system were determined by numerical analysis of
the experimental distribution of concentrations
of the components within the model.
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Fig. 1. Depth distribution of the relative concentrations of C of titanium (1-5) and cobalt (1’-5") depending on
the level of non-stoichiometry r of TiO, -Co, O systems. Calculationatr=r=r, k =k,=0,D  =1.0-10" cm?s;
D, = 1.0-10"* cm?s and with an annealing time of 30 min. Free metal fraction r: 1, I’ - 0.001; 2, 2 - 0.005;
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Fig. 2. Depth distributions of the relative total concentrations C (I, I") and oxygen-bound metals (2, 2) in the
TiO, ,~Co, O system: titanium trapped in the cobalt oxide Co, O phase (1’) and cobalt trapped in the titanium
oxide TiO, phase (2'). Annealing time was 30 min, temperature: 773 K (a); 873 K (b); 973 K (¢); 1073 K (d).
Points - experiment (RBS method), curves - calculation at D and D, values from Fig. 4 (points 1, 2)
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The distribution of concentrations of titanium
and cobalt over the depth of the TiOZ_X—Col_yO
systemobtained by the RBS method in comparison
with the results of modelling of the total
concentration of metals and its part captured
by traps in the phases of titanium and cobalt
oxides are shown in Fig. 2 a-d. The distributions
of the latter characterize the region of phase
formation of cobalt and titanium complex oxides.
As can be seen from Fig. 2, the extension of this
region increases with an increase in the vacuum
annealing temperature and at 1073 K it becomes
comparable with the total thickness of the film
system (Fig. 2d). Thus, the process of phase
formation does not occur at the interface, but has
a character distributed over depth.

800
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The evolution of the phase composition of the
studied system during vacuum annealing, deter-
mined by the XRD method is shown in Fig. 3. After
magnetron sputtering of titanium metal on the co-
balt oxide layer (Fig. 3, curve I), cobalt oxides
phases were revealed in the film: cubic CoO modi-
fication with lattice parameters: a = 4.240 A (space
group Fm3m) [JCPDS Cardno. 01-075-0418] and
Co,0O, with a face-centred cubic lattice of a spinel
structure (space group Fd3m) with lattice parame-
ters: a = 8.065 A. The diffraction pattern contains
low-intensity reflections of titanium oxide TiO, in
the tetragonal structure of rutile (space group
P42/mnm), lattice parameters: a = b = 4.5890 A,
€=2.9540 A [JCPDS Cardno. 01-073-1765]. The mic-
rograph of the cleavage of the film system shows
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Fig. 3. Diffraction patterns (a) and micrographs of the TiO, -Co, O film cleavage after magnetron sputtering

(b) and vacuum annealing at T'= 1073 K (c)
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two layers: the lower cobalt oxide layer with a thick-
ness of ~ 200 nm and the upper titanium oxide lay-
er with a thickness of ~40 nm (Fig. 3 a). After vacu-
um annealing at T= 1073 K (Fig. 3, curve 2) as are-
sult of the interaction of CoO and TiO, the complex
oxide CoTiO, is formed rhombohedral modification
(space group R-3 (148), with lattice parameters:
a=Db=5044 A, c = 13.961 A [JCPDS Cardno.
00-001-1040]. A homogeneous film with a thick-
ness of ~ 246 nm, which remained unchanged
during annealing, can be seen on a micrograph of
the cleavage of the film in Fig. 3 b.

The temperature dependence of the
individual diffusion coefficients of cobalt and
titanium is shown in Fig. 4 (points 1 and 2 for
cobalt and titanium, respectively). In the
temperature range of 773-1073 K, they vary
within D, = 1.75-10""* + 1.04-10""2cm?/s,
D,,=1.25-10°+4.5-10"" cm?/s. At these values of
the parameters, a good correspondence was
obtained between the experimental distributions
(points) to the calculated ones for the total
titanium (curves 1) and cobalt (curves 2’)
concentrations (Fig. 2 a-d) with unchanged values
of k,=1.10"* cm?s k,= 1.107% cm?/s, r, =r,= 0.01.

The approximation of the temperature
dependences in Fig. 3 by the Arrhenius equation
provides the individual diffusion coefficient of
cobalt in the TiOH—ColfyO film system:

2
., cm'/c

10°
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D. = 5.1 10%Exp(-1.0 eV/(kT) cm?/s (1
and titanium
D_.=1.38 10"*Exp(-0.31 eV/(kT) cm?/s (2)

As canbe seen from Fig. 4, values of D, and D,
are close to the values of the individual diffusion
coefficients of titanium and cobalt in the Co-
TiO, metal-oxide system obtained by numerically
analysing the distributions of the concentrations
(the secondary-ion mass spectrometry method)
using the deep reactive interdiffusion model,
implementing the same approach [4]. The higher
values of the individual diffusion coefficient
determined for cobalt in comparison with the
results of the study [4] are explained by different
methods for determining the distribution of the
concentrations, formation methods, and the
difference in the level of non-stoichiometry of
the studied Co-TiO, and TiOZ_X—Col_yO systems.

4. Conclusions

We showed the possibility of using the
mathematical form of Darken's theory [7] for the
description of reactive interdiffusion in non-
stoichiometric polycrystalline film oxide systems
with limited solubility.

The reactive interdiffusion model [6]
provides a good description of the experimental
distribution of the concentrations of titanium and

10,0

10,5

1,0 11,5 120 125 13,0

1047, K"

Fig. 4. Temperature dependence of individual diffusion coefficients of metals in TiO, —Co, O and Co-TiO,
film systems. The points are the results of numerical analysis for cobalt (I, 3) and titanium (2, 4); curves I’,
2" — approximation by the Arrhenius equation for cobalt (1) and titanium (2), (3, 4) - results of the study [4]
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cobalt over the depth of a two-layer film system of
non-stoichiometric TiO, -Co,_ O oxides during
vacuum annealing in the temperature range of
773-1073 K.

The values of individual diffusion coef-
ficients (temperature dependences (1) and
(2)), characterizing the process of reactive
interdiffusion and phase formation in a thin-film
two-layer system of TiO, —Co, O oxides have
been determined.

The extension of the region of phase formation
of complex cobalt and titanium oxides increases
with an increase in the vacuum annealing
temperature and at 1073 K it becomes comparable
to the total thickness of the film system.

Individual diffusion coefficients of cobalt and
titanium in the TiO, —Co, O system determined
by numerical analysis and the level of non-
stoichiometry are in good agreement with the
literature data [13-15]. In the study [16], for the
annealing of nanocrystalline TiO, films in an
Ar atmosphere, the grain boundary diffusion
coefficient was 1.04 10"® cm?%/'s at T = 673 K.
The scatter in the values of the grain boundary
diffusion coefficient is assumed to be associated
with structural changes at the grain boundaries
and the formation of an amorphous grain boundary
phase [17, 18]. Grain boundary complexes were
observed in the WO, and TiO, system, doped
with CuO [19, 20]. These grain boundary phases
are not numerous, have a nanometer width, and
therefore are not visible in microscopes with
a low resolution. As a result, the determined
coefficients of grain boundary diffusion at different
temperatures did not correspond to the values
determined for single crystals.

The model allows predicting the distribution
of concentrations of components over the depth
of multilayer non-stoichiometric systems, in
which reactive interdiffusion is possible.
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Abstract

Magnetic properties in amorphous multilayer nanostructures [(CoFeB), C,/SiO,],,, and [(CoFeB), (SiO,), /C],, with different
content of the CoFeB magnetic alloy in metal-composite layers and inverse location of non-metallic phases C and SiO, in
composite layers or in interlayers, were investigated by magneto-optical methods in the transversal Kerr effect (TKE)
geometry.

Using the spectral and field dependences of the transversal Kerr effect TKE, it has been established that in the samples of
both magnetic multilayer nanostructures (MLNS) the magneto-optical response and magnetic order are determined by the
phase composition of the composite layers.

In samples of MLNS [(CoFeB), C,/SiO,],,, with a post-percolation content of metal clusters in metal-composite layers, the
maximum of absolute TKE values decrease by about 2.5 times compared with the initial amorphous Co,Fe, B, alloy, while
the field dependences of TKE in samples of this MLNS has features that are characteristic of soft ferromagnets.

In samples of MLNS [(CoFeB),,(Si0,),/C],, with a pre-percolation content of metal clusters in the oxide SiO, matrix of
metal-composite layers, the TKE spectral dependences fundamentally differed from the TKE of the initial amorphous
Co,Fe,B,, alloy both in shape and sign. The field dependences of the TKE in the samples of this MLN were linear,
characteristic of superparamagnets.
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1. Introduction

Currently, one of the most dynamically
developing areas of modern solid-state physics is
the study of fundamental properties and practical
application of artificially created nanomedia with
a heterogeneity scale of 1-10 nm.

From a fundamental point of view,
nanogranular media turned out to be interesting
objects with tunnelling electron transport,
expressed size effects and complex magnetic
properties due to the single-domain nature of
ferromagnetic nanogranules isolated from each
other by a dielectric [1-5]. It is possible to obtain
magnetic structures with excellent prospects for
use in the field of high frequency and microwave
frequencies of electromagnetic radiation when
transition metals (Fe, Co, Ni) or their alloys are
used as one of the phases.

The object of intensive experimental and
theoretical studies is the question of the
effect of the composition and microstructure
of nanomaterials formed in the process
of self-organization of atoms during their
production on the magnetic, magneto-
optical, and magnetotransport properties of
nanoheterostructures. Despite the large number
of studies in this area, there is still no clarity in
understanding the processes accompanying the
structural rearrangement of matter, since it is
difficult to predict the properties of films, in which
the interaction of nanoparticles with each other,
with the matrix, and with the substrate plays a
significant role, with a huge influence of the size
and surface effects inherent in nanoparticles/
clusters, their boundaries and surfaces.

In our previous studies for the investigation
of the atomic structure of amorphous multilayer
nanostructures (MLNS) [(CoFeB), C,/SiO,],,, and
[(CoFeB),,(Si0,),/C], with a different number of
bilayers, a different content of metal, dielectric
SiO, and the carbon component and the inverce
location of the last two in metal-composite
layers or in interlayers, we used non-destructive
methods for analysing interfaces, short-range
order, and electronic structure [6—9]. Among them
are X-ray diffractometry (XRD), X-ray reflectivity
(XRR), ultrasoft X-ray emission spectroscopy
(USXES), X-ray absorption near edges structure
(XANES) and extending X-ray absorption fine
structure (EXAFS) [6-9].
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According to the results of these studies
in the MLNS [(CoFeB),C,/SiO,],,, with SiO,
interlayers a better preservation of the planarity
of the interface boundaries between metal-
composite layers and SiO, interlayers, than in
the MLNS [(CoFeB),,(Si0,),/C],, with carbon
interlayers, was found. Also, a better preservation
of the integrity of the magnetic granules of the
original CoFeB alloy with the Me-C and B-C
bonds at the interphase boundaries inside the
metal-composite layers was revealed. As a result,
in these MLNS a noticeable mixing of metal-
composite layers and SiO, interlayers did not
occur, and the interfaces remain planar [6-8].

In the another MLNS [(CoFeB),(Si0,), /C],,
with silicon dioxide in metal-composite layers
and carbon interlayers a different situation was
observed. The significant smearing of interface
boundaries of metal-composite layer/carbon
interlayer detected in it was due to the significant
interaction of all components of the complex
nanostructure with the formation of Me-O (first
of all, Fe-0) and B-O bonds with oxygen of SiO,
matrix at the interphase boundaries inside the
metal-composite layers. As a result, the size of the
granules of the initial alloy significantly decreased
to clusters with lower coordination numbers, and
the whole MLNS was more homogeneous [6-9].

It is well known that magneto-optical (MO)
methods provide unique information about
magnetic and electronic structure of new complex
nanomaterials, and that is why they are effective
and informative [10]. The MO properties of
amorphous metal-dielectric nanocomposites
depend on the phase composition and structure of
the metal and dielectric phases, on the volumetric
content of the magnetic component and on the
shape and size of magnetic granules [11-14].

In amorphous metal-dielectric nanocom-
posites with oxide matrices, an increase in the
MO response was observed for concentrations in
the percolation region [13, 14].

For pre-percolation systems (x < xper) a super-
paramagnetic state is characteristic, due to
the presence of nanoscale magnetic inclusions
located in a nonmagnetic medium [15-19].
In this case, a prerequisite for the existence
of superparamagnetism is the absence of
interaction between ferromagnetic nanogranules.
With an increase in the relative volume of the
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ferromagnetic phase, the distances between the
granules decrease up to their contact, and as a
result of the exchange interaction between the
magnetic moments of the atoms of different
granules a correlation of the magnetic moments
of the structure as a whole arises. This determines
the ferromagnetic nature of the heterogeneous
object.

The form of the spectral TKE dependences
significantly changed upon transition to layer-
by-layer deposited nanocomposites [20]. The
change in the field dependences of the TKE of the
samples deposited layer-by-layer had the same
tendency as in the bulk granular nanocomposite -
the evolution of the magnetization curves
from superparamagnetic to ferromagnetic
occurred with an increase in the concentration
of x. The percolation threshold in layer-by-layer
deposited composites shifts to the region of lower
concentrations of the ferromagnetic phase.

The MO properties of nanostructures were
significantly affected not only by the concentration
of the metal phase, but also by the thickness
of the composite layers. The thickness of the
films is set by the rotation rate of the substrate
around the sputtered targets [20, 21]. Studies
of the effect of nanocomposite manufacturing
technology on their MO properties showed that
the system with the thinnest layers should have
a percolation threshold at the lowest value of x
of all the systems studied, which was observed
experimentally [20].

A comparison of the MO properties of
nanocomposites in oxide matrices and a carbon
matrix showed that the form of the spectral and
field TKE dependences depends on the type
of matrix and strongly differs for SiO, and C
matrices. This was due to the peculiarities of
the formation of nanocomposites with a carbon
matrix [22].

The aim of this study was to obtain
information about the magnetic properties in
amorphous MLNS [(CoFeB),C,/SiO,],,, and
[(CoFeB),,(Si0,),/C],, with a different content
of metal, dielectric SiO, and/or C components
and the inverse location of the last two in metal-
composite layers or in interlayers by studying
the transversal Kerr effect TKE, as well as the
influence of the structural features of the MLNS
on these properties.
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2. Experimental

MLNS with different composition of metal-
composite layers and different interlayers
[(CoFeB),,C,/SiO,],,, and [(CoFeB),,(Si0,),/C],,
were obtained by the ion-beam sputtering method
(with a layer/interlayer thickness gradient) onto a
sitall substrate from two different targets, one of
which consisted of a plate of an amorphous metal
alloy Co,Fe, B, with carbon or quartz inserts,
located at different distances from each other.
For the production of the thickness gradient of
the metal-composite layers and non-metallic
interlayers between the target and the substrates,
a V-shaped screen was placed. The deposition was
carried out in an Ar atmosphere at a pressure of
5-10"*Torr [17-20].

The transversal Kerr effect which consists in
changing the intensity of linearly p-polarized
light reflected by a sample magnetized
perpendicular to the plane of light incidence was
used for the investigation of the magneto-optical
properties of the MLNS [(CoFeB), C, /SiO,],,, and
[(CoFeB),,(Si0,),/C],, [22-24].

The ratio () of the difference in the intensities
of the light reflected by the sample in the presence
(I) and absence of a magnetic field (1)), respectively,
measured in the experiment, to the intensity of
light I, determines the value and sign of the TKE:

S=(I-1)/1,=AI/I, (1)

The spectral and field dependences of the
transversal Kerr effect were measured using an
automated MO spectrometer in the energy range
of incident light quanta E from 0.5 to 4 eV. The
amplitude of the applied alternating magnetic
field reached 3 kOe. For the registration of the
signal, a dynamic method was applied, which
allows measuring the relative change in light
intensity up to 10-°. In this case, the measurement
error did not exceed 5%. The measurements were
carried out at room temperature.

2]200

3. Results and discussion

Table 1 shows the thicknesses (in nanometres)
of bilayers equal to the sum of the thicknesses of
metal-composite layers and interlayers, nominal
(calculated based on the geometry and deposition
rate) and experimental (according to reflectometry
data [7, 8]) for MLNS samples, obtained by ion-
beam sputtering, in which the magneto-optical
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Table 1. Nominal and experimental bilayer thicknesses (metal-composite layer + interlayer) for MLNS

samples of two types (nm)

[(CoFeB),,C,,/SiO,],, [(CoFeB),(Si0,), /C],,
Sample numbers 1 2 3 23 33 43
Metal-composite layer 3.3 4.0 4.6 5.9 6.4 6.5
Interlayer 1.7 2.0 2.4 1.2 1.4 1.6
Nominal bilayer thickness 5.0 6.0 7.0 7.1 7.8 8.1
Bilayer thickness accordin,
o rgﬂectometw data 17 8]g 5.44 6.44 6.57 7.35 8.15 8.43
properties were studied. The studied samples 8
were numbered in accordance with the increase L e
in bilayer thicknesses and overall thicknesses: 1, 6 —_——
2, 3for MLNS [(CoFeB), C,/SiO,],,, and 23, 33,43 1 ———>
for MLNS [(CoFeB),,(SiO,), /C],, o 44 CoFeBC/SIO, __,__4
Figure 1 shows the obtained dependences = 4
of transversal the Kerr effect TKE on the energy E 2 0
of light quanta for samples of two MLNS = a@?‘f
[(CoFeB),C,/SiO,],,, and [(CoFeB),,(SiO,), /C], 0 Bomores T
with similar average values of bilayer thicknesses Q‘;EHDDHUD::';:}%* T =023
of about 6—-8 nm, but with different numbers of -2 Poooes CoFeBSi0,/C :‘H:ig
bilayers 200 and 46 and, therefore, different total — T '
MLNS thicknesses. 0,5 1,0 1,5 2 0 2 5 3,0 3, 5 4,0

Spectral dependences of two MLNS
[(CoFeB),C,/SiO,],,, and [(CoFeB),,(Si0,),/C],,
shown in Fig.1,demonstrated that the TKE in them
is fundamentally different by sign. The maximum
absolute values of TKE in the samples of both
MLNS were approximately 2.5 times lower than in
the film of the initial amorphous Co, Fe, B, alloy,
to which corresponds the upper curve in Fig. 1. It
should be noted that the general form and signs
of the TKE spectral dependences in both MLNS
corresponded to the TKE spectral curves from film
composites of the same compositions (CoFeB)
(8i0,),  and (CoFeB) C, [23],obtained using the
same unit as the studied MLNS.

As we stated above, using non-destructive
X-ray analysis methods such as XRR, USXES,
XANES and EXAFS, it was found [6-9] that in
MLNS [(CoFeB),C,,/SiO,],,, with a high content of
magnetic alloy (after the percolation threshold)
and carbon in the metal-composite layers, but
with oxide interlayers, not only the interfaces,
but also the clusters of the initial amorphous
CoFeB alloy (with the Me-C and B-C boundary
bonds) were preserved, which correlates with the
data of spectral TKE dependences and explains
the similarity of the shapes and positive values
of MLNS spectra and the initial alloy. However,

Condensed Matter and Interphases, 2020, 22(4), 438-445

E, eV

Fig. 1. Spectral dependences of TKE in amorphous
samples with different thicknesses for MLNS
[(CoFeB),,C,/SiO,],,, = I, 2 and 3; for MLNS

[(CoFeB), ($i0,),/Cl., - 23, 33 and 43 and in the film

of the amorphous alloy Co,Fe, B, (upper curve)

the influence of dielectric SiO,  interlayers and
the carbon matrix surrounding metal clusters
led to a decrease in the relative content of the
metal phase in the total volume of the MLNS
structure and, accordingly, to a decrease in the
TKE modulus by almost 2.5 times (Fig. 1).

Using the same diagnostic methods in the
MLNS [(CoFeB),,(Si0,),/C],, with significantly
lower magnetic alloy content x = 34 at. % (up
to the percolation threshold) and oxide matrix
in the composite layers, a significant smearing
of the planarity of the interfaces with the
formation of oxides of 3d-metals, mostly iron
oxides was revealed [7-9]. All this leads to a
higher mixing of atoms of the metal-composite
layers and interlayers, a decrease in the size of
metal clusters, and a higher homogeneity of
the entire MLNS as compared to the previous
one. These circumstances can explain the
negative spectral dependences of TKE in MLNS
[(CoFeB),,(Si0,),/C],, in Fig. 1.
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Moreover, it should be taken into account, that
the same negative spectral TKE dependences were
observed in all thin-film samples of composites
of variable composition (CoFeB) (SiO,), [23],
including the composition of composite layers of
studied by us MLNS [(CoFeB),,(Si0,),/C],,.

The fact that CoFeB composites with different
nonmagnetic phases and MLNSs with the
corresponding metal-composite layers have
spectral dependences similar in general form and
TKE of the same sign allows us to conclude that
in both MLNSs the MO response and magnetic
order are determined by the phase composition
and electronic structure of the metal-composite
layers.

Since the value of the TKE is proportional to
the magnetization of the sample, based on the
analysis of the TKE dependence on the magnitude
of the applied magnetic field, the magnetic order
realized in the sample can be determined.

Fig. 2 shows the field dependences of the TKE
on the strength of the applied magnetic field
for samples of two types MLNS with different
thicknesses of bilayers, metal-composite layers
and interlayers presented in Table 1.

Comparison of the results for MLNS of
two types in Fig. 2 shows that the form of
the field dependences of the TKE in MLNS
[(CoFeB), C,/SiO,],,, has features characteristic
of ferromagnets. A sharp increase in the
magnetization of all studied samples (1, 2, 3)
to saturation magnetization indicates that the

2,5
2,04 Meaviamtays 5’77
=] CoFeBC/SiO2 ]
EREE Bt 7
E 1,0 - // /
0,5 —re—23
] /wf/// —o=33
[éf" CoFeBSiO,/C —n=43 a
00— T T T
0 500 1000 1500 2000 2500 3000
H, Oe

a
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samples of this MLNS are magnetically soft
materials with a coercive force not exceeding
several Oe. A slight difference in the magnitude
of the effect for samples (1, 2, 3) was revealed.
These differences correlated with the thickness of
the samples in a regular way; the effect increased
with an increase in the thickness of the composite
layers, i.e., with an increase in the volume of the
ferromagnetic phase.

As can be seen in Fig. 2, TKE dependence on
the magnitude of the field is linear, characteristic
for materials with a superparamagnetic
magnetization in MLNS [(CoFeB),,(SiO,)/C],
samples with SiO, in metal-composite layers
and impaired interfaces [7-9]. Such a magnetic
order is characteristic of nanostructures in the
pre-percolation state with a low content of the
ferromagnetic phase and small sizes of magnetic
particles [11-13], which are the samples of this
MLNS, containing along with metal clusters of
small sizes, metal-oxide and oxy-boride clusters
of transition metals. Decrease in the slope angle
of the linear TKE(H) dependences (Fig. 2a)
with increasing thickness of 23, 33, 43 MNS
samples [(CoFeB),,(SiO,), /C], was most probably
associated with a change in the morphology
(shape and size) and density of magnetic granules
in the general structure of the MLNS.

For these MNLS, we observed that with an
increase in the thickness of the metal-composite
layers, the modulus of the TKE value decreases,and
the highest negative effect of TKE was observed

1,0 e rm—c— r——
b f’ —C— | COFE:BC/SiO2

— — )

=
00

—o—3

=
[=)
|

TKE(H)/ TKE(Hmax)
o
=N
|

—c=23
—0=133
COFeBSIO,/C —cm43 b

-
to
!

0,0 p T T
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T I ! I ! I L I T I
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H, Oe
b

Fig. 2. Field dependences of TKE (H) on the magnetic field strength for amorphous MLNS with different sample

thicknesses: [(CoFeB), C,/SiO,]

200

-1, 2, 3and [(CoFeB),,(Si0,), /C],, — 23, 33, 43: experimental (a) and normal-

ized by the magnitude of the effect in the maximum field TKE(H)/TKE(H ) (b)
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for the MLNS with the smallest thickness of the
metal-composite layers (curve 23 in Fig. 1). The
thickness of the metal-composite layers affected
the size and shape of the ferromagnetic granules,
which, in turn, affected the MO properties.

As was shown in the study [20], the size of
granules in layer-by-layer sprayed samples is
smaller than the characteristic size in a bulk
composite, and the probability of contact of
granules with each other is higher at smaller
sizes of the granules. For a system with thinner
layers, the percolation threshold shifts to the
region of lower concentrations of x, which should
lead to an increase in the TKE in the region of a
negative maximum, which was observed in our
experiment for an MLNS with a SiO, matrix in
composite layers.

TKE(H)/TKE(H, ) dependences normalized
by the magnitude of the effect in the maximum
field of the in Fig. 2b demonstrate complete
coincidence of curves for samples with
different thicknesses in each of the two MLNS
[(CoFeB),C,/SiO,],,, and [(CoFeB),,(Si0,), /C],..
This fact indicates that a small change in
thickness of metal-composite layers, interlayers
and general thicknesses of MLNS does not
affect the magnetic order realized in structures,
ferromagnetic in MLNS [(CoFeB),C, /SiO,],,,
samples and superparamagnetic in MLNS
[(CoFeB),,(Si0,),/C],, samples.

4. Conclusion

Comparative studies of magneto-optical
effects in two MLNS [(CoFeB)C,/SiO,],,, and
[(CoFeB),,(Si0,),/C],, with different content
of metal granules/clusters in metal-composite
layers and inverse arrangement of non-metallic
C and SiO, phases in metal-composite layers or
interlayers were performed.

It was found that in both MLNS the magneto-
optical response and magnetic order are
determined by the phase composition of the
metal-composite layers. The general form of the
TKE spectral curves obtained from the MLNS
corresponds to the dependences obtained for film
composites deposited on a similar sitall substrate
with a composition identical to the composite
metal-containing layers of a multilayer structures.

The difference in the behaviour of the magneto-
optical properties of two MLNS with different
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phase ratios: magnetic metal CoFeB, dielectric
Si0, and carbon phases and inverse location of
non-metallic phases in metal-composite layers or
interlayers correlates with the data of studies of
short-range order in amorphous MLNS [9].

Spectral dependences of the TKE of three
studied MLNS [(CoFeB),C,/SiO,],,, samples
with different thicknesses of bilayers and post-
percolation content of metal clusters x = 60 at.
% were similar to the spectral dependence of the
TKE of the initial amorphous Co,Fe, B, alloy
both in form and in sign, at the energy of light
quanta higher than 1.3 eV. This fact correlates
with the results of structural studies of this
MLNS, in which the preservation of interfaces
and magnetic clusters of CoFeB was confirmed
[6-9]. The relative fraction of the metallic phase
in the total volume of this MLNS is lower than
in the initial alloy, and therefore the maximum
absolute TKE values decreased by about 2.5 times
in comparison with the amorphous CoFeB alloy.
In this case, the form of the field dependences of
TKE of MLNS [(CoFeB),C,/SiO,],,, had features
characteristic of soft ferromagnets.

In another MLNS [(CoFeB),,(SiO,), /C],, with
a pre-percolation content of metal clusters at
x =34 at. % in a SiO, _oxide matrix, the spectral
dependences of TKE had a fundamentally different
form, differing from the spectral dependence of
TKE of the initial amorphous Co, Fe both by
form and sign.

This is due to the predominant interactions
of metal clusters with the SiO, dielectric
matrix, which significantly reduced their size and
coordination numbers, and, ultimately, determine
the nature and sign of the spectral dependences
of TKE. The TKE field dependences of this MLNS
samples were linear, which characteristic of
superparamagnets. This is primarily associated
with a significantly lower relative content of CoFeB
clusters with metal-boron-oxide shells immersed
in a dielectric SiO, layer of metal-composite
layers. As a result, the exchange interaction
between the atoms of metal clusters becomes
impossible, and a complex heterophase system
turns out to be in a superparamagnetic state.
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Abstract

In this study, cobalt-zinc ferrite (Co,,Zn Fe,0,) was obtained by the glycine-nitrate method followed by annealing in a
high-temperature furnace at a temperature of 1300 °C. The qualitative composition and its microstructural characteristics
were determined using energy-dispersive X-ray spectroscopy, X-ray diffraction analysis, and scanning electron microscopy.

The analysis of the micrographs demonstrated that the cobalt-zinc ferrite micropowder obtained after thermal annealing
has an average particle size of 1.7+1 pm. The analysis of XRD data showed that the annealed cobalt-zinc ferrite micropowder
has a cubic crystal structure with a lattice parameter of a = 8.415 A. Using the Scherrer and Williamson-Hall equations we
calculated the average sizes of the coherent scattering regions, which were commensurate with the size of crystallites:
according to the Scherrer equation D = 28.26 nm and according to the Williamson-Hall equation D = 33.59 nm and the
microstress value € = 5.62x10~* in the ferrite structure.

Using a vector network analyser, the electromagnetic properties of a composite material based on synthesized cobalt-zinc
ferrite were determined. The frequency dependences of the magnetic and dielectric permeability values from the measured
S-parameters of the composite material (50% ferrite filler by weight and 50% paraffin) were determined using the Nicolson-
Ross-Weir method and were in the range of 0.015-7 GHz. The analysis of the graphs of the dependence of the magnetic
permeability on the frequency of electromagnetic radiation revealed a resonance frequency of f, = 2.3 GHz. The discovered
magnetic resonance in the UHF range allows the obtained material to be considered as being promising for use as an
effective absorber of electromagnetic radiation in the range of 2-2.5 GHz.

Keywords: glycine-nitrate synthesis, cobalt-zinc ferrite, ferrimagnetic, microstructure, composite materials, magnetic
permeability, dielectric permittivity.
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1. Introduction

The development of methods for obtaining
powder metal-oxide magnetic materials is
currently considered an urgent task. Such
materials are ferrites, which are solid solutions
based on iron (III) oxide [1-3]. It is known, that
zinc-based ferrite spinels are often used in the
industry. The main ones are manganese-zinc and
nickel-zinc ferrites with a cubic crystal lattice.
However, the disadvantage of these ferrites
is their rather low resonance frequency. The
substitution of cobalt or nickel by manganese
allows the magnetic properties to be changed
significantly, namely, to shift the resonance to
higher frequencies and, consequently, to increase
Snoek’s limit [4].

Now, there are various methods for
obtaining both nano-sized and micro-sized
ferrite powders using ceramic technologies
and from salt solutions [5-7]. The production
method significantly affects the shape and
size of the particles, which determines the
microstructural and electromagnetic properties
of the material [8-10]. For example, one of the
most widespread methods of obtaining ferrite
powder is ceramic synthesis [11-14]. However,
the disadvantage of this method is the long-term
high-temperature annealing, which leads to an
inhomogeneity of particles, the manifestation
of anisotropy, and the poor reproducibility of
electromagnetic properties; therefore, chemical
syntheses are promising methods for obtaining
ferrite materials. When ferrite is obtained by
chemical synthesis, energy consumption can be
reduced and the uniformity of particles can be
significantly improved [15]. The main chemical
methods for producing ferrites from metal
nitrates include: nitrate-urea [16, 17], nitrate-
citrate [18, 19], as well as the glycine-nitrate
method used in this study [20-22], etc. The
advantage of the glycine-nitrate method is that
the required temperature of the mixture at which
the pyrochemical reaction occurs is about 150 °C,
which is significant lower than that of nitrate-
urea and nitrate-citrate syntheses.

The purpose of this study was the synthesis of
cobalt-zinc ferrite by the glycine-nitrate method,
high-temperature annealing at a temperature of
1300 °C, and research into its microstructural and
electromagnetic characteristics.
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2. Experimental

The following reagents were used for the
synthesis of Co, .Zn Fe,O, ferrite: Co (NO,),-6H,0
(chemically pure, RF), Zn(NO,),-6H,0 (chemically
pure, RF), Fe(NO,),-9H,0 (analytical grade, RF),
glycine acid (C,H,NO,, chemically pure, RF). The
metal nitrates and glycine that were used were
taken in the required stoichiometric quantities
and then dissolved in bi-distilled water. Then
the resulting mixture was gradually heated for
1 h to a temperature of 150 °C with constant
stirring. After a certain amount of time, after the
evaporation of the excess volume of bi-distilled
water, the solution was a viscous gel-like product.
With further heating, the resulting viscous gel
ignited spontaneously, followed by combustion
for 5-6 seconds. In the course of thermolysis,
a highly porous, weakly magnetic, light brown
foamy substance was formed. The equation for
the pyrochemical reaction that took place can be
represented as follows:

0.5Co(NO,),"6H,0 + 0.5Zn(NO,),-6H,0 +
+ 2Fe(NO,),-9H,0 + 3C,H,NO, — Co, .Zn, .Fe,0,+
+5.5N,1+ 6CO, 1 + 37.5H,01 +0.250,1

After the completion of the reaction and sub-
sequent cooling, the ferrite sample was ground in
a ceramic mortar for 30 minutes. Then, for the re-
moval of the residual impurities, the resulting syn-
thesized powder was heat treated in a “Nabertherm
Top 16/R + B400” high-temperature furnace at a
temperature of 1300 °C for 1 hour. Additionally, af-
ter cooling, the calcined ferrite powder was ground
in a ceramic mortar for 10 minutes in order to ob-
tain a homogeneous micropowder.

Photos of the microstructure of the
investigated Co,.Zn Fe,O, ferrite were obtained
using a “JEOL JSM-7500F” scanning electron
microscope and energy dispersive analysis was
performed using the “INCA X-Sight” attachment.

X-ray diffraction analysis of the cobalt-
zinc ferrite sample was carried out using a
“Shimadzu XRD-7000” powder diffractometer.
The sample was investigated at room temperature
in the angle range of 26 from 3° up to 70° with a
scanning step of 0.02°.

For the study of the electromagnetic
properties of cobalt-zinc ferrite, a composite
material based on paraffin with a ferrite filler
concentration of 50% by weight was made.
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The sample was made in the form of a toroid
with a thickness of 4 mm, an outer diameter
of 7 mm, and an inner diameter of 3.05 mm.
Electromagnetic characteristics (magnetic and
dielectric constants) were calculated based on
experimentally measured S-parameters using a
“Deepace KC901V” vector network analyser in
the range of 0.015-7 GHz.

3. Results and discussion

The spectrum of energy dispersive X-ray
spectroscopy (EDS) with the selected analysis area
for the studied Co, .Zn, .Fe,O, ferrite micropowder,
annealed for 1 hour at a temperature of 1300 °C
is shown in Fig. 1. The obtained results of the
EDA analysis show the presence of the main
elements: Co (12.68%), Zn (12.24%), Fe (45.21%)
and O (29.86%) in the composition of the studied
micropowder.

The photograph of an annealed Co, .Zn, Fe,O,.
micropowder is presented in Fig. 2a. Based on

keV

Fig. 1. EDX spectrum of the studied Co,.Zn Fe O,
ferrite annealed at a temperature of 1300 °C

Synthesis, Microstructural and Electromagnetic Characteristics of Cobalt-Zinc Ferrite

the analysis of the obtained photograph, it can
be noted that after thermal annealing at a tem-
perature of 1300 °C the studies sample consisted
of spherical microparticles. The detailed exam-
ination of the microstructure of the powder re-
vealed both individual and fused ferrite particles.
Based on the analysis of the micrographs of the
studied Co, .Zn, Fe O,, the histogram of the par-
ticle size distribution depending on their number
was calculated (Fig. 4b). The histogram of the par-
ticle size distribution was obtained based on the
analysis of 2700 particles using the “Image]” pro-
gram. For each individual particle, the equivalent
diameter was determined based on the results of
measurements of its length and width according
to the procedure from the study [23]. Based on
the data obtained from the histogram of annealed
Co,Zn, Fe O ferrite a relatively narrow particle
size distribution was revealed. The calculated av-
erage particle size of the synthesized cobalt-zinc
ferriteis 1.7 # 1 pm, which indicates a high degree
of particle homogeneity in the studied sample.

The XRD pattern for the investigated
Co,.Zn, Fe O, ferrite micropowder is presented
in Fig. 3, and the processed data of XRD pattern
are presented in Table 1.

Analysis of the obtained data demonstrates
that the characteristic peaks on the XRD pattern
correspond to the pure cubic spinel phase [24].
Using equation (1), it was determined that
the annealed ferrite micropowder has a cubic
structure with a crystal lattice parameter of
a = 8.415 A. The calculated parameter of the

400, b)

h

300+

\

e © 100 N

lpm JSM-7500
15.0kV SEI SEM WD

5/14/2019
7.8mm  3:16:51

N
§m
° 3 i s

Size, mkm

Fig. 2. SEM micrograph of the studied powder at a magnification of x5000 (a) and a histogram of the particle
size (b), for Co,,Zn Fe, O, after annealing for 1 hour at a temperature of 1300 °C
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Fig. 3. XRD pattern of the investigated Co, .Zn, .Fe,O, micropowder after annealing for 1 hour at a temperature

of 1300 °C

Table 1. XRD data for the investigated Co,.Zn Fe,O, ferrite

no. of peak | angle, 20 Intensity, [%] d-spacing, [A] FWHM, rad
1 18.18 9.6 4.876 0.00489
2 29.98 29.6 2.978 0.00471
3 35.36 100 2.536 0.00488
4 36.96 7.6 2.430 0.00488
5 43.00 20.3 2.102 0.00506
6 53.34 8.1 1.716 0.00617
7 56.90 26 1.617 0.00610
8 62.48 34.3 1.485 0.00612

crystal lattice for the investigated ferrite agrees
well to the data of the study [25] demonstrating
that a = 8.418 A, for Co,.Zn, Fe, O, ferrite after
6-hour annealing at 1000 °C [25].
2 2 2

%:(h +12+k ). )
iy a

Average size of coherent scattering regions
(CSR) — D, comparable with the crystallite size,
was calculated for the sample based on the data
of X-ray diffraction analysis (XRD) using the
Scherrer equation (2) [19]:

o
 Bcos6’

Where k = 0.9 for spherical particles;
A = 0.154 - wavelength of CuK_ radiation, nm;
B — half-width at half-heights of integral peaks,
rad, 6 —Bragg angle, rad.

The CSR value calculated according to Scherrer
for the investigated ferrite is: D = 28.26 nm.

(2)

Condensed Matter and Interphases, 2020, 22(4), 446-452

Additionally for the investigated ferrite, the
CSR values and microstresses were calculated
using Williamson-Hall method (Fig. 3) according
to equation (3):

3

where FWHM is the half-width at half-height of
the integral peaks, rad; 6 — Bragg angle, rad;
A = 0.154 — wavelength of CuK_ radiation, nm;
D - the required size of the CSR, nm; € — microst-
ress value.

Calculation of CSR sizes and microstresses
for Co, .Zn, Fe O, micropowder by Williamson-
Hall method provided the following results: CSR
size — 33.59 nm, which insignificantly differs
from the data obtained by the Scherrer method,;
microstress value € = 5.62x10.

The values of the magnetic (u =’ +iu”) and
dielectric (e = € + ie”) permittivity in complex
form for a composite material based on the

FWHM-cos0 = % +4¢e-sin b,
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investigated Co,.Zn Fe,O, were calculated from
the experimentally measured values of S and S,
according to the Nicholson—-Ross—Weir algorithm
[26-29]. The tangents of the angles of magnetic
and dielectric losses were calculated using the
following formulas (4):

B tgs, == 4)
€

tgd, =

Fig.4a shows the graphs of the dependence of
w and n” for the investigated composite material
(Co,Zn, Fe,O /paraffin = 1/1 by weight) in the
frequency range of 0.015-7 GHz. A slight decrease
in W from 1.85 to 1.69 was observed in the low
frequency range (0.015-0.5 GHz). However, with
an increase in the frequency of electromagnetic
radiation (> 0.5 GHz), the significant sharp
decrease in W’ value up to 1.041 at frequency of
7 GHz can be seen on the graph. The analysis of

0.0060 -
y = 0.0005623138x + 0.0041281613
0.0055
© 0.0050 -
)
o
o
=%
0.0045 -
0.0040 T T T
0.5 1.0 1.5 2.0
4*Sin 8

Fig. 4. Williamson-Hall plot for the investigated
COO.SZHO.SFeZO4

2.0 - a)
1.5 //
//

z 1y
=
- 1.0

- u>/»\~\

0.01 0.1 1 10
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u” data revealed that the maximum value of the
magnetic loss was observed at the frequency of
f = 2.3 GHz, which is in good agreement with
the data of [30], where the maximum value of
magnetic losses is observed in the range of 2.2-
2.4 GHz [30]. Maximal detected n”, which was
0.323, corresponded to the resonance frequency
for the produced composite material. Based on
the obtained p’ and p” data, tangent of the angle
of magnetic losses at the resonant frequency was
calculated and it was tg 0, 0.252.

Dependency graphs of ¢ and ¢” for the
manufactured composite material based on
Co,.Zn Fe,O, are shown in Fig. 4b. According
to the experimental data, it can be seen that
the value for both ¢ and €” for the investigated
composite sample practically does not change
in the entire investigated frequency range, on
the basis of which it can be concluded that the
average value of the dielectric constant for cobalt-
zinc ferrite in the investigated frequency range is
€’ = 3.12 and €” = 0.014. From the calculated date
for ¢’ and £” it follows that the tangent of the angle
of dielectric losses in the entire measured range
was tg & = 0.0045.

Since the values obtained for ¢’, ¢” and tg o,
were low and practically did not change in the
entire investigated frequency range, it can
be concluded that the dielectric parameters
insignificantly affect the radio-absorbing (except
for the resonance frequency shift) or radio-
shielding characteristics of the investigated
composite material.
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Fig. 5. Frequency dependence of complex magnetic permeability (a) and complex dielectric permittivity (b) for
the fabricated composite material based on Co,.Zn  Fe,O,
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4. Conclusions

The granular ferrite Co,.Zn Fe,O, with mi-
cron-sized granules consisting (according to XRD
data) of nanocrystals with average sizes of ~25-
35 nm was obtained by glycine-nitrate synthesis
after one-hour thermal annealing at 1300 °C and
subsequent grinding. The synthesized ferrite af-
ter thermal annealing did not contain impuri-
ties of other elements or side phases as was con-
firmed by EDS and XRD methods. Analysis of XRD
data showed that investigated Co,.Zn  Fe,O, fer-
rite has a cubic crystal lattice. The resulting fer-
rite powder after high-temperature annealing
of Co,.Zn, Fe 0, at 1300 °C within 1 hour has a
fairly high uniformity in shape and particle size
as was established based on the obtained micro-
graphs and histograms of the particle size distri-
bution. The analysis of the graphs of the depen-
dence of magnetic permeability on the frequen-
cy of electromagnetic radiation revealed the mag-
netic resonance at frequency 2.3 GHz. The discov-
ered magnetic resonance in the UHF range allows
the obtained material to be considered as being
promising for use as an effective absorber of elect-
romagnetic radiation in the range of 2-2.5 GHz.
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1. Introduction

Rare earth element (REE) compounds are
among the promising functional materials widely
used in aerospace system applications, high-pow-
er radiofrequency sources, computer hard drives,
battery electrodes for high-power batteries, etc.
[1, 2]. Among them, REE chalcogenides, posses-
sing high thermal stability, resistance to chang-
es in environmental conditions, unique magne-
tic, optical, and thermoelectric properties, which
are used in modern electronic technology [3-10].

The development and optimization of
methods for the directed synthesis of new phases
are based on data about phase equilibria in the
corresponding systems and the thermodynamic
properties of intermediate phases [11-13].

Although the phase diagrams of most Ln-Te
type binary systems have been studied in detail
and presented in a number of monographs and
handbooks [3, 10, 14] phase diagram of the Tb-Te
system has not yet been constructed. According
to [3], terbium with tellurium forms following
compounds: TbTe, Tb,Te,, TbTe ,, Tb,Te, and
TbTe,. In later studies [15, 16], the tellurides
TbTe, Tb,Te,, TbTe,, and TbTe, were confirmed.
However, we have not found any information on
the crystal structure and properties of Tb,Te..

In the literature, the experimental data on the
thermodynamic properties of terbium tellurides
are very limited. The handbook [17] contains
the estimated data on the standard enthalpy
of formation and entropy of TbTe and Tb,Te..
In the recently published studies [18, 19], the
thermodynamic functions of formation and the
entropy of the Tb,Te, compound were estimated
by the “tetrad effect” method.

This study presents the results of an
investigation of solid-phase equilibria in the Tb-
Te system and the thermodynamic properties of
terbium tellurides.

2. Experimental

For research, alloys of the Tb-Te system with
compositions > 50 at% Te (each weighing 0.5 g)
were synthesized. The elements and reagents
purchased from Alfa Aesar were used. The
synthesis was carried out by direct interaction
of elemental terbium (CAS No. 7440-27-9) and
tellurium (CAS No. 13494-80-9) in evacuated
(102 Pa) quartz ampoules. In order to prevent

454

Thermodynamic Properties of Terbium Tellurides

the interaction of terbium with the inner walls
of quartz ampoules, the synthesis of alloys
was performed in graphitized ampoules. The
ampoules were graphitized by the thermal
decomposition of toluene.

After keeping the ampoules at 1000 K for 24 h,
the alloys were ground into a powder, mixed,
pressed into tablets, and annealed at 800 K (alloys
with compositions 50-75 at% Te) or 700 K (alloys
with compositions > 75 at% Te) for 1000 hours.
Then the alloys were cooled in the switched-off
furnace and were investigated by XRD (Bruker D8
diffractometer, CuKo, radiation). The XRD results
confirmed the existence of the TbTe, Tb,Te,,
TbTe,,and TbTe, compounds.

For the investigation of the thermodynamic
properties of phases of the Tb-Te system by EMF
method, the following concentration cells of types
(1) and (2) were assembled and their EMF were
measured in the temperature range of 300-450 K.

(-)Tb(s.) | glycerol + KCl+TbCl, | (TbTel, ) (s.) (+) (1)
(-)TbTe(s.)Iglycerol+KCI+TbCL|(TbTel, )(s.)(+) (2)

Terbium was used as the left electrode in a type
(1) cell, and terbium monotelluride with a slight
excess of tellurium (composition TbTe, ) was
used in a type (2) cell. Synthesized equilibrium
alloys with different compositions from the two-
phase regions TbTe+Tb,Te, (50.3 and 55 at% Te),
Tb,Te +TbTe, (61 and 65 at% Te), TbTe, +TbTe,
(68 and 72 at% Te) and TbTe,+Te (77 and 90 at%
Te) were used as the right electrodes. A sample
with the composition 50.3 at% Te (TbTe ) was
used in a type (1) cell as the right electrode and
reproducible results were obtained.

The phase compositions of all the indicated
alloys were confirmed by XRD analysis. As an
example, powder X-ray diffraction patterns of an
alloy with a composition of 55 at% Te are shown in
Fig. 1. As can be seen, this sample is two-phase and
consists of a mixture of TbTe+Tb,Te, compounds.

The terbium electrode was prepared by fixing
a piece of metallic terbium on a molybdenum wire
(down conductor), and all other samples were pre-
pared by pressing the corresponding powder al-
loys on down conductors in the form of cylindrical
tablets (diameter ~7 mm and thickness 2—-3 mm)

In both electrochemical cells, a glycerol (CAS
No. 56-81-5) solution of KCl (CAS No. 7447-40-
7) with a small addition (0.1%) amount of TbCl,
(CAS No. 10042-88-3) served as the electrolyte.
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Fig. 1. The powder X-ray diffraction pattern of an alloy from TbTe,+Tb,Te, two-phase regions

Since the electrolyte should not contain moisture
and oxygen, the glycerol was thoroughly dried and
degassed by evacuation at ~450 K.

The EMF method with glycerol electrolyte
has been successfully used for many years for the
thermodynamic study of a number of binary and
ternary chalcogenide systems [20—-26].

The detailed descriptions of the methods for
the preparation of the electrodes and electrolyte
and assembly of the electrochemical cell were
described in studies [20, 21, 25].

The EMF measurements were carried out
using a Keithley Model 193 high-resistance
digital voltmeter. The temperature of the
electrochemical cells was measured with
chromel-alumel thermocouples and a mercury
thermometer with an accuracy of 0.5 K.

The first equilibrium EMF values were
obtained after keeping the cell at ~400 K for
40-60 h, while the subsequent EMF values
were obtained after 3-4 h when reaching
the desired temperature. The EMF values
were considered equilibrium values if they
did not differ from each other at repeated
measurements at a given temperature by more
than 0.2 mV, regardless of the direction of the
temperature change. During the experiments,
the EMF of each sample was measured

Condensed Matter and Interphases, 2020, 22(4), 453-459

2-3 times at two selective temperatures in
order to control the reversibility of the cell.
Taking into account the results of our
previous studies of Ln-Te systems by the EMF
method [22, 26], we used the cell of type (1)
only for study alloys from the TbTe + Tb,Te,
region, and reproducible results for both
electrode-alloys were obtained. For other
phase regions, type (2) cells were used and
the reproducible results were obtained. From
each heterogeneous region, two alloys were
examined. The EMF measurements for two
alloys from the same heterogeneous region
coincided with an accuracy of 0.5 mV.

3. Results and discussion

The obtained temperature dependences of
the EMF for all studied alloys of the Tbh-Te system
were linear (Fig. 2), which allowed performing
thermodynamic calculations using the least-
squares method. Calculations were performed
using the Microsoft Office Excel 2003 computer
program. The obtained linear equations are
presented in Table 1 in the form:

1

2 2 2 |2

E=a+bT11§£+§éZ:£L}, 3)
n Y (T,-Ty
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Fig. 2. Temperature dependencies of EMF for alloys of the TbTe+ Tb,Te, (cell of type (1)) and Tb,Te +TbTe,,
TbTe,+TbTe, TbTe,+Te (cell of type (2)) phase regions of the Tb-Te system

Table 1. Relations between EMF and the temperature for type (1)* and (2) cells in some phase regions
of the Tb-Te system in the temperature range of 300-450 K

Ne Phase region E,mV =a+bT +2[S? /n+SX(T-T)]">
0.67 v
1 TbTe,+Te 348.29+0.01664T + 2{7;—0+ 1.13-10°(T - 375.62)}
0.62 v
2 TbTe,+ThTe, 386.99+0.03379T + 2{é—0+ 1.05-10°(T - 375.62)}
0.53 V2
3 Tb,Te,+TbTe, 425.19+0.05492T + Z[é_o +8.9-10°(T - 375.62)}
0.69 v
4 *ThTe+Tb,Te, 910.32-0.07214T + z[é—0+ 1.18-10°(T - 374.89)}

where a and b — empirical constants; n - is
the number of pairs of T and E values; S, -

AH; =—ZF[E—T(§—§J }z—zFa. (6)
the error variance of the EMF measurements; P

T - the average of the absolute temperature;
t —the Student’s t-test. At the confidence lev-
el of 95 % and n = 30, the Student’s t-test < 2.

From the obtained equations (Table 1)
according to the relations [20, 21]:

AG; = —zFE, 4)
- oE
ASi=zF| & | = zFb, 5
: (aT]p ? ©
456

the partial molar Gibbs free energy, enthalpy,
and entropy of TbTe in two-phase alloys
Tb,Te +TbTe,, TbTe,+TbTe, and TbTe,+Te (Tab-
le 2) and terbium in alloys TbTe+Tb,Te, (Table 3)
were calculated.

The values given in Table 2 represent the
difference between the corresponding partial
molar functions of terbium for the right and left
electrodes of the type (2) cell. For example,
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Table 2. Relative partial molar functions of TbTe in the alloys of the Tb-Te system at 298 K

da3oBas —AGrte —AH TbTe ASrse
o6nactb KJ/mol J/(mol-K)
TbTe,+Te 127.82+40.15 123.08+0.65 15.90+1.72
TbTe,+TbTe, 114.94+0.17 112.024+0.71 9.78+1.87
Tb,Te,+TbTe, 102.26+0.17 100.82+0.74 4.82+1.95
Table 3. Relative partial molar functions of terbium in the alloys of the Tb-Te system at 298 K
Phase region —AGm —AH, ASy
KJ/mol J/(mol-K)
TbTe, 385.10+0.33 386.58+1.40 -4.96+3.71
TbTe, 372.22+0.35 375.52+1.46 -11.07£3.86
Tb,Te, 359.54+0.35 364.32+1.49 -16.03+3.94
TbTe 257.28+0.18 263.50+0.75 -20.88+1.99
AGmre(TbTe,, )= AGm (TbTe,,,) —~AGm(TbTe).(7)  S°(TbTe,)=[AS,, +S°(Tb)]+3S°(Te),
and S° (TbTe,) = ~[AS,, +S°(Tb)] + 2 §°(TbTe,),
= = = 3 3
AGm(TbTe,,, ) = AGrore(TbTe,, )+ AGm (TbTe).(8)

The partial molar functions of terbium in
TbTe,, alloys (right electrodes of type (2) cell)
were calculated using the relation (8) and are
presented in Table 3. 3.

The phase compositions of alloys (Table 3)
of indicated two-phase region show that the
partial molar functions of terbium in them are the
thermodynamic characteristics of the following
potential formation reactions (the state of
substances is crystalline):

Tb + 3Te = TbTe,

Tb + 2TbTe, = 3TbTe,
Tb + 3TbTe, = 2Tb,Te,
Tb + Tb,Te, = 3TbTe

Therefore, the standard thermodynamic
functions of the formation of terbium tellurides
can be calculated using the relations

AZ° (TbTe,)=AZ,, ,

1. 2
AZ° (TbTe,)= o AZy, + AZ"(TbTey),

AZ°(Tb,Te,)=0.5AZ,, +1.5AZ°(TbTe,),

1. - 1
AZ° (TbTe) = gAsz + gAZO (Tb,Te,),

where Z = G, H, S, while the standard entro-
pies were calculated as

S°(Tb,Te,)=0.5[AS,, +S°(Tb)]+1.55°(TbTe,),
S°(TbTe) = %[A§Tb +S°(Tb)]+ %SO (Tb,Te,).

For the thermodynamic calculations, in
addition to our experimental data (Table 3),we used
the literature data [28] on the standard entropies
of elemental terbium (73.51#0.42 xJ/mol) and
tellurium (49.50%0.21 kJ/mol). The results are
presented in Table 4. In all cases, the standard
uncertainties were calculated by accumulation
of errors method.

Table 4 shows the estimated data for the TbTe
and Tb,Te, compounds given in [17, 18].

4. Conclusions

We have presented the results of a compre-
hensive study of solid-phase equilibria in the Tb-
Te system and the thermodynamic properties of
terbium tellurides by EMF and XRD methods. The
compounds TbTe, Tb,Te,, TbTe,, and TbTe, were
revealed in the system based on the experimental
data. The partial thermodynamic functions of
TbTe and Tb in alloys have been determined
based on EMF measurements of types (1) and (2)
concentration cells in the 300-450 K temperature
range. The standard thermodynamic functions
of formation and the standard entropies of the
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Table 4. Standard integral thermodynamic functions of terbium tellurides

0 0 0 0
Compound -A,G* (298 K) -A:H (298 K) AS” (298 K) S (298 K)
KJ/mol J/(mol-K)

TbTe 385.1x0.3 386.6x1.4 -5.0%3.7 194.9+4.8
TbTe, 380.8+0.4 382.9+1.5 -7.0+3.8 165.6%4.6
750.98+0.7 756.5%3.0 —-18.5+7.8 277.0%9.3
Tb,Te, - 795%125[17] 264%21 [17]
803.5 818[19] 247.6 [19]

TbTe 336.1+0.3 340.0+1.3 -13.13.3 109.9%£3.9
314%63 [17] 97+10[17]

TbTe, Tb,Te,, TbTe, and TbTe,compounds were
calculated by the combination of these data.
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Abstract

Compounds of the Tl LnTe, (Ln-Nd, Sm, Tb, Er, Tm) composition were synthesized by the direct interaction of stoichiometric
amounts of thallium telluride TI,Te elementary rare earth elements (REE) and tellurium in evacuated (10 Pa) quartz
ampoules. The samples obtained were identified by differential thermal and X-ray phase analyses. Based on the data from
the heating thermograms, it was shown that these compounds melt with decomposition by peritectic reactions. Analysis
of powder diffraction patterns showed that they were completely indexed in a tetragonal lattice of the T1.Te, type (space
group I4/mcm). Using the Le Bail refinement, the crystal lattice parameters of the synthesized compounds were calculated.
It was found that when the thallium atoms located in the centres of the octahedra were substituted by REE atoms, there
occurred a sharp decrease in the a parameter and an increase in the ¢ parameter. This was due to the fact that the substitution
of thallium atoms with REE cations led to the strengthening of chemical bonds with tellurium atoms. This was accompanied
by some distortion of octahedra and an increase in the ¢ parameter. A correlation between the parameters of the crystal
lattices and the atomic number of the lanthanide was revealed: during the transition from neodymium to thulium, there
was an almost linear decrease in both parameters of the crystal lattice, which was apparently associated with lanthanide
contraction. The obtained new compounds complement the extensive class of ternary compounds - structural analogues
of Tl.Te,and are of interest as potential thermoelectric and magnetic materials.

Keywords: thallium tellurides — REE, structural analogues of Tl Te,, differential thermal analysis, X-ray phase analysis,
crystal structure.
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1. Introduction

One of the rational ways to develop new
functional materials is the search for complex
structural analogues of already known compounds
with the same properties and to optimize their
characteristics by directional alloying [1-5].

Subtelluride T Te, is one of the most suitable
matrix compounds for the preparation of new ter-
nary compounds - structural analogues and multi-
component phases. According to the phase diagram
of the TI-Te system [6, 7], this compound melts
congruently at 725 K and is a variable composition
phase with a wide range of homogeneity (34.5+38
at% Te).Due to the peculiarities of the crystal struc-
ture [8, 9], Tl.Te, has a number of ternary cation-
and anion-substituted structural analogies.

In studies [10, 11]a new class of compounds -
thallium tellurides of REE type Tl LnTe,, which
are ternary structural analogues of Tl.Te, was
obtained. These compounds complement the
extensive class of ternary compounds with
general formulas T1,AX, and Tl BX, (A - Sb, Bi,
Au, In; B — Sn, Pb, Mo, Cu; X - Se, Te) [13-19].
The described compounds are thermoelectric
with anomalously low thermal conductivity [20-
23], and some of them exhibit optical [24-26]
and magnetic [27, 28] properties, as well as the
properties of topological insulators [29-31].

As was shown above, Tl Te, crystallizes in
a tetragonal structure of the Cr.B, type (Sp.Gr.

o~ .
/
MU

a
Fig. 1. Crystal structure of Tl,Te,. Main structural element (a) [5], projected onto a plane b, ¢ (b) [28]
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I4/mcm) (Fig. 1a) [8, 9]. The crystal structure of
T1.Te, was described in detail in studies [5, 8,
9, 32]. In the crystal lattice of Tl.Te,, thallium
atoms occupy two different positions and
exhibit oxidation states +1 and +3. Some of the
thallium atoms (T12) are located in octahedral
voids, and others (T11) are located in the voids
of the anionic tellurium cage. Replacement of
half of the thallium atoms located at the centres
of octahedra (T12) with B** cations led to the
formation of compounds of the Tl BTe, type, and
their complete replacement by A*? cations led to
the formation of compounds of the T1,ATe, type.

It is known that lanthanides exhibit oxidation
states +2 and +3. In compounds of the Tl,LnTe,
type, lanthanides exhibit an oxidation state of +3.
Considering the existence of compounds of the
T1,AVX, type, we assumed the possibility of the
formation of compounds with the composition
Tl LnTe,, in which the REE will exhibit an
oxidation state of +2. In the study [12], for the
first time we synthesized and identified T1,GdTe,
and T1,DyTe, compounds - representatives of the
specified class, their isostructurality with Tl Te,
was confirmed and the parameters of their crystal
lattices were calculated.

In this study, we continued our research in the
field of REE thallium chalcogenides and report
on the synthesis of some new compounds of the
Tl LnTe, type.
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2. Experimental
2.1. Materials and synthesis

High-purity elements purchased from Alfa
Aesar were used for the studies: thallium
(catalogue number 7440-28-0), tellurium (13494-
80-9), neodymium (7440-00-8), samarium (7440-
19-9), terbium (7440-27-9), erbium (7440-52-0),
thulium (7440-30-4).

Thallium was stored in water in order to
prevent oxidation in air, therefore it was dried
immediately before use. Due to the toxicity of
thallium and its compounds, protective gloves
were used during performed work.

Considering the previous experience in the
synthesis of Tl,.LnTe, and Tl LnTe, compounds
[31-34], namely, the incongruent nature of their
melting and the refractoriness of the REE, Tl LnTe,
compounds were synthesized by a ceramic me-
thod using a special technique. In the synthesis,
not elementary components, but stoichiometric
amounts of thallium telluride T1,Te, lanthanide,
and tellurium were used since lanthanides with
thallium form thermodynamic stable compounds
that prevent further synthesis of ternary com-
pounds. Fusion was performed in the evacuated
(10-2Pa) quartz ampoules. After fusion at 1000 K,
to bring the alloys to a state as close as possible
to equilibrium, the cast non-homogenized ingots
were ground into powder in an agate mortar, tho-
roughly mixed, pressed into a cylindrical tablet,
and annealed at 700 K for 1000 h.

In order to prevent the interaction of
lanthanides with the inner walls of the quartz
ampoule, the synthesis of the compounds
was carried out in graphitized ampoules.
Graphitization was performed by the thermal
decomposition of toluene.

The single-phase of the synthesized com-
pounds was monitored by DTA and XRD methods.

2.2. Methods

The studies were carried out by the methods
of differential thermal (DTA) and X-ray phase
diffraction analyses (XRD). Heating curves were
recorded using differential scanning calorimeter
DSC NETZSCH 404 F1 Pegasus system and multi-
channel DTA device based on an electronic TC-
08 Thermocouple Data Logger in the temperature
range from room temperature to ~ 1300 K. Powder
diffraction patterns of the initial compounds
and intermediate alloys were recorded on a
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diffractometer D2 Phaser with CuK -radiation
within an angle range of 26 = 10+70°. The crystal
lattice parameters of the initial compounds and
intermediate alloys were determined by the
indexing of powder diffraction patterns using the
Topas 4.2 software by the Le Bail method.

3. Results

A comparison of powder diffraction patterns
of synthesized samples of composition Tl LnTe,
with Tl Te, and its typical triple analogue Tl PbTe,
showed that they all have qualitatively the same
diffraction pattern (Fig. 2). All reflection lines
were fully indexed in the Tl.Te, structure type
(Sp.Gr. I4/mcm).

The parameters of the tetragonal lattices of
T1,LnTe, that were determined using the computer
program Topas V4.2 using the Le Bail refinement
are shown in the Table. The Table also contains
data for other members of this class of compounds.
Data in the Table demonstrate that the substitu-
tion of thallium (T12) atoms located at the centres
of tellurium octahedra (Fig. 1) with REE atoms led
to a sharp decrease in parameter a and an increase
in parameter c. Probably, this was due to the fact
that such a substitution led to the strengthening of
chemical bonds between the REE and Te atoms (2)
and a decrease in the corresponding interatomic
distances, determining the value of parameter a.
As aresult, some distortion of tellurium octahedra
occurred, which led to an increase in parameter c.

The dependences of the crystal lattice
parameters of Tl LnTe, compounds from the
atomic number of the lanthanide is shown in
Fig. 3. As can be seen, there is a clear correlation:
during the transition from neodymium to
thulium, there is an almost linear decrease in
both crystal lattice parameters, which is probably
associated with a decrease in the crystallographic
radius of REE due to lanthanide contraction [33].

The thermogram of heating each of the synthe-
sized compounds in the temperature range from
room temperature to 1300 K contained one clear en-
dothermic effect at 760-775 K (Table). Taking into
account the difficulty of homogenizing the samples
obtained by fusion and the complex picture on the
DTA cooling curves, these effects cannot be attribu-
ted to the congruent melting point. Probably, these
compounds melt with decomposition by peritectic
reactions, and their complete transition to a liquid
state occurs at temperatures above 1300 K.

Condensed Matter and Interphases, 2020, 22(4), 460-465
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Fig. 2. Powder diffraction patterns of some compounds of the Tl ,LnTe, type

Table. Crystallographic parameters of Tl Te, and its ternary structural analogues of the TI,AVTe, type

Tetragonal lattice parameters,
Phase Sp.Gr. I4/mcm, Z = 4 Melting points Source
a, A c, A

T1.Te, 8.930 12.598 725 [8]
T1,SnTe, 8.820 13.010 823 [15]
T1,PbTe, 8.841 13.056 893 [15]
T1,CuTe, 8.929 12.603 - [17]
T1,MoTe, 8.930 12.575 - [18]
T1,NdTe, 8.8885(7) 13.0952(12) 775 present study
T1,SmTe, 8.8752(6) 13.0784(11) 772 present study
T1,GdTe, 8.8766(7) 13.0756(13) 770 [12]
T1,TbTe, 8.8652(7) 13.0653(12) 768 present study
T1,DyTe, 8.8588(7) 13.0524(16) 767 [12]
T1,ErTe, 8.8421(6) 13.0334(11) 760 present study
T1,TmTe, 8.8354(7) 13.015(15) 760 present study
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Fig. 3. Correlation between crystal lattice parameters
of the Tl LnTe, type compounds and the atomic num-
ber of the lanthanide

4. Conclusion

In this study, we reported the synthesis of new
ternary compounds of the Tl ,LnTe, (Ln-Nd, Sm,
Tb, Er, Tm) type, which are structural analogues
of T1,Te,. Powder diffraction patterns of all syn-
thesized compounds were completely indexed
in the tetragonal structure (Sp.Gr. [4/mcm), the
parameters of their crystal lattices were calcula-
ted. According to DTA data, it was found that the
synthesized compounds melt with decomposi-
tion by peritectic reactions. A comparison of the
results obtained with the literature data was car-
ried out. A correlation between the parameters of
the crystal lattice and the atomic number of the
lanthanide was revealed. The obtained new com-
pounds complement a wide class of compounds,
which are structural analogues of T1. Te,, and are
of interest as potential thermoelectric and mag-
netic materials.
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Abstract

Ferrimagnetic nanoparticles are used in biotechnology (as drug carriers, biosensors, elements of diagnostic sets, contrast
agents for magnetic resonance imaging), catalysis, electronics, and for the production of magnetic fluids and
magnetorheological suspensions, etc. The use of magnetic nanoparticles requires enhanced magnetic characteristics, in
particular, high saturation magnetisation.

The aim of our study was to obtain single-phased magnetic nanoparticles of Mn Fe, O, solid solutions at room temperature.
We also studied the dependence of the changes in their structure, morphology, and magnetic properties on the degree of
substitution in order to determine the range of the compounds with the highest magnetisation value.

A number of powders of Mn-substituted magnetite Mn Fe, O, (x = 0 - 1.8) were synthesized by means of co-precipitation
from aqueous solutions of salts. The structural and micro-structural features and magnetic properties of the powders were
studied using magnetic analysis, X-ray diffraction, transmission electron microscopy, and IR spectroscopy.

The X-ray phase analysis and IR spectroscopy confirm the formation of single-phase compounds with cubic spinel structures.
The maximum increase in saturation magnetization as compared to non-substituted magnetite was observed for Mn, .Fe, .0,

(M, = 68 A-m>kg" at 300 K and M, = 85 A-m*kg™" at 5 K). This is associated with the changes in the cation distribution
between the tetrahedral and octahedral cites.

A method to control the magnetic properties of magnetite by the partial replacement of iron ions in the magnetite structure
with manganese has been proposed in the paper. The study demonstrated that it is possible to change the magnetisation
and coercivity of powders by changing the degree of substitution. The maximum magnetisation corresponds to the powder
Mn, Fe, O,. The nanoparticles obtained by the proposed method have a comparatively high specific magnetisation and a
uniform size distribution. Therefore the developed materials can be used for the production of magnetorheological fluids
and creation of magnetically controlled capsules for targeted drug delivery and disease diagnostics in biology and medicine
(magnetic resonance imaging).

Keywords: solid solution, magnetic nanoparticles, spinel, specific magnetization.
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1. Introduction

The synthesis of nanomaterials has been
the focus of many studies lately. Of particular
interest are magnetite (Fe,O,) and maghemite
(y-Fe,0,) magnetic nanoparticles (MNP) [1].
They are used in biotechnology (as drug carriers,
biosensors, elements of diagnostic sets, and
contrast agents for magnetic resonance imaging),
catalysis, electronics, production of magnetic
fluids and magnetorheological suspensions, etc.
[2, 3]. The magnetic properties of nanoobjects are
known to be weaker than those of bulk materials.
Thus, their application requires high magnetic
characteristics, in particular high saturation
magnetisation values. In this regard, magnetite
was chosen as one of the best candidates.
Moreover, the magnetisation of magnetite may
increase due to its ferrous ions being substituted
by some transition metals ions. For instance, the
magnetic moment of bivalent manganese ions is
5 uB. So, when they replace the magnetite ferrous
ions, the magnetic moment of the solid solution
may be increased.

At present, there are various methods to
obtain oxide nanoparticles [1,4-9]. The simplest
and the most convenient method is the co-
precipitation method. It is a well-stidied approach
thatallows carrying on the synthesis without
heating or using an inert atmosphere. Due to its
high sensitivity to various parameters (type of the
precipitant, the concentrations of the reagents,
pH of the reaction medium, etc.) the method
can be used to obtain nanoparticles of various
size and properties [1]. It is also quite simple,
inexpensive, and practical, and therefore is of
great use for large-scale production.

The aim of our study was to obtain single-
phased magnetic nanoparticles of Mn Fe, O, solid
solutions at room temperature. We also studied
the dependence of the changes in their structure,
morphology, and magnetic properties on the
degree of substitution in order to determine
the compounds with the highest magnetisation
values.

2. Experimental
Mn Fe, O, solid solutions (x = 0; 0.3; 0.6;

X 3-x 4
0.8; 1.0; 1.2; 1.4; 1.8) were synthesised at room
temperature by combined hydrolysis of aqueous

solutions of inorganic salts of the corresponding
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metals. The starting materials (MnCl-4H,0,
Fe(NO,).-9H,0, and FeSO,-7H,0) were taken in
the stoichiometric proportions (Fe3": Fe* = 2:
1 mol.). For some samples, the stoichiometric
proportions of the cations Fe3 and Fe? were
altered by 5 % compared to the total number of
Fe* and Fe*cations. The precipitant was chosen
to be NaOH. The amount of the precipitant was
10% larger than the stoichiometric amount. The
excess amount of the precipitant was selected
specifically so that after mixing the solutions
the pH of the reaction mixture was ~ 11. The
sample with x=0.3, which had the highest specific
saturation magnetisation, was subjected to
thermal treatment in air for 2 h at 300 °C followed
by vibromilling (30 min). This was done in order to
use the sample to produce a magnetorheological
suspension.

The XRD spectra of the powders were
registered using a DRON 3.0 diffractometer
(Co,-radiation, 1.78897 A) within angle range
of 20 = 6—80°. The phase composition of the sub-
stance was determined by comparing the char-
acteristics of each peak (their diffraction angles
and intensity) with the reference values for mag-
netites Fe,O, (JCPDS 88-0315, a=8.3752 A) and
MnFe,0, (JCPDS 74-2403, a = 8.511 A). Scher-
rer’s equation was used to calculate the average
size of the particles based on the XRD patterns.

The microstructure of the samples was
studied using transmission electron microscopes
LEO 1420 and HitachiH-800 with an accelerating
voltage of 200 keV.

The IR spectra of the samples were registered
using an AVATAR 330 (Thermo Nicolet)
spectrometer in the region v = 4000-400 cm'.
The spectra were registered by means of diffuse
reflection using a Smart Diffuse Reflectance
accessory.

The magnetic characteristics were studied
using a Cryogen Free Measurement System
from Cryogenic Ltd, where hysteresis loops were
recorded at 5 and 300K,and B__ =8T.

3. Results and discussion

The spinel structure of a magnetite doped
with manganese can be either cubic or tetragonal
depending on the degree of substitution. Non-
substituted magnetite (x=0) has a cubic structure,
while Mn,O, has a tetragonal lattice [10].
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During the transformation from Fe, O, to
Mn,O, the degree of inversion of the crystal
structure alters, with the magnetite being an
inverse spinel and Mn,O, being a normal spinel
[7]. This transformation is caused by a different
distribution of cations between the sites as
suggested in [11]. For Mn Fe, O,, the cation
distribution can be generally presented as follows:

)

where x is the degree of substitution in Mn Fe, O,
solid solution (the total number of Mn?'ions); i is
the ratio of Mn?* ions in the octahedral sites; and
vis the degree of inversion of the crystal lattice.
It is known that for the stoichiometric
manganese ferrite MnFe O, v = 0.2, with 80 % of
Mn?* ions occupying tetrahedral positions [11].
The XRD patterns of Mn Fe, O, solid solution
powders presented in Fig. 1 are similar and have
broad peaks. All the synthesised Mn Fe, O,
compounds have a cubic spinel structure, which is
characteristic of pure magnetite. The presence of
the broad diffraction reflections may result from

the low degree of crystallinity of the structure.

(Mniii Fel* )A [Mnf’+ Fel’ Fej’ ]B 0,,

Intensity, a. u.

Synthesis and physicochemical properties of Mn Fe, O,solid solutions

Mn Fe, O, with x > 1.0 was synthesised using a
different method (the stoichiometric proportions
of the cations Fe* and Fe?" were altered by 5 %) to
prevent the formation of the a-Fe,O, phase in the
samples with high concentrations of manganese
(x>1.0)

Despite the low intensity of the peaks, the
X-ray diffraction pattern of the sample with x =
1.8 showed a peak at 20 =41.2, which was assumed
to correspond to the diffraction reflection of the
spinel with the maximum intensity index (311).
The X-ray amorphous state of this compound may
indicate a significant deformation of the crystal
lattice of the spinel caused by a large number
of manganese ions [12]. In other words, it may
indicate a gradual structural transformation
of the cubic spinel. This study demonstrated
that an increase in the degree of substitution
is predictably followed by an increase both in
unit cell parameters and in its volume. The ionic
radius of Mn?* is larger than the one typical
of Fe?* and Fe* regardless of the coordination
environment. Therefore, the introduction of
manganese ions into the crystal lattice inevitably

*-Fe O,
WWNWM x=1.8
MWWMM x=1.4
WMWWWWM x=1.2

MMWMM 10
WMM e
x=0.6

80 70 60

50

20, degree

Fig. 1. XRD spectra of Mn Fe, O, powders (0 <x < 1.8)
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results in an increase in the unit cell parameters
and volume. For the same reason, the peaks with
the corresponding Miller indices shift toward the
region of narrow angles, when the concentration
of manganese in the sample increases.

The calculated lattice constants of the powders
with higher concentrations of manganese are
smaller than those described in the available
literature. The difference can be accounted
for by the fact that during the growth of the
nanoparticles in alkaline medium and in the
presence of atmospheric oxygen, the ageing
of the Fe,O, magnetite to y-Fe,O, maghemite
with smaller lattice constant (JCPDS 39-1346,
a =8.3515 A) proceeds smoothly [13, 14].

The average size of the crystallites increases
nonlinearly with an increase in the degree
of substitution. The difference in the size
may indicate a difference in the speed of
Mn(OH), and Fe(OH), hydrolysis as well as strong
competition between them during the formation
of nanoparticles of various compositions.

The dislocation densities and the number
of micro-stress sites in solid solutions decrease
nonlinearly and in a similar way. Micro-stress
plays a key role in the development of crystals.
They prevent the growth of crystals and thus
determine the size if the formed particles [15].
The comparison of the curves showing the
alterations in the particle size and micro-stress
demonstrates that they are mirror reflections of
each other.

Fig. 2 presents TEM microphotographs
of some of the samples obtained by the co-
precipitation. In each case, nearly spherical
nanoparticles were formed. The average size
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particles of Mn .Fe .0, was 9 nm, Mn_Fe, O, -
11 nm, and MnFe,O,~ 15 nm. The obtained
results comply with the average crystallite size
calculated using the X-ray diffraction patterns of
the corresponding samples. The diameter of the
nanoparticles increases with the growth of the
concentration of manganese in the Mn Fe, O,
solid solution. For the sample annealed at 300 °C
(Fig. 2c), we observed the obvious faceting of the
nanoparticles accompanied by an increase in the
crystallinity, while the size of the nanoparticles
was similar to that of the nanoparticles that had
not been annealed.

For the spinel structures, the characteristic IR
spectra lines indicating the presence of structural
changes correspond to the vibrations of M-0
and M-0O-H bonds. The ion environment of Fe*"
was altered by introducing divalent ions with
large radii into the magnetite crystal lattice. This
resulted in the distortion of the symmetry of the
coordination environment of Fe*" or changes in
the force constant of the Fe—0O bond. Therefore,
the IR spectra (Fig. 3) demonstrate the splitting or
distortion of the lines of characteristic vibrations
of the Fe—0 bond. When manganese and iron ions
are evenly distributed within the crystal lattice of
the spinel, one can usually observe the shift of
the absorption peaks of characteristic vibrations
only. The additional peaks indicate the presence
of a different phase.

The results of the IR spectroscopy presented
in Fig. 3 confirm the formation of the spinel
structure for all the compounds.

The characteristic frequencies v, (= 560 cm™)
andv, (=430 cm™) corresponding to the stretching
vibrations of Me-0 in tetrahedral and octahedral

c
Fig. 2. TEM images of the Mn Fe, O, powder: a) x = 0.3; b) x = 1.0; ¢) x = 0.3 (annealed at 300 °C, 2 h)
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Fig. 3. Fragments of IR spectra of Mn Fe, O, solid solutions (0 < x < 1.8), (an.) — the powder after annealing at

300°Cfor2h

sites shift towards lower frequencies after the
introduction of Mn?*'cations. This is caused by
the presence of combined vibrational bands of
the Fe—0 bonds in octahedral positions with Mn?*
ions in the immediate coordination environment
Fe-O-Mn. This results in the increase in the
length of the bond (I, , > I, ) and alters the
force constant.

For samples with a high manganese content
(x > 1.2), as well as for a sample with x = 0.3 (an.),
a low-intensity band at 848.57 cm~! was found,

40 -

20

—_
S
—

o
S
—

o
S S
T T

_4 . 1 A 1 . 1 A 1 A 1 A )
-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
H,T

a

characteristic of the individual oxide o-Fe,O..
X-ray diffraction analysis did not reveal this phase
in the samples.

The magnetic properties of the Mn Fe, O,
nanoparticles were analysed using the experimen-
tal data on their specific magnetisation and coer-
civity in the temperature range of 5-300 K. The
magnetisation and demagnetisation curves were
similar at room temperature, which proves the ab-
sence of hysteresis and coercive force, and indi-
cates a superparamagnetic state of the nanoparti-

60 r

-60 . 1 . 1 A 1 A 1 . 1 . ]
-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
H, T
b

Fig. 4. Curves of specific saturation magnetisation for the Mn_.Fe, O, sample at 300 K and the Mn .Fe, O,

sample (annealed at 300 °C, 2 h) at 300 K
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cles (Fig.4a). At the same time, Mn .Fe .O, sample
annealed at 300 °C for 2 hours had a coercivitye of
~ 120 Oe (Fig. 4b). Therefore, thermal treatment
results in further crystallisation and an increase
in the anisotropy constant.

The magnetic properties of the Mn Fe, O,
solid solutions depend directly on the distribution
of cations within the spinel structure [7]. The
distribution is of combined nature, i.e. manganese
ions occupy both tetrahedral and octahedral sites
of the crystal lattice. Thus, for the manganese
ferrite the distribution is (Mn, Fe ,) [Mn, Fe, ]O,.

The saturation magnetisation changes non-
linearly with an increase in the concentration
of manganese in Mn Fe, O,. The magnetisation
grows at first following the increase in the portion
of manganese in the solid solution. It reaches its
maximum for Mn.Fe, O, compound and then
decreases (Fig. 5).

The dependence occurs because the magnetic
moment of the Mn?*ion (5 uB) with five unpaired
electrons is higher than that of the Fe?" ion
(4 pB). Therefore, when Fe? ions are replaced
with Mn?* ions in the octahedral sub-lattice,
the magnetisation should grow. The saturation
magnetisation is mainly determined by the super-
exchange interaction between the ions of A and
B sub-lattices, which can be described using the
formula

l"ltheor:!“LB_ l'LA’ (2)

where p, and pi, are the magnetic moments of the
cations of A and B voids respectively.

If the number of manganese ions in Mn Fe, O,
increases further, the ions being oxidised to Mn**
actively begin to occupy the B voids of the crys-
tal lattice. Since Fe3* = (5 uB) and Mn3* = (4 uB),
the super-exchange interaction between the ions
in sub-lattices A and B decreases, which in turn
leads to a decrease in the saturation magnetisa-

tion of Mn Fe, O,.

4. Conclusions

The study allowed us to determine the
conditions for the synthesis of single-phase
magnetite nanoparticles doped with manganese
at room temperature and under atmospheric
pressure. The concentrations at which solid
solutions of iron and manganese oxides have the
structure of a cubic spinel lie within the range
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Fig. 5. Specific magnetisation of Mn Fe, O, solid

solutions depending on the compound

0<x<1.8.

The alteration in the saturation magnetisation
caused by an increase in the concentration of
manganese oxide in the solid solution is nonlinear.
The maximum saturation magnetisation
(68 A-m*kg! at 300 K and 85 A-m*kg™! at 5 K)
was observed in Mn .Fe, O,. The smallest
nanoparticles (9 nm) are observed in Mn, .Fe, O,.

The synthesised nanoparticles can be used
as contrast agents for MRI diagnostics and as
components of magnetorheological fluids, as
well as to obtain magnetorheological fluids and
produce magnetically controlled capsules for
targeted drug delivery.
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Abstract

Development of theoretical ideas about the mechanism of the rheological behaviour of building mixtures and the
experimental assessment of their rheological properties is a relevant area of physiochemical research of materials. To assess
the changes in rheological properties when varying the component composition of building mixtures, it is important to
use quantitative indicators characterising the microstructure of the mixtures. Revealing the regularities of the formation
of heterogeneous microstructures makes it possible to assess their correlation with the rheological properties of building
mixtures at the macro level. The aim of the paper is to discuss the results of the implementation of methodological
approaches, theoretical modelling, and experimental assessment of the quantitative indicators of the rheological properties
of typical building mixtures.

The experimental research methodology is based on the assessment of the rheological properties of heterogeneous dispersed
systems (HDS), taking into account fractal-cluster manifestations in their microheterogeneous component. The experiment
was carried out using model HDS containing the components of building mixtures. Their rheological properties were
determined by rotational viscometry with different compositions of HDS. The fractal dimension D was used for a quantitative
assessment of the structural and rheological properties and identification of the patterns of their change depending on the
composition of mixtures. The value was determined by mathematical modelling.

We analysed model concepts of the rheological behaviour of building mixtures. It was shown that the existing rheological
models of an elastic-viscous-plastic medium did not give a complete description of the processes of formation and destruction
of the microstructure of concentrated HDS (building mixtures). We carried out an experimental assessment of the effect
of the properties of solid phase particles on the change in the structural and rheological characteristics of HDS, taking into
account the fractal-cluster principles of their structure formation.

We specified the ideas about the mechanism of rheological behaviour of building mixtures. They take into consideration
the processes of the formation and destruction of fractal-cluster formations in the microstructure of HDS. It was shown
that the fractal dimension D can be one of the quantitative characteristics of the structural and rheological properties. We
determined the correlation between the fractal dimension D and other experimental rheological characteristics: the ultimate
shear stress and effective viscosity. The obtained results can be used to regulate rheological properties and optimise the
technological processes for the manufacture of building materials and products.
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1. Introduction

When carrying out physiochemical studies of the
structures of building materials, it is important to
determine their rheological properties. Rheological
properties affect the parameters of technological
processes in the construction industry. For
example, the rheological properties of mortar and
concrete mixtures determine the conditions of the
mixing, transportation, moulding, and compaction
technologies. They ultimately affect the physical
and technical characteristics of finished products
and structures [1-21].

Currently, in the production of mortars and
concretes, the range and component composition
of raw materials with increased dispersity and con-
centration of solids is expanding. We have multi-
component compositions with fine ground miner-
al additives, surfactants, organomineral additives,
nanosized particles, etc. [2-19]. Constructors ap-
ply highly mobile and self-sealing mixtures, whose
rheological characteristics ensure preservation of
the structure during transportation. At the same
time, such mixtures remain highly fluid during the
moulding process [2, 3, 9-11]. The mixtures un-
der study are multicomponent, multiphase hete-
rogeneous dispersed-granular systems. Due to the
complexity of the study of their structure, we used
empirical approaches based on varying the formu-
lation and technology factors and assessing the
change in rheological properties without taking
into account internal forces and interphase in-
teractions. To study the relationship between the
structure and the properties, it is advantageous to
implement a methodological approach based on
modelling the structure as a multilevel hierarchi-
cal system. This approach makes it possible to de-
scribe the processes and phenomena that occur at
various levels of scale and stages of the structure
formation of concrete. During the early stage of co-
agulation structure formation, on the scale of col-
loidal and microheterogeneous particles, internal
forces are manifested at the micro- and meso-lev-
els of the structure of concrete mixtures (10-%-
107 m). In such a system, physiochemical pro-
cesses of interparticle and interphase interaction
are determinant at the interphase boundary and
within the “dispersed phase - dispersion medium”
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phases. The fractal-cluster structures, self-similar
at various scale levels, typically form as a result of
the manifestation of molecular electrostatic and
capillary-film forces [22].

The formation and destruction of aggregated
fractal-cluster structures has a significant
effect on the manifestation of intra- and inter-
flow interactions, characterised by a change in
rheological properties [22]. This predetermines
the need for research and design aimed at
developing the principles of the rheology
of concentrated mixtures. For the systems
under consideration, the manifestation of
rheological properties depends on the dispersity
of solid phase particles, the particle shape and
surface roughness, the solids concentration, etc.
Revealing the patterns of formation of fractal-
cluster structures makes it possible to assess
the interrelation between structural changes
and the dispersion properties. In this case, a
quantitative assessment of the structural and
rheological properties plays an important role. It
is important to take into account fractal-cluster
manifestations and the dependence of their
change on the properties of solid phase particles.

It is necessary to implement new scientific and
practical approaches to analyse self-organising
processes, which are difficult to observe directly.
We believe that one such approach is the
assessment of the rheological properties of
building mixtures taking into account the
characteristic fractal-cluster manifestations
at the microheterogeneous level. The complex
application of the theoretical provisions of the
rheology of heterogeneous dispersed systems,
fractal geometry, statistical physics, and
mathematical modelling becomes an effective
methodology to expand our knowledge regarding
the processes of formation and destruction of the
structure of building materials at the micro-level.

Thus, the aim of the work is to implement
methodological approaches to modelling and
experimental assessment of the rheological
properties of multicomponent building mixtures
using quantitative indicators that characterise the
processes of structure formation, composition,
and properties of mixture components. These

Condensed Matter and Interphases, 2020, 22(4),473-480



multicomponent mixtures are mineral pastes
containing solid phase particles of various nature.

2. Experimental

As we know, classical models of the rheological
behaviour of HDS, including multicomponent
building mixtures, have been developed for
homogeneous models of the continuum
mechanics: the Kelvin, Bingham, and Newton
models, etc. [23-25].

The rheological behaviour of the systems
under consideration can be described by the
following equation [1, 22-25]

T=1,+M-€", (D)

where tis the shear stress; 7, is the ultimate shear
stress; n is the effective viscosity; €" is the shear
velocity gradient; n is the pseudoplasticity index.

We applied experimental methods to model
the rheological behaviour of building mixtures.
They were based on the determination of
the ultimate shear stress 7, the effective
viscosity m, or a combination of these values
[22, 26]. These integral indicators allow indirect
assessments of the viscoelastic characteristics
of building mixtures. However, they are not
sufficient for a full understanding of how the
structure of mixed materials is formed and
destructed. When dispersions in the form of
pastes, suspensions, foams, and gels are exposed
to intense external factors, individual structural
elements of mixtures, represented by particles
and aggregates of the disperse phase of various
concentrations and shapes, undergo changes due
toreorientation, disaggregation, etc. (Fig. 1) [25].

For the experimental assessment of the rheo-
logical properties of mortar and concrete building

Original articles

mixtures is so complex with regards to the meth-
odology due to the heterogeneity of their struc-
tures. This can be explained by the combination
of coarsely dispersed components, fine and coarse
aggregates, as well as microheterogeneous compo-
nents: a binder and finely dispersed additives. The
manifestation of rheological properties is largely
associated with the formation of aggregated frac-
tal-cluster systems in the microstructure of mix-
tures. For the systems under study, the existing the-
oretical provisions and models do not provide an
exhaustive description of the processes of forma-
tion and destruction of the microstructure of con-
centrated watered dispersed systems and mixtures.

Based on the theoretical provisions [27], the
model for the manifestation of the rheological
properties of watered concentrated HDS is
shown in Fig. 2. The model shows that for the
values larger than 7, the formed structure of the
dispersion in the form of a percolation fractal
cluster breaks down into individual aggregates,
which is accompanied by a decrease in the
effective viscosity n (Fig.2a,p.1-p.2).P.2-p.3
zone in Fig. 2a reflects the destruction of inter-
aggregate bonds, the effective viscosity is minimal
N, With an increase in stresses, the bonds
break completely, with the formation of smaller
clusters and individual particles. This leads to
an increase in internal friction and an increase
in viscosity (Fig. 2a, p. 3 — p. 4). A subsequent
increase in stresses again leads to a decrease in
viscosity because of the discontinuity within the
system (Fig. 2a, p. 4 — p. 5). Due to the outlined
features of the manifestation of properties in the
microheterogeneous component, it is important to
obtain a quantitative assessment of the structural
and rheological characteristics of mixtures.
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Fig. 1. Schemes of the structure models of dispersed systems without shear (a) and structural changes under

shear stress (b)
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Velocity gradient of shear, s
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Shear stress, Pa
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Effective viscosity, Pa-s

Shear stress, Pa
b

Fig. 2. Models of flow curves of dispersed systems in the form of dependence of the shear velocity gradient (a)

and effective viscosity (b) on shear stress

The experiment was carried out on model
HDS: mineral pastes containing solid phase
particles of various natures, which are used in
typical building mixtures. We studied the “cement
- water”, “sand - water”, “limestone — water”,
and “ash - water” HDS. The dispersity of the
solid phase particles was 300, 500, and 700 m?/kg.
Rheological properties were determined using
rotational viscometry. We determined the
correlations of the shear velocity gradient and
effective viscosity with the shear stress by varying
the composition of the model HDS.

For a quantitative assessment of structural
and rheological properties, taking into account
fractal-cluster manifestations, we used the
function [28, 29]

2 PP
n((P,T): 1_(pA ~ 1 [T_O)/ 2
N, Ao,/ “{* ) | @

where n(g, 1) is the effective viscosity; 1, is the
liquid phase viscosity; ¢, the effective concen-
tration of clusters; 1, is the ultimate shear stress;
1 is the shear stress; ¢ is the solid phase concen-
tration; ¢’ is the critical concentration of clusters;
D is the fractal dimension.

The forming structures were assessed based
on the value of the fractal dimension D, which
characterises the self-similarity properties of
inhomogeneous, disordered objects and systems
[22]. In this paper, the value of D was calculated
by numerical modelling in the mathematical
program Maple [29]. The modelling required
solving mathematical equation (2) using the
experimental data:
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n=f(v), 3)

where 1 is the effective viscosity; 1 is the shear
stress.

In the process of modelling we built a
dependence diagram (Fig. 3). It corresponded to
the experimental curve, when equation (2) was
solved adequately.

We applied the method of mathematical mo-
delling with the calculation of the fractal dimen-
sion D in order to develop ideas about the process-
es of formation of aggregated fractal structures of
watered dispersions. By studying the values of D,
we can quantitatively characterise the effect of the
properties of solid phase particles on the structural
and rheological parameters of dispersed systems.

n/no

404 \
304
204

104

b
e

SATS
177

Fig. 3. Fragment of building rheological curves in the
Maple program: 1 — experimental curve; 2 - the curve
built by solving the mathematical equation
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Optical studies of the structure of watered
dispersed systems were carried out using a
Biolam D-12 (Lomo, Russia), combined with a
digital camera (computer-controlled Olympus
SP-500 UZ). A red LED was used as a light source
for the microscope. The equipment made it
possible to obtain an image with a resolution
of up to 300 pixels/inch with a clear outline
at 10x magnification. The fractal dimension
D was determined using the aforementioned
mathematical model in the Maple program [29].

3. Results and discussion

The experimental results of the study are
consistent with the known theoretical concepts
of the mechanism of rheological behaviour
of concentrated HDS (Fig. 4). The areas with
a minimum viscosity (Fig.4a, p. 2 — p. 3) were
revealed, an increase in viscosity was observed
at high shear stresses p. 3 — p. 4. Then, there
was again a decrease in viscosity with the
discontinuity of the system at p.4 — p. 5. From a
practical point of view, it is important to note that
sometimes the early manifestation of an area with
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anincrease in viscosity (Fig. 4a, p. 3 - p.4) at high
shear stresses during technological processes
does not allow the effectuation of an area that
reflects the maximum dilution of mixtures.

The noted features of the manifestation of the
rheological properties of the studied dispersions
result from the hydrodynamic properties of
particles. They are caused by the processes of
the formation and destruction of the aggregated
fractal-cluster structure. This explanation is
confirmed by the results of optical studies of the
structure of the dispersed system (Fig. 5).

In the course of the analysis and generalisation
of experimental data, the impact of the properties
of solid phase particles on the change in the
structural and rheological characteristics of
dispersed systems was estimated. The obtained
data (Fig. 4, Table 1) shows that the type
and nature of the solid phase particles have
a significant effect on the main rheological
properties of HDS. The ultimate shear stress 1,
varies from 26 Pa (for the “limestone-water”
system) to 466 Pa (for the “ash-water” system).

250 ¢ [
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o
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=
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Shear stress, Pa
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Fig. 4. Experimental rheological curves of dispersed systems in the form of dependence of the shear velocity
gradient (a) and effective viscosity (b) on shear stress (water/solid ratio is 0.32, dispersity is 500 m?/kg)

Zone of shattering
of structure

Fig. 5. A change in the structure of the “sand-water” dispersed system with shear stress under x10 magnifica-
tion (water/solid ratio is 0.32, dispersity is 500 m?/kg): a) the system without shear; b) the system after shear
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The minimum effective viscosity n_. for these
systems varies from 7 Pa-s to 38 Pa-s.

We determined the dependence between the
values of the fractal dimension D and the experi-
mental integral characteristics, which are the ul-
timate shear stress 7, and effective viscosityn .
(Table 1). It was shown that the fractal dimen-
sion D decreases in the studied systems when t,
andn__. increase. It can be assumed that the ob-
served correlations are due to the properties of
the solid phase particles. In studies [28-30], it
was shown that ash particles have a more deve-
loped and rough outer and inner surface, as com-
pared to the other studied particles. This contri-
butes to the formation of a dispersed system with
a more branched fractal-cluster structure, where
the manifestation of internal forces provides the
highest values of t, and n_, with the minimum
fractal dimension D = 2.31.

We assessed the effect of the dispersion of so-
lid phase particles on the change in the structural
and rheological properties using the example of
the “sand — water” system, with a constant water/
solid ratio W/S = 0.28 (Fig. 6, Table 2).

As expected, with an increase in the values
of dispersity, an increase in 7, and n_, is
characteristic. If we increase the dispersity of
the studied system from 300 to 700 m?%kg, 1,
increases from 226 Pato 389 Pa,andn . increases
from 21 Pa-s to 31 Pa-s. These observations can
be explained by the manifestation of internal
forces and a change in the nature of the forming
fractal-cluster structures. This change results
in a decrease in the fractal dimension D. Thus,
the value of D shows that with an increase in
dispersity in the watery system, a more branched
microstructure is formed, with a large number of
inter-particle and inter-aggregate contacts. It is

Table 1. Influence of the type of dispersed systems on their structural and rheological characteristics

(water/solid ratio of 0.32, dispersity of 500 m?*/kg)

Indicator P p Dispersed s‘}rstem p
limestone—water” sand-water” cement-water” ash-water”
T, Pa 26 58 156 466
My P28 7 11 22 38
D 2.64 2.61 2.57 2.31

Table 2. Influence of the dispersity of solid phase particles on the structural and rheological
characteristics of the “sand-water” system (with a water/solid ratio of 0.28)

Dispersity, m?/kg
IToka3aresb 200 200 =00
7, Pa 226 258 389
T1min’ Pas 21 23 31
D 2.7 2.65 2.45
25 300
‘I-m -
§ 20 - 0 250
v ).Jl i 200
R :
$ 1 2 3 8 150
MR\ A
% - 2100
Vi MR\
ogl -
g /,// g \‘:Ii;-
= A
0 - 0
200 300 400 500 600 200 300 400 500 600
Shear stress. Pa Shear stress, Pa
a b

Fig. 6. Experimental rheological curves of the “sand-water” dispersed system at water/solid ratio of 0.28 in the
form of dependence of the shear velocity gradient (a) and effective viscosity (b) on shear stress
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characterised by a higher void content, while the
fractal dimension D decreases from 2.7 to 2.45.

4. Conclusions

The obtained research results expand the
understanding of the mechanism of rheologi-
cal behaviour of building mixtures, demonstrate
the formation and destruction of fractal-clus-
ter formations in the HDS microstructure. It was
shown that the fractal dimension D can be used
as a quantitative characteristic of the processes
of structure formation of HDS at the micro level,
as well as for additional assessment of their struc-
tural and rheological properties. This value can
be determined by mathematical modelling using
specialised software. We determined the interre-
lation between the fractal dimension D and such
experimental rheological characteristics as the
ultimate shear stress 7, and effective viscosity 7.
These parameters vary depending on the proper-
ties of the solid phase particles of the HDS com-
ponents, which are the basis of typical building
mixtures. The obtained results can be the basis for
regulating the rheological properties of building
mixtures and optimising the technological pro-
cesses of mixing, transportation, and moulding.
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Abstract

Metal hydride systems for hydrogen storage are now commercially manufactured and the demand for them is constantly
growing. Metal hydrides have the following features: a unique combination of properties of metal-hydrogen systems;
extremely high volumetric densities of hydrogen atoms in the metal matrix; a wide range of operating pressures and
temperatures; the selectivity of the hydrogen absorption process; significant changes in the physical properties of the
metal when it is saturated with hydrogen; their catalytic activity, etc. The purpose of our research was to study the effect
of the temperature of cathodic polarisation on the diffusion-kinetic, thermodynamic, and physical properties of AlI-Sm-H
alloys.

In our study we used electrodes of Al-Sm-H alloys obtained electrochemically using cathodic intercalation from a 0.5 M
dimethylformamide solution of samarium salicylate at E,=-29V (relative to the non-aqueous silver chloride electrode)
and the temperature of 25 °C for 1 hour. We used the electromotive force method to determine the thermodynamic properties:
Gibbs free energy (AG), entropy (AS), and enthalpy (AH). The potentiostatic method was used to calculate the diffusion-
kinetic properties: intercalation constants, adsorption, switching current density, and the diffusion coefficient. The
microstructural analysis allowed us to determine the effect of the temperature on the changes in the surface morphology.

The study showed that an increase in the temperature results in an increase in AG, AS, and AH, which means that at higher
temperatures the degree of the system disorder increases. Nevertheless, the calculated characteristics comply with the
existing literature.
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microstructure, diffusion-kinetic characteristics.

Funding: The study was supported by the Russian Foundation for Basic Research (project No. 20-33-90150).

For citation: Lukyanova V. O., Gots I. Yu. Estimation of diffusion-kinetic and thermodynamic properties of Al-Sm-H

alloys. Kondensirovannye sredy i mezhfaznye granitsy = Condensed Matter and Interphases. 2020; 22(4): 481-488. DOI: https://
doi.org/10.17308/kemf.2020.22/3118

Jna yumupoeanus: JlykbsiHoBa B. O., To1 U. 0. Onenka nubdy3MoHHO-KMHETUYECKUX U TEPMOAMHAMUYIECKUX
xapaktepuctuk Al-Sm-H crutaBoB. KoHdeHcuposaHHsie cpedst u mexcpasHole 2paruysl. 2020; 22(4): 481-488. DOI: https://
doi.org/10.17308/kemf.2020.22/3118

D4 Victoriya O. Lukyanova, e-mail: lukyanova.viky@yandex.ru

The content is available under Creative Commons Attribution 4.0 License.

Condensed Matter and Interphases, 2020, 22(4), 481-488 481



V. O. Lukyanova et al.

1. Introduction

The annual depletion of fossil fuels coupled
with global environmental problems makes
it necessary to search for alternative energy
sources which are renewable and environmentally
friendly and will last hundreds of years [1]. Modern
science views hydrogen as one of the alternative
energy sources [2-9]. Advancement in hydrogen
technologies and development of hydrogen fuel
cells make it possible to use hydrogen fuel in
autonomous energy sources, both mobile and
stationary. Compact and safe hydrogen storage
is a vital problem which plays a key role in the
development of a hydrogen economy.

All of this determines the main application
areas of hydrides of intermetallic compounds [10-
15], which are the following: stationary hydrogen
storage, on-board hydrogen storage and hydrogen
transportation, hydride compressors, hydrogen
getters, hydrogen separation and purification,
separation of hydrogen isotopes, heat pumps,
refrigerators, and hydride dispergation.

Metal hydride systems for hydrogen storage
are commercially manufactured and the demand
for them is growing, slowly but steadily. Metal
hydrides have the following features: a unique
combination of properties of metal-hydrogen
systems; extremely high volumetric densities of
hydrogen atoms in the metal matrix; a wide range
of operating pressures and temperatures; the
selectivity of the hydrogen absorption process;
significant changes in the physical properties of
the metal when it is saturated with hydrogen; the
catalytic activity, etc.

Due to their technological flexibility, high
compactness, safety, and energy efficiency, metal-
hydride hydrogen storage materials are very
promising and can be used in the production of
efficient combined systems for hydrogen storage.

Among the most promising materials used in
the hydrogen economy are alumohydrides as they
have high volumetric and mass density [21-23].

The purpose our research was to study
the influence of the temperature of cathodic
polarisation on the diffusion-kinetic and physical
properties of Al-Sm-H alloys.

2. Experimental

The matrix of the Al-Sm alloy was obtained
electrochemically on aluminium foil electrodes
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(99.99) (GOST 11069-74) using cathodic
intercalation [24] from a 0.5 M dimethylformamide
(DMF) solution of samarium salicylate at
E_=-2.9V (relative to the non-aqueous silver
chloride electrode) and the temperature of 25 °C
for 1 hour. The Al-Sm-H electrodes were obtained
using pulse potentiostatic method atE_=-1.6V
for 30 minutes from the DMF: H,0 solution with
the volume ratio (7 : 3) and the temperature of
25 °C. The duration of the initial short pulse was
800 milliseconds.

The diffusion-kinetic properties were
determined using the potentiostatic method.
Potentiostatic cathodic polarisation was
performed at the potential E_= 1.6 V for half an
hour within the temperature range from 303.15
to 333.15K, using a P-20X potentiostat from
Electrochemical Instruments (Russia) together
with the software provided by the manufacturer.
We used a BT8-2 thermostat from Termex (Russia)
to maintain the temperature with a precision of
up to+0.1 °C.

Hydrogen was intercalated into the AlISm alloy
previously obtained on an aluminium electrode.
The intercalation characterises the duration of
the electrochemical discharge stage accompanied
by the formation of the Al-Sm-H interstitial
phase. We assume that hydrogen intercalation
proceeded according to the reaction (1):

Al-Sm+xH" + xe” — Al-Sm-H . €))

The diffusion-kinetic properties were
calculated using the methodology described in
[25-27].

The amount of extracted oxygen was
determined by integrating the i - t curve minus
the electric charge [28]. The electric charge was
determined by multiplying the residual current
by the extraction time (t):

Q= [idt—it,, 2)

where Q] is the electric charge spent on the ox-
idation of the extracted hydrogen and i, is the
residual current.

The total electric charge (Q,) corresponding
to the hydrogen absorbed by a surface unit during
the chemical deposition was determined using
equation (3):

Qy=0Qy/S, 3)
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where S is the area of the working surface of the
electrode during the extraction.

The processes occurring during the discharge
of the studied electrode were determined based
on the changes in the system’s thermodynamic
properties during reactions (4), (5), and (6):

AG(x,T),=-E,-F, 4)
dE

AS(x,T), = F(ﬁ)p, (5)

AH=AG+T-AS. (6)

The dependence i — 1/T was used to determine
the activation energy according to equation (7):

A=—2,3R{ algi } _ 3R 8L=18h ) o
AQT)], 11
2 1 n

We used an AGPM-6M FULK 401163.001-01
microstructure image analyser to control and
visualise the information about the linear
dimensions of the microobjects and the shape of
the microparticles, as well as to create an archive
of microobjects. The porosity was measured using
the Mikroshlif software.

i, mA/cm?
0,09

0,08
0,07
0,06
0,05
0,04

0,03

Original articles

3. Results and discussion

The potentiostatic study demonstrated that
during the initial stage of the hydride layer
formation in the Al-Sm electrode, the dependence
i—t (Fig. 1) is presented as a linear plot of i —1/Vt
(Fig. 2b). This indicates the presence of the
limiting stage of hydrogen diffusion in the Al-Sm
alloy at the set potential and temperature.

0.5-10 seconds later, the current drop slows
down dramatically (Fig. 2a, b), and the nuclei
of a new phase begin to grow. This results in
the formation of a continuous hydride layer.
About 20 minutes later the current density i
on the electrode stops changing with time, and
the hydride layer continues growing due to the
chemical interaction between the hydrogen and
the elements of the Al-Sm alloy (Table 1). The
value of the steady-state current i  increases,
when the cathodic polarisation potential sweeps
to more negative values.

The diffusion-kinetic properties of the
electrochemical intercalation of hydrogen into
the Al-Sm alloy at various cathodic polarisation
potentials were studied using pulse potentiostatic
method at E_=-1.6 V for 30 minutes. The initial
pulsewast=1s.

0,02

0,01 |

0

0 200 400 600 800

2000
t,s

1000 1200 1400 1600 1800

Fig. 1. Influence of the temperature on the i, t curves during hydrogen sorption by the Al-Sm alloy in aqueous

organic electrolyte (V,, ,

: Vo) 7 ¢ 3 for 30 minutes at the cathodic polarisation potential -E_, = 1.6 V and the

temperatures: 1 — 303.215; 2-313.15;3-323.15;4-333.15K
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Fig. 2. Dependence curves of i-Vt (a) and i-1/Vt (b) of hydrogen sorption by the Al-Sm alloy in an aqueous-or-

ganic electrolyte (V, ,

: Vi) 7 ¢ 3 for 30 minutes at the cathodic polarisation potential -E_, = 1.6 V and the

temperatures: I — 303.15; 2 - 313.15; 3-323.15;4 - 333.15K

Table 1. Influence of the temperature on the nucleation process on the Al-Sm-H-electrode

Temperature Electric charge Number of nuclei Weight of nuclei Radius of nuclei
(7),K (Q-10%), A-s/cm? (N-1071) (m-10718), g (r), nm
303.15 2.43 10.72 0.21 1.53
313.15 5.46 2.13 2.24 3.43
323.15 7.52 1.19 6.18 4.73
333.15 10.22 0.61 15.52 6.32

The analysis of the dependence of the i-t
curves (Fig. 1) of hydrogen intercalation into
the Al-Sm alloy in the coordinates i-Vt (Fig.
2a), i-1/Vt (Fig. 2b) allowed us to calculate the
intercalation constant K., CO\/'D, the switching
current being i, .

The calculated diffusion-kinetic properties
are presented in Table 2.

In the binary Al-Sm system, consisting of
a hydride-forming metal (aluminium) and a
rare-earth metal (REM) catalysing the hydride
formation, it is possible to partially substitute
some elements with others, since the interaction
between metals is accompanied by the formation
of intermetallic compounds, which allows for

better hydride formation. The desorption of
hydrogen from MAIH, alumohydrides (where
M = Li, Na, K, P33) includes several stages and
proceeds by means of chemical decomposition.
As aresult, 2 wt% hydrogen is released [29]. This
changes the rate of the interaction with hydrogen.
According to the results presented in Table
2 the rate of the sorption of hydrogen by the
aluminium-samarium matrix increases with the
increase in temperature. This is indicated by the
diffusion-kinetic properties: the intercalation
constants K, and CO\fD increase by about
2.0 times, the adsorption I' and the current
density i _, increase by about 2.1 times, and the
diffusion coefficient D increases by 1.27 times.

Table 2. Diffusion-kinetic properties of the Al-Sm alloy

Chemical
ntercalation Diffusion Adsorption diffusion
Steady-state .
Temperature constant component current densit value coefficient of the
(T), K (K, 109 (CD-100, | TEE i (T-10°), intercalated
A-cm?/s'2 mol/%cm™12 (=0 /2 mol/cm? parltéicles
(D-10) cm?/s
303.15 6.444 1.182 0.061 0.842 2.64
313.15 8.527 1.564 0.073 0.961 3.06
323.15 9.882 1.813 0.084 1.283 3.36
333.15 13.011 2.386 0.133 2.351 3.54
484 Condensed Matter and Interphases, 2020, 22(4), 481-488



The thermodynamic properties of the
formed structures were determined using the
electromotive force method (EFM) based on the
stationary potential values. The thermodynamic
properties of hydride formation in the aluminium-
samarium alloy are given in Table 3.

According to (4), the activation energy is
39.755 kJ/mol. This means that the process is
limited by the discharge stage or by a chemical
reaction.

According to Table 2, values of AG, AS, and
AH increase following the growth of temperature,
which means that at higher temperatures the
degree of the system disorder increases. The
calculated characteristics comply with the existing
literature. The mean values AG = -34.412 kJ/mol
and AH = -44.040 kJ/mol show that the system is
thermodynamically stable and can function in a
wide range of temperatures.

The data regarding E,, - T presented in
Table 3 may indicate the processes taking place
in the solid phase of the active substance, as well
as the structural transformations in the AlI-Sm-H
electrode caused by hydrogen intercalation. The
conducted experiments demonstrated that all
the processes are affected by the temperature.
At higher temperatures hydrogen intercalates
more deeply.

Taking into account the calculated
characteristics, we can say that the temperature
coefficient is positive. The correlation between AG
and AH determines the sign of the temperature
coefficient and helps to evaluate the thermal
effect and the nature of the reaction taking place
in the system [28]. It also helps to calculate the
change in the entropy, which indicates the degree
of order in the system. The change is connected
with all the interactions between the system’s
particles and the structure of the substance [30].

Original articles

When the coefficient AE/AT is positive,
the process is endothermic. By the laws of
thermodynamics, the current’s energy in this
case is stronger than the thermal effect of the
reaction, and the processes within the system are
characterised by higher energy costs. Hydrogen
intercalation results in significant changes in the
structure of the formed compounds.

The analysis of the surface images (Fig. 3,
Table 4) demonstrated the presence of rounded
entities on the surface of all the studied samples.
The formation of the surface structure of the
samples is most likely determined by the growth
and merging of such entities.

It is also possible to use the electrochemical
method to determine the concentration
of hydrogen absorbed during the cathodic
polarisation of the Al-Sm alloy obtained by means
of cathodic intercalation.

The analysis of the dependence of the
i-t curves in the coordinates i—Vt and i-1/Vt
demonstrated that the sorption of hydrogen
by the Al-Sm alloy is connected to two parallel
processes: hydrogen intercalation into the Al-
Sm alloy previously formed on the aluminium
electrode, and the formation of a new Al-Sm-H
interstitial phase. The gradient of hydrogen
concentration dc/dx is large enough to ensure
the diffusion required for the reaction. The
formation of hydrides on the Al-Sm electrode
by means of cathodic intercalation proceeds in
several stages, which differ in their kinetics and
the nature of phases. The first stage involves the
formation of a hydrogen solid solution in Al-
Sm. In this region, a gradual current drop over
time is observed. This corresponds to the process
being limited by diffusion, since it is extrapolated
to the origin of the coordinates. The second
stage involves the formation of crystal nuclei of

Table 3. Thermodynamic properties of hydride formation in the Al-Sm-H alloy

Average value
Standard Temperature of the Standard | Gibbs free

Tempe- . Enthropy | Enthalpy
rature electro_de coefficient tempergture electrqde energy AS) —(AH)

(1), K potential (AE/AT-107%), coefficient potential (-AG), o /mol’ K K /mol,

’ (-Ey o)V V/K (AE/AT-10%), | (-E,),V | ki/mol
V/K
303.15 0.576 2.8 0.353 34.103 27.016 42.284
313.15 0.579 2.9 9 286 0.356 34.382 27.981 43.114
323.15 0.582 3.1 ’ 0.359 34.644 29.911 47.241
333.15 0.585 3.2 0.362 34.962 30.876 45.551
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Fig. 3. Microstructure of the Al-Sm-H surface and its presentation as a binary (black and white) image using
the Mikroshlif software (at T=303.15K (a, b) and T=313.15 K (c, d)

Table 4. Porosity of the surface layers of the formed alloys of the Al-Sm-H system

No. 1 2 3 4
Temperature, K 303.15 313.15 323.15 333.15
Porosity, % 49 16 17 46

intermetallic compounds of hydrogen with Al and
Sm, and their further growth. This results in the
formation of a continuous layer of binary hydrides
of the corresponding metals. The third stage
involves the growth of the hydride layers of the
corresponding metals due to chemical interaction
of dissolved hydrogen with the Al-Sm alloy. When
the formation of the intermetallic compound on
the metallic/intermetallic boundary goes slowly,
there is a linear dependence between the rate of
the process and the potential.

4. Conclusions

The study determined the diffusion-kinetic
and thermodynamic properties of the Al-Sm
electrode. It demonstrated that an increase in the
temperature of the electrolyte results in higher
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values of the diffusion-kinetic properties, namely
the rate constant, the switching current density,
the diffusion rate, and the value of hydrogen
adsorption.

The analysis of potentiostatic curves in various
coordinates demonstrated that the diffusion
process is accompanied by the growth of the
hydride layer, which occurs due to the chemical
interaction between hydrogen and the elements
of the Al-Sm alloy. The rate of hydrogen sorption
by the aluminium-samarium matrix increases
at higher temperatures. This is indicated by the
diffusion-kinetic properties: the intercalation
constants K. and CO\/D increase by about two
times, the adsorption I and the current density
i o Increase by about 2.1 times, and the diffusion
coefficient D increases by 1.27 times. The study
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showed that an increase in the temperature
results in an increase in AG, AS, and AH, which
means that at higher temperatures the degree
of the system disorder increases. Nevertheless,
the calculated characteristics comply with the
existing literature.

The highest dispersion was observed in the
samples obtained at the temperature of 313.15 K.
At a temperature of 313.5-323.15 K the porosity
is minimal. However, at 323.15 K the breakdown
points appear which become more prominent at
333.15 K.
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Abstract

Amorphous SiO,_ films with silicon nanoclusters are a new interesting material from the standpoint of the physics, technology,
and possible practical applications, since such films can exhibit photoluminescence due to size quantization. Moreover,
the optical properties of these structures can be controlled by varying the size and the content of silicon nanoclusters in
the SiO, film, as well as by transforming nanoclusters into nanocrystals by means of high-temperature annealing. However,
during the annealing of nonstoichiometric silicon oxide, significant changes can occur in the phase composition and the
structure of the films. The results of investigations on the crystallization of silicon nanoclusters in a SiO, matrix have shown
that, even a very fast method of annealing using PPA leads to the formation of large silicon crystallites. This also causes
the crystallization of at least a part of the oxide phase in the form of silicon hydroxide H,O,Si,. Moreover, in films with an
initial content of pure silicon nanoclusters < 50%, during annealing a part of the silicon is spent on the formation of oxide,
and part of it is spent on the formation of silicon crystals. While in a film with an initial concentration of silicon nanoclusters
> 53%, on the contrary, upon annealing, there occurs a partial transition of silicon from the oxide phase to the growth of
Si crystals.
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1. Introduction

Dielectric SiO,, Si,N,, and Al O, films with
nanoclusters and silicon nanocrystals are of great
interest as, due to size quantization, such films
can exhibit photo- and electroluminescence.
Moreover, if low-temperature processes (such as
ion-plasma, plasma-chemical, etc.) are used to
create asilicon structure, itis possible to form [1-4]
amorphous a-SiO_:H films with nanoclusters (ncl-
Si), whose size will determine the luminescence
region. In case of high-temperature processes
at T > 1000 °C, as this occurs during radiation
annealing of ion-implanted samples with large
doses of silicon [5] or during annealing of non-
stoichiometric oxides [5-8]it is possible to form
silicon nanocrystals in the dielectric film matrix.
The size and concentration of nanocrystals will
also determine the luminescent properties of
these films [9-11].

It was shown in [1,3,4] that by using the
modulated plasma of a DC-magnetron in a
chamber containing 80 % Ar + 20 % SiH,, it is
possible to set the number of ncl-Si nanoclusters
in amorphous a-SiO :H films over a wide range,
and thus it is easy to control the optical properties
of the films. Therefore, it can be interesting
to transform amorphous a-SiO_ films with
nanoclusters into films with silicon nanocrystals
by high-temperature annealing. However, during
the high-temperature annealing of SiO, films,
silicon is reduced from nonstoichiometric oxide
[8]. The appearance of excess Si in the a-SiO_ +
ncl-Si film will lead to an increase in the size of
the nanocrystals as a result of their coalescence
and due to photoluminescence quenching.
Therefore, this work proposes to carry out short-
term pulse photon annealing of a-SiO, films with
silicon nanoclusters to form small-sized silicon
nanocrystals (nc-Si).

2. Experiment

This work involved studying samples of
a-SiO :H + ncl-Si films (400 nm in thickness) of
three compositions with a silicon nanoclusters
content of about 15, 50, and 53%. The studied
films were grown using modulated DC-magnetron
plasma at the temperature of Si (100) substrate
Ts =265 °C. A mixture of 80% Ar + 20 % SiH, with
added oxygen ~15.5 mol % was used as a plasma-
forming gas [4]. These samples were annealed in
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vacuum (10-° Torr) using pulsed photon annealing
(PPA) [12]. The PPA was performed using the
UOLP-1M irradiation system containing three gas
discharge xenon lamps with a working wavelength
range of A=0.2-1.2 ym and operating in the pulse
mode with the duration of the pulses being 102 s.
The samples were annealed from the side of the
silicon substrate, since the optical radiation of a
xenon lamp passes through the SiO_layer almost
without absorption, and all the energy is absorbed
in the silicon substrate. This can lead to the SiO,
film snapping due to the high stresses arising at
the SiO_film - Si substrate interface.

The study of the possibility to form silicon
nanocrystals was carried out by X-ray diffraction
(XRD) using a PANalytical Empyrean B.V.
diffractometer with monochromatic Cu K,
radiation (Centre for Collective Use of Scientific
Equipment of VSU). In addition, to simultaneously
control both crystalline and amorphous phases
based on silicon, the films were analysed by
Ultrasoft X-ray Emission Spectroscopy (USXES)
using a RSM-500 spectrometer [13, 14]. In this
case, the film was irradiated with fast electrons
(energy of 3 keV, which corresponds to an analysis
depth of 60 nm[15]), and the characteristic Si L, ,
X-ray radiation arising from electron transitions
from the valence band to a vacancy at the Si2Zp
core level was analysed. As a result, we obtain
information about the energy distribution of
valence electrons throughout the valence band.
Thus, USXES allows detecting the presence of Si-
Si or Si-O bonds, regardless of the ordering degree
of the film’s atomic structure [13-16].

3. Results and discussion

3.1. XRD investigations

Fig. 1 shows the diffraction patterns of
a-SiO :H films annealed using PPA with two doses
of 140 J/cm? + 180 J/cm?. Annealing at 140 J/cm?
did not lead to crystallization of particles in the
film. Additional annealing at 180 J/cm? led to the
appearance of two reflections of the crystalline
phases at 20 = 23.94° and 28.9°. The reflection at
28.9° corresponds to d-spacing with d = 3.13 A,
and at 23.94° to d-spacing with d=3.71 A. A search
in the international database of crystallographic
data [17] showed that the plane withd=3.13 A can
be easily attributed to crystalline silicon and the
appearance of this reflection is associated with
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Fig. 1. XRD patterns of poly-Si powder and a-SiO_:H samples with a ncl-Si content of about 15 %, 50 %, and

53 % after PPA 140+180 J/cm?

the crystallization of silicon nanoclusters. While
the reflection with d = 3.71 A can be explained by
the formation of the silicon hydroxide H,O_Si,
(Fig. 1) [18]. The formation of H O.Si, hydroxide
upon annealing can be explained by the fact
that the initial a-SiO_:H films obtained in the
magnetron plasma contain a large amount of
hydrogen, which when heated easily reacts with
SiO, radicals.

A comparative analysis of the XRD patterns
of samples with different silicon nanoclusters
contents (from ~ 15 to 53 %) revealed that the
changes in the diffraction pattern were of an
expected character (Fig. 1). In the film with a
content of silicon nanoclusters ~ 15 %, the most
intense reflection is due to silicon hydroxide

H,0.Si,, while the reflection from c¢-Si is rather
weak (Fig. 1). In the sample with a nanocluster
content of about 50 %, the intensity of the
silicon (c-Si) reflection Si (111) sharply increased.
However, the intensity of the hydroxide reflection
remained slightly higher. In the sample with
the maximum concentration of silicon clusters
(53 %), the c-Si reflection became predominant
after annealing (Fig. 1). Thus, an increase in the
concentration of silicon nanoclusters in the initial
SiO_film upon PPA leads to an increase in the ¢-Si
content so that the Si (111) reflection intensity
increases by an order of magnitude (Table 1).
However, a sharp increase in the phase of
crystalline silicon cannot be explained only
by an increase in the concentration of silicon

Table 1. Position and intensity of reflections in XRD patterns of a-SiO,_ films with different ncl-Si

content
. XRD line . . . .
Sample Phase assignment position 26, deg. d-spacing, A Intensity, cts | Rel. intensity, %
w1t o H,0.Si, 23.9366 3.71461 396 100.00
nel-Si15 % Si(111) 28.4907 3.13035 45 11.52
. H 0.Si 23.9323 3.71525 282 100.00
_ 9
nel-Si50% si(111) 28.4663 3.13297 222 78.84
« cxo H,0.Si, 23.9406 3.71399 331 9.47
nel-Si 53 % si(111) 28.4924 3.13016 3496 100.00
Poly-Si Si(111) 28,4020 3,1399 23365 100.00
powder Si(220) 47.2600 1.922 14749 63.12
(reference) Si(311) 56.081 1.6386 8159 34.92
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nanoclusters in the initial film, since this increase
is not large (50 % — 53 %). Therefore, we carried
out further studies to estimate the content of not
only crystalline, but also amorphous silicon phases
in these films by the USXES method [13-16].

3.2. Ultrasoft X-ray Emission Spectroscopy

Fig. 2 shows the X-ray emission Si L, .-spectra
of the films before (a) and after (b) PPA, obtained
at an analysis depth of 60 nm (experimental
spectra are shown by dots, spectra simulated
using reference spectra are shown by a solid line).
While Fig. 3 shows the reference Si L, .-spectra
of the ¢-Si, a-Si, SiO_,, SiO, ., and SiO,. The Si
L, .-spectra of SiO, , and SiO, . suboxides were
obtained in [14]. As can be seen from Fig. 2, the
spectra of the initial and annealed films clearly
differ in the contribution to the fine structure
components due to the presence of Si-O bonds
(peaks at 89.5 eV and 94.5 eV), as well as Si-Si
bonds (peaks at 92 eV and 89.6 eV) (Fig. 2). In the
annealed film with a minimum initial amount of
silicon ~ 15 %, the spectrum is close to that of
pure SiO, (Figs. 2 and 3). A comparison with the
spectrum of the initial film (Fig. 2a) indicated a
decrease in the intensity in the region of 92 eV,
i.e. in the region of the main maximum of the
spectrum in ¢-Si, which indicates a decrease
in the content of elemental silicon in the film

Structural rearrangement of a-SiO :H films with pulse photon annealing

after annealing. In addition, an analysis of the
films phase composition by modelling the Si
L, .-spectra (Table 2) did not detect crystalline
silicon (with a precision of ~ 5 %), which was
expected from the shape of the Si L, .-spectrum
of annealed SiO_film (ncl-Si ~15 %). At the same
time, X-ray diffraction revealed a low amount
of Si crystals in the SiO, film (Fig. 1). In the
sample with a high Si initial content (~ 50 %), if
compared to the initial amorphous film (Figs. 2a
and 2b), annealing also leads to a decrease in the
fine structure intensity due to elemental Si, i.e.
to a decrease in the silicon phase content in the
composite film.

At the same time, in the film with a maximum
content of silicon nanoclusters (~ 53 %), annealing
led to changes of different character in the ratio
of oxide phases to elemental silicon. Namely, the
main maximum (at 92 eV) in the Si L, .-spectrum
of annealed film was formed by c-Si (Fig. 2a)
and the oxide phase content decreased. Phase
composition analysis by means of computer
simulation of the spectra (the simulated spectra
are shown in Fig. 3a and 3b with a solid line)
and its results shown in Table 2 confirm our
qualitative reasoning.

These results explain the unusual sharp
increase in the intensity of silicon reflection after

22| before PPA

—e— Exp.
Model

2.0

1.8
1.6

after PPA
—e— Exp.
Model

14|

1.2 |
1.0

0.8

[, arbitrary units

0.6 b
0.4

02l

0.0

s L PR L s " L "
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Fig. 2. Ultrasoft X-ray emission Si L, .-spectra of a-SiO_:H films with different ncl-Si content before PPA (a) [4]
and after PPA (b). Experimental spectra are shown by dots, spectra simulated using reference spectra are shown

by solid lines
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Table 2. Phase composition of SiO, films with different ncl-Si content after PPA by USXES data

Sample c-Si, % Si0, ,, % Si0,, % Error, %
ncl-Si~15% - 70
ncl-Si ~50 % 25 60 ~10
ncl-Si ~53 % 60 40

annealing of the film with the initial content of
ncl-Si nanoclusters ~53 %. That is, if the ncl-Si
content in the films is < 50 %, during annealing
some of the silicon is oxidised and does not
participate in the formation of silicon crystals.
While with an ncl-Si content of > 53 %, when
silicon atoms predominate in the structural
network, some of the Si atoms are reduced from
Si0, i.e. SiO, decomposes Si0, —— Si+ 0, and
participates in the formation of silicon crystals
[8]. As a result, we observe a sharp increase in
the intensity of the silicon reflection in the XRD
patterns of SiO_films with a high initial ncl-Si
content.

4. Conclusions

Thus, the results of investigations on the
silicon nanoclusters crystallization in a SiO,
matrix have shown that even a very fast method
of annealing using PPA leads to the formation
of large silicon crystallites. This also causes the
crystallization of at least a part of the oxide
phase in the form of silicon hydroxide H,O.Si,.
Moreover, in films with an initial content of pure
silicon nanoclusters < 50 %, during annealing
part of the silicon is spent on the formation of
oxide, and part of it is spent on the formation
of silicon crystals. While in a film with an initial
concentration of silicon nanoclusters > 53 %,
on the contrary, upon annealing, there occurs a
partial transition of silicon from the oxide phase
to the growth of Si crystals.
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Abstract

Due to rare earth doping, phosphates and vanadates are the leading materials for the synthesis of phosphors due to their
thermal stability, low sintering temperature, and chemical stability. Phosphors in the nanoscale state are of particular
interest. The simple, fast, and scalable synthesis of nanophosphors with high chemical homogeneity is a priority task. The
purpose of this work was to synthesize powders of mixed yttrium vanadate-phosphate crystals of various compositions by
coprecipitation under the action of microwave radiation and spray pyrolysis, as well as to compare the characteristics of
the obtained samples.

Samples of YV P, O, of different compositions were synthesized by coprecipitation under the action of microwave radiation
and spray pyrolysis in different modes. In the case of the synthesis of yttrium vanadate-phosphate YV P, O, by spray
pyrolysis followed by annealing, according to the X-ray phase analysis data, single-phase nanopowders were formed. The
morphological characteristics of the samples were revealed by the methods of transmission electron microscopy and
scanning electron microscopy. Depending on the annealing conditions, the samples were either faceted or spherical particles
less than 100 nm in size. The composition of the YV P, O,, samples synthesized by the coprecipitation method under the
action of microwave radiation strongly depended on the pH of the precursor solution. The minimum content of impurity
phases was reached at pH 9.

Spray pyrolysis allows the synthesis of yttrium vanadate phosphate YV P, O, nanopowders of high chemical homogeneity
with a particle size of less than 100 nm. The maximum chemical homogeneity of yttrium vanadate-phosphate powders was
achieved at pH = 9 during the synthesis of YV P, O, by coprecipitation under the action of microwave radiation. However,
the particle size dispersion was large, within the range of 2-60 pm.
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1. Introduction

The areas for the application of luminescent
materials are diverse: lighting devices, biological
markings, plasma panels, and biomedicine [1-4].
Phosphors in the nanoscale state are of particular
interest. Phosphates and vanadates are the leading
materials for the synthesis of phosphors due to
rare earth doping due to their thermal stability,
low sintering temperature, chemical stability, and
environmental friendliness [5]. Systems of mixed
crystals of vanadate-phosphates demonstrate
better luminescent properties in comparison with
the corresponding vanadates and phosphates [6].
Thus, the quantum yields of europium-doped
vanadate phosphate nanoparticles reach 20%,
and such mixed crystals can potentially be a red
emitting phosphor for PDP [7-9].

Nanophosphors can be synthesized by sol-
gel, hydrothermal, and microemulsion methods
[10-15]. The use of microwave heating leads to
a significant increase in the reaction rate and
makes it possible to reduce the synthesis time
from several hours or days to several minutes
while increasing the purity of the target product
[16—-18]. The synthesis of nanopowders by aerosol
pyrolysis has a number of advantages: high
productivity, high purity of the final product,
the ability to control morphology and low
energy consumption. Aerosol spray pyrolysis
(CSP) is in great demand due to its simplicity
and low cost [19]. Pyrolytic synthesis products
find applications in areas such as catalysis,
chromatography, the manufacture of pigments
and photoluminescent materials.

The aim of this work was to synthesize
mixed crystals of yttrium vanadate phosphate
by coprecipitation methods under the action of
microwave radiation and spray pyrolysis.

2. Experimental

Vanadium (V) V, 0, oxide (AR grade TU 6-09-
4093-88), sodium phosphate Na,PO, (AR grade,
National product classification code 26 2112 1152
00 GOST 9337-79), yttrium nitrate Y (NO,), (AR
grade, CAS 13494-98-9), sodium hydroxide NaOH
(AR grade, GOST 432877) served as precursors. For
the synthesis of sodium metavanadate, vanadium
(V) oxide and sodium hydroxide were mixed
in an equivalent ratio, after dissolving them in
distilled water. Equivalent amounts of sodium

Condensed Matter and Interphases, 2020, 22(4), 496-503
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orthophosphate and yttrium nitrate were added
to the resulting solution, exposed to microwave
radiation (P___source —800 W, operating frequency
- 2450 MHz) three times within 5 min at 800 W.
The pH of the solution was maintained in the
range from 7 to 9. The synthesized powder was
subjected to ultrasonic dispersion (ultrasonic bath
VU-09- “Ya-FP” -0) for 10—15 min. After filtration,
the powder was dried for two days, ground in a
mortar, and annealed in a muffle furnace (SNOL
8.2/1100) at 800 °C for 1-2 h.

For the synthesis of yttrium vanadate
phosphate by the spray pyrolysis method,
vanadium (V) oxide V,0, was mixed in an
equivalent amount with NaOH to obtain sodium
metavanadate (NaVO,). Then, with vigorous
stirring, a stoichiometric amount of yttrium
nitrate crystalline hydrates Y(NO,),, sodium
phosphate Na,PO, and concentrated nitric
acid HNO, (GOST 4461-77) were added for the
prevention of the hydrolysis of the solution in
the dispersant. The synthesis of nanoparticles
was carried out in a spray pyrolysis unit (Fig. 1).

The solution was filled in portions into a
disperser, which was connected through branch
pipes to a compressor and a quartz tube reactor.
The dispersant sprayed the solution in the form
of an aerosol into the reactor of the MTP-2M
furnace, heated to a temperature of 600 °C. The
temperature was controlled by an OVEN TRM1-
Shch1.U.R thermostat with an error of + 1 °C. In
the furnace, under the influence of temperature,
the aerosol pyrolytically decomposed with the
formation of yttrium vanadate phosphate. The
nanopowder was collected into a glass with
distilled water, then filtered, dried in air, and
thermally annealed in a muffle furnace (SNOL
8.2/1100) for recrystallization and complete
dehydration at 800 °C for 1-2 hours.

The phase composition of the synthesized
powders was determined by X-ray diffraction
analysis (XPD) using an ARL X’TRA diffractometer
(CuK , with A = 1.540562 A) in continuous mode.
The size of the coherent scattering regions (CSR)
according to the X-ray diffraction analysis (XPD)
data for the samples of yttrium vanadate phosphate
was calculated using the Scherrer formula [20]:

kx\

D, =—"
hkl
B X cOsO
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—

Fig. 1. Installation diagram for the spray pyrolysis: I — compressor, 2 — dispersant, 3 — pipes, 4 — rubber stopper,
5 - reactor (quartz tube), 6 - MTP-2M furnace, 7 — thermocouple, 8 — temperature controller, 9 — glass tube
with a 90° rotation, 10 — a glass with distilled water for collecting the nanopowder

Where D,,, — average particle size, A k-
correction factor (for cubic and orthorhombic
structure k = 0.9), A - X-ray tube wavelength, 0 -
the position of the peak maximum, deg., B, -
intrinsic physical broadening of the diffraction
maximum, rad.

The quantitative elemental composition
of the synthesized samples was determined
by the electron probe X-Ray microanalysis
method (EPXMA, scanning electron microscope
JEOL-6510LV with a Bruker energy dispersive
microanalysis system). The particle size and
morphology of the synthesized powders
were determined according to transmission
electron microscopy (TEM, CarlZeiss Libra-120
transmission electron microscope).

3. Results and discussion

According to the study [6], the stability and
high-temperature luminescence properties
of doped yttrium vanadates can be improved
by a partial replacement of VO; -anions with
isostructural anions of PO}~. The presence of
phosphate anions stabilizes the oxidation state of
vanadium +5, which contributes to an increase in
the luminescence yield. The doping of the anionic
component of yttrium vanadate with smaller
anions was accompanied by a decrease in the
crystallite size under the same reaction conditions.
It seems promising to carry out the synthesis of
mixed crystals of yttrium vanadate-phosphate by
doping yttrium phosphate with vanadate anions.

498

The first series of samples of yttrium vanadate
phosphates of compositions YV, P O, and
YV,,.P,..0, synthesized under the action of
microwave radiation followed by ultrasonic
dispersion, mainly contained the YPO, phase.
However, reflections of vanadium oxides VO, and
yttrium Y,0, were revealed on diffractograms
of YV, P O, (Fig. 2). Changing the pH of the
solution from 7 to 9 decreased the content of
impurities in the synthesized powders of yttrium
vanadate phosphate (Fig. 3). For YV ,.P ..O,
samples synthesized at pH 8, vanadium VO,
and yttrium Y,0, oxides were detected as the
main impurity phases (Fig. 2). The reflections
of these oxides were not differentiated in the
diffractogram with an increase in the pH of the
precursor solution from 8 to 9 (Fig. 3).

As aresult of the synthesis of yttrium vanadate
phosphate of the compositions YV, P ,O, and
YV, ,.P,,0,byspray pyrolysis without subsequent
annealing, samples, containing a mixture of
phases: yttrium oxide Y,0,, vanadium oxides VO,,
V,0,, and sodium vanadates were formed. The
high background suggests a rather high degree
of amorphism of the samples. The diffraction
patternof YV P ,0,sample synthesized by spray
pyrolysis and annealed in a muffle furnace at
800 °C for 1 h (Fig. 4a) contained reflections of
only yttrium phosphate. The small width of the
reflections suggests a high degree of crystallinity
of the sample. An increase in the annealing

time up to 2 h (Fig.4b) was accompanied by an

Condensed Matter and Interphases, 2020, 22(4), 496-503



Original articles

2500 - &l ‘ YPOs
A A Vo
’ Y203
2000 _ s YP09V0104
5 £ mm YPo.75V0.2504
—
F1500 - A
g
-
£
= 1000 -
500 -
0 T T T T T T

6 11 16 21 5Theta 26 31 36

Fig. 2. X-ray diffractograms of the samples, microwave synthesis:a) YV P ,O, (pH=7);b) YV, P, .0, (pH=8)
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increase in the intensity of reflections of YPO,.
The absence of vanadium-containing compounds
in the diffractograms indicated the incorporation
of vanadium in the form of vanadate ions into the
crystal lattice of yttrium phosphate. The average
CSRof particlesof the YV P, 0, sample annealed
for 1 hwas 50 = 2 nm (Table 1). Annealing for 2 h
led to an increase in CSR up to 932 nm.

On the energy dispersive spectrum of
the YV ,.P, .0, sample synthesized by the
coprecipitation method under the influence of
microwave radiation at pH 7, only Y, P, and O
signals were recorded (Fig. 5a). Apparently, the
incorporation of V** ions into the YPO, lattice

2 4 6 a
Monxan weana 22156 uan. Kypcop: 0.000

The synthesis of nanophosphors YP V, O, by spray pyrolysis and microwave methods

did not occur in a neutral solution, which was
also confirmed by the XRD data regarding
the presence of various vanadium oxides as
impurities in these samples. An increase in the pH
of the precursor solution to 8 allowed recording
the vanadium signals in the energy dispersive
spectrum (Fig. 5b). However, their intensity was
low, the actual composition of the sample with
respect to vanadium deviated by almost an order
of magnitude from the nominal composition
(Table. 2). Obviously, only partial incorporation
of the introduced V** ions into the YPO, lattice
occurred, the majority of vanadium ions were
present in the form of impurity oxides. Only an

Cnekrp 5

a

10 12 14 16

2 4 6 8
MNonnan wkana 22156 wan. Kypcop: 0.000

Cnextp 1

b

10 12 14 16
k3B

Fig. 5 Energy dispersion spectrum of samples: a) YV

0.25P0.75

0, (pH = 7); b) YV, ,.P, .0, (pH = )

0.25P0.75

Table 1. The radius of coherent scattering region of YV P, 0, samples with different annealing times
Sample D, D, D, D,
YV, P,,0,sample (t, =1h) 271 | 41#2 | 54#3 | 41%2
YV, P, ,0,sample (t,_ =2h) 99+2 73%2 106£2 | 932
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Table 2. Data on the elemental composition of vanadate phosphates (pH = 7, pH = 8, pH = 9)

NomerI?L;Eer{)EZSltlon YV0.1P0.9O4’ pH = 7 YV0.25P0.7504’ pH = 8 YVO.ZSPO‘7SO4’ pH = 9
Y (nominal), at% 16.6 16.6 16.6
Y (real), at% 11.94 12.2 16.18
V (nominal), atm. % 1.6 4.16 4.16
V (real), at% 0.1 0.24 5.97
P (nominal), atm. % 15 12.5 12.5
P (real), at% 13.74 13.78 11.42
O (nominal), at% 66.6 66.6 66.6
O (real), at% 74.22 73.77 64.31

Real Composition of Samp]es YV0.008P1.1506.21 YVO.02P1.1506.17 YV0.36P0.6803.97

increase in pH to 9 allowed synthesizing samples,
the real composition of which was close to the
nominal (Table 2).

Morphologically, samples of yttrium vanadate
phosphate synthesized by coprecipitation under
the action of microwave radiation at pH = 8 were
represented by large formations with an arbitrary
shape up to 60 ym and smaller amorphised
particles from 2 to 10 um (Fig. 6).

According to TEM data (Fig. 7), YV ,P,,0,
synthesized by spray pyrolysis and annealed
at 800 °C for 1 h were faceted, had a size in
the range of 25-100 nm, and weakly expressed
agglomeration was observed (Fig. 7a). An increase

80mMKm O3nexTpoxHoe u3obpaxenne 1
Fig. 6. SEM image of YV, P ..O, powder synthesized
by co-deposition under the action of microwave radi-
ation (pH = 8)
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Fig. 7. TEM image of YV, P_ O, sample in a gelatin layer: a) annealing at 800 °C, 1 h; b) annealing at 800 °C,

0.1 09 74
2 h; c) histogram of the particle size distribution of YV 0, sample
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in the annealing time to 2 h promoted the
formation of larger spherical particles (Fig. 7b).

4. Conclusions

It was established that the spray pyrolysis
method with subsequent annealing allowed
synthesizing nanopowders of yttrium vanadate
phosphate of high chemical homogeneity with a
size in the range of 20—100 nm with a low degree
of agglomeration. The change of the annealing
mode allowed controlling the size and shape of
the particles.

The synthesis of YV P, O, by the coprecipi-
tation method under the action of microwave
radiation due to the high sensitivity to pH of
the precursor solution was accompanied by the
presence of impurity phases in the samples. The
maximum chemical homogeneity of yttrium
vanadate phosphate powders was achieved at
pH =9. The particle size dispersion was large and
was in the range of 2-80 pym.
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Abstract

A technique for the microwave-activated synthesis of calcium titanate nanopowder was proposed. The microwave effect
used in the synthesis of CaTiO, samples when using sodium carbonate as a precipitant allowed obtaining a chemically
homogeneous nanopowder with a significant reduction of the process time.
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1. Introduction

In recent years, the development of methods
for obtaining and studying the properties of
nanoparticles and nanostructured materials of
various chemical composition, structure, and
morphology became a priority task in materials
science.

Oxide compounds with a perovskite structure
are widely used in the manufacture of solid oxide
fuel cells, catalysts, magnetic materials, chemical
sensors, and electrodes [1, 2].

Calcium titanate is known as a promising
material with ferroelectric and paraelectric
properties; it is used as an active element in
piezoelectric transducers, optical modulators,
ferroelectric memory devices, capacitors with a
high dielectric constant, microwave devices, and
photocatalysts [3].

Sol-gel technology has already proved to be
efficient methods for the synthesis of powders
of various compounds with particles of the
nanometre range [4, 5].

D4 Viktor F. Kostryukov, e-mail: ve@cnem.vsu.ru

The aim of this study was to establish the
effect of microwave exposure on the synthesis
of CaTiO, nanoparticles by the sol-gel method.

2. Experimental

The following precursors were used in
this study: calcium nitrate crystallohydrate
Ca(NO,),’5H,0 (analytical reagent grade CAS
10035-06-0), titanium chloride TiCl, (special
purity grade TU 6-09-4471-77), sodium carbonate
Na,CO, (reagent grade GOST 4201-79).

The synthesis of calcium titanate nanoparticles
was carried out in two modes - in the presence and
absence of microwave radiation. The rest of the
process parameters were kept the same.

During the first stage, the initial solutions
were prepared: aqueous solution Ca(NO,), and
alcoholic solution TiCl,. Then these solutions
were mixed, boiled for a certain time, and
cooled to room temperature. This process
was accompanied by the formation of TiO,.
During the same stage, in the second series
of experiments, microwave exposure was
carried out (P_ = 700 W, operating frequency

X
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2450 MHz). The boiling time was 5 min in the
presence of microwave exposure and 20 min in
the absence of microwave exposure.

Sodium carbonate was used as a precipitant
in an amount sufficient for the complete
precipitation of the components. The gel formed
by this method was filtered, dried in air, and then
annealed for one hour at a temperature of 750 °C.
The following reactions took place:

Ca(NO,),+ Na,CO,= CaCO,+ 2NaNO, (1)
CaCO,= CaO + CO, 2)
Ca0 + TiO,= CaTiO, 3)

For the investigation of the phase composition
of the samples, we used the method of X-ray phase
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analysis, DRON-3 X-ray diffractometer with a
Cu anode (A = 0.71075 nm). The scanning was
performed within an angle range of 26 = 0-80°
with a step of 0.1. Phases were identified using
[6, 7].

3. Results and discussion

Thee diffraction patterns of the samples
synthesized without (a) and in the presence (b)
of microwave exposure are shown in Fig. 1.

For the sample obtained without microwave
exposure, distinct peaks of unreacted starting
substances: titanium and calcium oxides were
observed. Reflexes corresponding to the target
product — CaTiO, were also present, but they

a

@ CaTiO3
A TiO
® Cao

d X J

2theta, deg

@ CaTio;
A TiO
@ Cao

2theta, deg

Fig. 1. Diffraction pattern of calcium titanate powder obtained in the absence (a) and presence (b) of microwave

exposure
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were not so distinct. This means that when
the synthesis was carried out in the absence
of microwave exposure, it was not possible
to achieve the required degree of interaction
between the reagents.

The diffractogram for the sample synthe-
sized under the action of microwave radiation
(Fig. 1b) was radically different. The peaks cor-
responding to calcium titanate were predom-
inant and distinct, while the peaks related to
the starting substances were present in small
amounts and have low intensity, especially for
calcium oxide.

4. Conclusion

Thus, the use of microwave exposure in the
process of synthesis of nanocrystalline calcium
titanate allows solving two problems at once: in
the case of microwave synthesis, the powder had
not only more homogeneous in composition, with
a predominance of the required compound, but
also significant intensification of the process,
consisting in a decrease in the synthesis time
was observed.
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